. ﬁmﬂﬁmmm i‘.‘:a-' i.:;..-:._'-'.._---t""« ikt Nor




Toceawaemcs cemuoecamuiemuio
bopuca Heanosuua Kouenaesa

AKTYAJIBHBIE ITPOBJEMbI
OU3NKHU KOHAEHCUPOBAHHBIX CPE/]

Kasans

3A0 «HoBoe 3HaHnE)»
2004



YJK538.9
bbK 22.31
A43

Hayunble penakTopsbr:
Ipodeccop b.3.Mankuu
IIpodeccop FO.H.IIpomma

A43 AxrtyanbHble IpoOsieMbl (pU3MKU KOHIEHCUPOBaHHBIX cpen. — Kaszans, 3A0
«HoBoe 3nanune», 2004. — 404 c.

ISBN 5-89347-221-7

Hacrosimmii cOopHuK mocBsitieH npodeccopy Kadeapbl TeopeTHieckoi Gpusnku
Kazanckoro rocynmapctBeHHoro ynuBepcutera bopucy IBanosudy KouenmaeBy u
COCTAaBIICH W3 OpWUTHHAIBHBIX HAyYHBIX CTarel, HANMCAHHBIX KO [HIO €ro
CEMUJICCATHIIETHS €r0 YUYCHHKaMU H KoiuieramMu. CTaTbl OXBAaThIBAIOT IIMPOKUH KPYT
npodIIeM coOBpeMEHHON (PU3MKH KOHACHCUPOBAHHBIX CPE: OT (PU3HKH ITOITMMEPOB 10
¢m3uKK CBepXIPOBOTHUKOB. OOBEIMHSACT TpECTaBICHHBIC MCCISIOBAaHU TO, YTO
OHH, BO BCSIKOM Clly4ae, OTHOCATCS K Kpyry uHrepecoB b.M.Kouenaesa, B psige pabot
HETIOCPCACTBEHHO MCIIOJIB3YIOTCA PAa3BUTHIE UM METOJbLI U UACH.

Knura npennasHaueHa uccieoBaTelsIM M aclMpaHTaM, WHTEPECYIOINMCS
rpo0iieMaMy KBAaHTOBOH TEOPHH KOHIAEHCHPOBAHHBIX CPE.

Editors:
Prof. B.Z.Malkin
Prof. Yu.N.Proshin

Modern Problems in Condensed Matter Physics. — Kazan, CJC “Novoe
znanie”, 2004. — 404 p.

ISBN 5-89347-221-7 © Kadenpa teopernyeckoii GpU3nKu
Kazanckoro rocynapcTBeHHOTO
yHHuBepcureta, 2004
© 3A0 «Hogoe 3nanue», opopmienue, 2004



Dedicated to

Boris 1. Kochelaev

on the occasion

of his seventieth birthday

MODERN PROBLEMS
IN CONDENSED MATTER PHYSICS

Kazan
CJC “Novoe znanie”
2004



HNPEANCJIOBHUE

IMpodeccop xadenpsr Teopernueckoit ¢usmkm Kazanckoro rocymapcTBEHHOTO
yauBepcutera boprc MBanoBmu KouenaeB sBisercs HanOoiee M3BECTHBIM IIPE-
craButenieM Kazanckoit ¢msndeckoil mkomsl, co3manHoi C.A. AunpTirynmepoMm, U
OJJHUM M3 BElyIIUX CIICIUAINCTOB B MUpPE B 00JIACTH JUHAMUKH CITMHOBBIX CHCTEM.

B.U. KouemaeB moctynui Ha ¢u3MKO-MaTeMaTHdeckuil ¢akynsTer Kazan-
CKOTO yHHBepcuTeTa B 1952 romy mocie OKOHYaHHS CPEeJHEN MIKOJbI B BsATckux
IMonsnax (KupoBckas o0macth). CBOIO HayuyHYIO ACATEIBHOCTH MOJ| PYKOBOI-
ctBom C.A. AnpTmrynepa oH Hadan OyAydd CTyIEHTOM, a 3aTeéM acHHpPaHTOM
(1957-1960 r.1.) Kadeapsl FIKCICPUMECHTAIBHOM U TeopeTrdeckoil ¢usuku. [Tocie
YCIIEITHOH 3alUThl KaHANAATCKOM JrccepTaliuy B XapbKOBCKOM YHUBEPCHUTETE, C
1960 r. mo Hactosimee Bpemst b.M. KouenaeB sBisieTrcst coTpyHUKOM Kadeaps
TeopeTrdeckoil ¢u3nkn KazaHCKOTO yHHMBEpCHTETa — ACCHCTEHTOM, IOIICHTOM,
mpogeccopom, B TeueHue 27 net (1973-2000) o 3aBemoBan kadempoii.

Hayunas pabtora b.1. Kouenaepa B 60-70-bic TOIBI ObLTa MOCBSIIICHA N3yICHHUIO
crnerduaeckux 0coOEHHOCTEH CIieKTpa BO30YKICHNH MapaMarHUTHOTO KpUCTaJlIa,
00YCIIOBIIEHHBIX CIMH-(OHOHHBIM B3amMoeicTBieM. OH pa3padoTai TEOPHIO perak-
CALlIOHHOTO MOIJIOIIEHHUSI ¥ PE30HAHCHOM AMCIEPCHH TUIIEP3BYKa B IapaMarHUTHOM
cpene, KOCBEHHOTO CITUH-CIIMHOBOTO B3aMMOJEHCTBHUS TapaMarHUTHBIX HOHOB Yepes3
AJIEKTPOHBI MPOBOJMMOCTH B TIOJYIPOBOJHUKAX MW 4Yepe3 Tmojie (OHOHOB B
JIDJIEKTPHUKAX, SICPHOM pENaKcalliyi BCJIEACTBHE O3JIEKTPOHHBIX CIMH-CIIMHOBBIX
B3aMMOJICHCTBHI TIPU CBEPXHU3KHX TEMIIEpaTypax, HCCIEN0BaJl POJIb JHUCIICPCUH
crieKTpa KoseOaHuii kpuctaia B 3¢dekre Sna-Temnepa, BBMUCIMI HapameTphl
CBSI3aHHBIX CITMH-()OHOHHBIX KOJICOAaHWH M YCTAHOBHJI YCJIOBHSI X BO3HHKHOBEHHSL.
Bomonuennoe cosmectHo ¢ JLK. AMUHOBBIM HCCleIOBaHHE B3aUMOJCHUCTBHUS
MapaMarHUTHBIX [IEHTPOB Yepe3 Iose (OHOHOB ¢ y4eToM 3(h(EKTOB 3ama3IbIBaHHs
OKa3aJo CYIIECTBCHHOE BIMSHUE Ha PAa3BUTHE TEOPHUH SIBJICHWH, OOYCIIOBICHHBIX
B3aMMOJICHCTBUEM JIOKAIM30BAaHHBIX 3JIEKTPOHOB 4YEpe3 MOJISI CTaTHYECKUX M
JTMHAMAYECKHX eopMaIiiid KPICTAITMIECKOHN PEIIeTKH.

CyIlecTBeHHYO POJib B BBIOOPE HampasieHuit uccinenoanuii b.11.Kodenaesa
chlrpalia ero JaByxceMecTpoBas ctaxkupoBka (1963 r.-1964 r.) B T'apBapackom
yuuepcuretre (CLLA), rue on o pykoBoactBoM Oynyiiero saypeata Hobenes-
ckoii mpemun 1o usuke npogeccopa H. birymGeprena pemv 3azady o BIASHAN
CIMHOBOM IOJSIPH3allMK  JJIEKTPOHOB IPOBOAMMOCTH W HMX KOppelsiuuMi Ha
KOCBEHHOE OOMEHHOE B3aMMOJEHCTBHE MapaMarHUTHBIX NPHUMeECEd B MeTajllax.
JlokTopckyro auccepTanuio “Teopust fTuHaMHYIEecKnX 3P (EKTOB B TapaMarHUTHBIX
kpuctamax” b.M. Kouenaes 3amurun B Kazanckom ynusepcurete B 1967 r.

Crnenyromuii mepron Hay4dHol nestenbHocTH b.M. KodenmaeBa OpLT mocBs-
IIEH WCCICIOBAaHUAM HEIMHEHWHBIX SBICHUH B MapaMarHUTHBIX TBEPbBIX TeNlax,
MTOJIBEP>KEHHBIX BO3ACHCTBHIO AneKkTpomarHuTHoro mons CBY gmamasona, cBera,
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runep3Byka. buta mocTpoeHa Teopusi KHHETUYECKUX SIBJICHUM B CHCTEME B3aUMO-
JCHCTBYIOINX CIMHOB M ()OHOHOB B TBEPJBIX TeJlaX Ha OCHOBE KOHIICTIIIMH
CTIIMHOBOW TeMmmeparypsl. Ha ocHOBe 3To#l Teopuu ynanock, B 4aCTHOCTH, 0OBsIc-
HUTbH HKCIIEPUMEHTAIBLHO OOHAPY>KEHHOE JIABHHOOOpa3HOE HapacTaHWE M3ITydYeH-
HBIX PE30HAHCHBIX (DOHOHOB NPH HACBHIIEHHHM KpbUIA JMHUH 3JIEKTPOHHOTO
nmapaMmarHuTHOTO pezoHanca (OI1P) m ocoGeHHOCTH pacpoCcTpaHEeHHs THIIEP3BYKa
B PE30HAHCHOM HEPaBHOBECHOM MapaMarHUTHOW cpene. belna Takke mocrpoeHa
TEOpHsI paccesHHs CBeTa C IEpPeBOPOTOM CIMHA IapaMarHUTHBIX HOHOB B
KpHCTaljIax ¥ JaHO TEOpeTHdecKoe OOBSICHEHHE SKCIEPUMEHTANbHO OOHApy KeH-
HOTO SBJICHMS CBEPXpPACCEsHUSA CBETa IpHU HachlleHUH Kpbuia jguHun OIIP.
B.U. Kouenaer npeackaszan 3pQGeKT peraakcalldOHHOTO MOTJIOMICHU 3BYKa U €ro
ruranTckoe ycmienne CBY moseM, BrocieacTBuu 3ToT 3¢ (GeKT ObUT 00HapyKeH
B stabopaTtopun MarantHo# Pannocnekrpockonnn Kasanckoro yHuBepcurera.

Bwmecre co cBoumu yuenukamu b.M. KoyenaeB moctpousi TEOpUIO 3IEKTPOH-
HOTO TIapaMarHUTHOTO PE30HAHCa W CIIMHOBOW pPElaKcalud B TaK Ha3bIBAEMBIX
XOJIOTHBIX CBEPXIPOBOAHNKAX C MMapaMarHUTHBIMU NPUMECSIMH. B0 BEIACHEHO,
YTO CNMHOBas JAWHAMHUKA W MAarHWTHBIE CBOMCTBA YKAa3aHHBIX BEILECTB
pemaonM 00pa3oM ONpEneNsIFoTCs BYMS SIBICHUSIMH: 00pa3oBaHHMEM KOII-
JIEKTUBHBIX CIIMHOBBIX KOJIEOaHUI CBEPXIPOBOISIINX 3JIEKTPOHOB U MapaMarHuT-
HBIX MIPUMECEel U BOZHUKHOBEHHEM AAJBbHOJECHCTBYIOIMX aHTH(EeppOMarHUuTHBIX
KOppensiquil Mexay MnapaMarHUTHbIMU npumecsiMu. Ha ocHOBe pa3BuTOl Teopun
y/anoch OOBSICHUTH BCIO COBOKYITHOCTh HEOOBIYHBIX CBOWCTB curHama OIIP B
XOJIOMHBIX CBEPXIPOBOJHHUKAX, BIEPBBIE HKCIIEPUMEHTAIBLHO HAOIIOJIECHHOTO
rpymmoit O.I'. Xapaxambsina B KazanckoM QpU3NKO-TeXHHYECKOM HHCTHTYTE.

C konua 80-x rogoB HayuHble uHtepecsl b.M. KouenaeBa cocpenorouensl B
onHOU w3 HamboIee "ropsunx" o0IacTeld COBpeMEHHON (PH3MKH TBEPIOTO Tela —
B (pU3MKE CHIBHO KOPPEINPOBAHHBIX JIEKTPOHHBIX cucTeM. llocnme OTKphITHS B
1986 romy mBeiimapckumu yuenbiMu K.A. Mromnepom u JIx. bemgnopiem
BBICOKOTEMITepaTypHoii cBepxmpoBoaumoctu (BTCII), B.M. KouemaeB Bkiio-
YUJICA B UCCIENOBAHUSA 3TOT0 YHHKAJIBHOTO siBIeHHA. IIpupoaa BbICOKOTEMIIEpa-
TYpHOW CBEPXIPOBOIMMOCTH OKa3alach OYEeHb CIOXKHOM, W Ui ee WM3y4deHHUs
MHOTHE MHUPOBbIC Hay4YHbIE IIEHTPBI MPHUBJICKIN OOJIBIION apceHall COBPEMEHHBIX
(du3MUECKUX METOJNOB, BKIIIOYAs MarHUTHBINA pe3oHanc. BTCII-matepuans! npea-
CTaBJIAIOT COOOM CIIOMCTBIE OKCHIBI MEJIH, B KOTOPBIX OCHOBHBIMH CTPYKTYPHBIMHU
JIEMEHTAMHU, OTBETCTBEHHBIMHM 3a CBEPXIPOBOAUMOCTH, SBISIOTCS IUIOCKOCTH
CuO,. ITlosTomMy MHOrHEe J1a0OpaTOpWUH NPENNPUHSIM OOJbIIME YCHIHS IS
WCCIE/IOBAaHNUSA CIIMHOBOW KHHETHMKM HWOHOB MEOM JTOM IUIOCKOCTH, HO
OesycriemHo, mockonbKy curHan OIIP okaszancs HenaOmomaem. M3mepurs
CKOPOCTh peJlaKcaliid HaMarHWYEHHOCTH yJaJoch JUIIb Omaromapst unpee b.J.
KouenaeBa ncnonb30BaTh KOT€pPEeHTHOCTh CIIMHOBOW PETAKCAIIMM MOHOB MEIH U
MapaMarHUTHBIX 30HA0B B II0cKOCTH CuO,, BO3HUKAOILIYIO BCIEICTBUE CHIIBHBIX
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M30TPONHBIX OOMEHHBIX B3aMMOJEHCTBUI MEXJy HMOHaMH MeIW W 30HIa. JTa
nzaest OblIa YCIICIIHO peann30BaHa B COBMECTHOW pabote ¢ rpymmoil mpod. b.
Ommeepa B JlapMIUTaICKOM YHHBEPCUTETE. DKCIIEPUMEHTAIbHBIC HCCIECAOBAHUS
Ha OCHOBE 3TOTO METO/Aa OBUIM MpPONODKEHBI B L[IOpMXCKOM yHHBEpCHTETE
rpymmoit K.A. Mromnepa. MccnemoBanuss B paMKaX COBMECTHOTO HAyYHOTO
mpoekta MucTHTyTa @Om3uku L{fopuxckoro yHuBepcurera u Kadeapsl TeopeTu-
yeckod (u3ukn KaszaHckoro yHuBepcHTETa MO3BOJIMUIM BBISIBUTH HPUPOIY
HEOOBIYHO OBICTPOM AJIEKTPOHHOM CIIMHOBOI pelakcalyy U IPeUI0KUTh MOJIENb
00HaApy)XEHHOTO (Da30BOrO PACCIOCHHUS HAa HAHOPA3MEPHBIC METALIMYCCKHE U
JIudIeKTprudeckue obnactu B miockoctd CuO,.

OTKpbITHE  BBICOKOTEMIEPATYpPHOIl  CBEPXNPOBOAUMOCTH B  CIOHCTBIX
KyIparax, B KOTOPBIX BXKHYIO POJIb UTPAIOT (GIyKTyallMu aHTU(EPPOMArHUTHOTO
0OMEHHOTO B3aMMOJIEUCTBUS MEXIYy HOHAMH MEJAW, BBI3BAJIO ITOBBIICHHBINA
MHTEPEC K UCCIIE0BaHMAM HU3KOpa3MepHbIX MarHeTukoB. b.J. KouenaeB Bmecte
co cBouM yueHunkoM C.M. DBenoBeIM TIOCTPOMI TEOPHIO MAarHUTHBIX U
KHHETHYECKUX CBOMCTB JBYMEpPHBIX T'ali3eHOEPrOBCKHX aHTH()EPPOMAarHETHKOB
Ha OCHOBE IIPEACTABIECHUH O CIIMHOBBIX BOJHAX B CpPElE C TOMOJOTMYECKHUMHU
BO30YKAECHUAMH — CKUpPMHOHaMH. HOBBIM MOAXOX MO3BOJIMII ONpPEACINTH B
paMKax €IMHOTO NPHUONMKEHHsS AIMHY CIIMHOBONW KOTE€PEHTHOCTH, MAarHUTHYIO
BOCIIPHMMYHBOCTb, CKOPOCTh SIIEPHOI CIMHOBOM penakcaluy JUis TeMmIeparyp-
HOTO JHara3oHa, BKIIOYAIONIET0 KaK KIACCHYECKYI0 PEHOPMHMPOBAHHYIO, TaK U
KBaHTOBYIO KPUTHYECKYIO 00JIacTH.

B paborax B.M. KouenaeBa, BBITOJHEHHBIX COBMECTHO C TPYIIIOW TPOQ.
Jlotinna u n-pa Kpyr ¢on Humna B mociennue roasl, Obuta MccieOBaHa pPoJb
KoomnepaTtuBHOTo >¢dekra SAna-Temnepa B MEKTPOHHOH CHMHOBON KWHETHKE U
MOCTpOEHa TeopHsi 3TOro 3(p¢eKTa B BEIIECTBAX, OOJIANAIOMINX TMTAHTCKUM
MarHeTOCONPOTHBIICHHEM.

Brinonnennsie b.M. KouenaeBbiM uccienoBanus 1o TEOPUH IAEPHOM U JIEK-
TPOHHOW CIIMH-PELIETOYHON PENaKCcalnuy, TEOPUHU CIIEKTPOB MArHUTHOTO PE30HAH-
ca B JAMAICKTPHKAX, METalUIaX M CBEPXIPOBOAHUKAX INPHOOPENH MHPOBYIO
HU3BCCTHOCTbD. HaCTOHU_la)I KHHT'a ABJIACTCA CBUACTCILCTBOM MPU3HAHUA €T0 HAy4-
HBIX }IOCTI/I)KeHI/Iﬁ U MOATBEPKIACHUEM FJ'Iy6OKOFO YBaXCHUA CO CTOPOHBI €0 MHO-
TOYUCJIICHHBIX YYCHUKOB U KOJUJICT.

MpI HcKpeHHe OiaroiapHbl aBTOpaM CTaTel 3a IUI0I0TBOPHOE COTPYAHUIECTBO.
Mst npusnatensHel P.I. [lemuHoBy u JI.A. BakkacoBoii 3a moMoIb pu padoTe Hal
PYKOIIUCSIMH, a TAKOKe BCeM, KTO IPUHUMAIT y4acTUe B U3JaHHHU 3TOT0 COOpPHUKA.

Mankun B.3.
IIpomms FO.H.
Kazanb, mapT 2004 rona
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Professor Boris Kochelaev in the late seventies



U3JIAJIEKA

I'eorpadus — Hayka HesmolmoHanbHas. HpaButcs Tebe MECTHOCTh WM
HEeT, OHAa JOJDKHA ObITh Ha Kapre. Ho, rmsing Ha KapTy, MBI HCIBITBIBAEM
smormu. S — gacto Becbma octprie. He 611 B [lapmxke, a kak xotenocs! Mor
noObiBath BO DropeHnuu, ObIBas HEOJHOKpaTHO B MTanmuu, HO He XBaTHIIO
HacToitunBoctH. XKanero.

Tenepp, Korga s Jajaeko OT CTPaHbl, IJie MPOXKHI OOJBLIYIO YacTh CBOEH
#u3HYU, cMoTpro Ha kapty CCCP, xoToporo ye HET, MBICICHHO, a MHOTJa U
OYKBaJIFHO MEPEUYMCISII0 TOpoja, B KOTOPHIX JKWIM M SKUBYT MOHM Jpy3bs. K
CYaCThIO, HUKAKHE MOJIUTHUECKHE KaTaKJIU3Mbl HE M3MEHIIM HAIUX OTHOLICHUH.
Xody BepuTh, YTO I MOUX JIpy3eH s ocrayics Tem, keM Obu1 1o 1991-ro rona.
I'me 661 MBI — ¥ OHH, U 5 — HU XWiK. [Ipurnamenue NpuHATH y4acTHE B 3TOM
CcOOpHHKE JTOKa3bIBACT, YTO, IOXOXKE, 5 IIPAB.

Jnst mens Kazanp — ropon apysell. A BCé HaYMHAIIOCH C TOTO, YTO MHE,
MOJIOIOMY JOKTOpPY Hayk, B 1960-M roxy, B XapbKkoBe MOCYACTIANBIIOCH. MeHs
MPUTIACUIN BBICTYIHUTH OIMIOHEHTOM IO KaHIUAATCKON JUCCePTAI[MH MOJIOJ0TO
yuénoro u3 Kazanu bopu KouenaeBa. Hackonbko nomHIo, ¢ caMoro Havaja s He
Besnuan bopuca MBaHoBHuYa mo umeHu-ordecTBy. llocuacTiuBuiOCH MHE IO
nBym mnpuunHam. Ilepsas. Huccepranus KouenaeBa “Hekoropele Bompocsl
TEOPUH CIUH-PEIIETOUYTHOTO B3aMMOJICHCTBUS B MOHHBIX KpUCTayuiax” ObLia
O4YEHb XOpOIlEeH, a JUIsl HE CIMIIKOM ONBITHOTO ONIMOHEHTa 3TO HEMaJIOBaXHO.
Bropas npuunHa das mens naxe BaxHee. OcoOeHHO Temepb, KOTJa BCIIOMH-
Haelb... EMMHCTBEHHBIN pa3 B CBOEH JKMU3HHU S BHICTyNAl B IIApe CO CBOUM
yuntenem Mneéit Muxaitnoudyem JlndpmmieMm. 3ammra 3aoMHIIACE SIIE TEM,
YTO HEOXKUAAHHO (HACKOIBKO MOMHIO, HE TOJBKO U1 XapbKOBUYaH, HO WM IS
IUCCepTaHTa) MOSBWIAcCh ChEéMouHas Tpymma xypHama “Comerckuii Coro3”.
Bbruto Takoe sipkoe, KpacoyHOe, MPONaraHANCTCKOE U3IaHuE.

MamuHsl BpeMeHH He cymecTByeT. Ho BocoMHHaHUS NEpeHOCST Hac He
TOJIBKO U3 OJTHOTO MECTa B JIPYroe, HO M HENPHHYXIEHHO MepeMenIaioT 1Mo OcH
BpPEMEHH, HEe NpPUICPKUBAACH IOCeNoBaTeIbHOCTH. He Mory BOCCTaHOBUTH
MOPSIIOK MOMX TIpHe3nioB B KazaHb, Monx BeTped ¢ ceroguanHuM robmsipom. Ho
6buT0 MX HeMasio. 1 1o pa3HbIM OBOJaM.

IToxoxe, uTo mepBEIii pa3 npuexan B Kazanp co ceoum acnmpantoM. OH
3aUTHI AMCCEepTannio Ha yduéHoM coBete B Kaszanum. XoTd HE MOMHIO, KTO
ObUIM y HETO OMNMOHEHTHI, MHU30J s ONMHCal B HEOONBIIOM OYepKe “3aHOBO
3HakoMiiock ¢ C.A. AnmprmryiepoM”, OIMyOJMKOBAaHHOM B COOpPHHUKE, BBITY-
meHHoM K 90-nmetuto CeméHna AnekcaHApoBHYa. 31eCh YMECTHO CKa3aThb, YTO
s meHs b.U. Kouemaer — Ommkadmuit u, 1 OBl cKa3aj, JIy4IIUHd yYEHHUK
Ceména Anexcangposuua Anprirynepa. Hamucan u BcmoMHuI. S B rocTsax y



KouenaeBeix BMecTe ¢ CeméHOM AnekcaHApoBUYEM. XOTS B TOCTSAX YUUTENb,
o0CTaHOBKa ceMeiHas.

Heckombko pa3 B Kazann onmonmpoBai, ObBai Ha KoH(epeHmusx. OutymieHne
Toro, yro Kazanb — ropox npyseid, mocreneHHo yriryossmocs. He Oputo OBl 3TOTO
4qyBcTBa, He moexan Obl s B Kasamp ¢ muaamieii modeppio B JAHH €€ IIKONBHBIX
KaHUKYJI. JTa 1oe3/lka OCTaBHia y Hac 000X MpHsITHElMe BocnoMuHanus. Takwue,
KOTOPBIE OCTAIOTCS, KOT/1a POBOHIIIE BPEMS CPElH IPy3eH.

[TpusHnarock, s He TypucT. 51, ckopee, ynoouuk. Korna MeHs npuriamarT Ha
MMUKHUK, TO TIEPBasi MBICIIb, IPUXOIAIIAs B TOJIOBY, O TOM, 4TO OyIeT Heya00Ho. B
Kazanu, B ocHOBHOM 3a0oTamu KouenaeBbIx, s MOJy4ms He3aObIBaeMble BIIE-
yarneHus. [InkHuK Ha BEIcOKOM Oepery Bouru 51 He 3a0yny Hukoraa. M kakyro-To
YIUBHUTEIBHYIO yXy, YTOOBI H3BEAaTh KOTOPYIO NPHUILIOCH OTOPBaThbCs OT
OCHOBHOHM Macchl BbIEXaBIINX Ha NPHPOAY ydacTHHKOB KoHdepenyu mo ¢usnke
HU3KUX Temrepatyp ¢ bopucoM, ero npys3psMu, yYeHHKaMH W COTPYAHHUKAMH
(HazeroCh, S HIYETO HE MeperryTa).

Sl Hapo4yHO He 3aTparMBal0 HaIIEro OOIICHHS HA TeMbl TEOPETHYECKOU
¢u3nkn. Mpl, HECOMHEHHO, JXHUTEIH OIHON CTpaHbl — KBAaHTOBOW TEOPHH
KOHJICHCHPOBAHHOTO COCTOSHHA. MBI XOpOLIO BCErAa MOHMMAaeM APYr Ipyra,
TOBOPHM Ha OAHOM si3bike. Ho crpana 3to Oompmas. M, ckopee, HalOMHHAET
KoH(penepaiuio, yeM (deaepanuio. He Mory moxBacTarh, 4TO B TOHKOCTSX 3HAKOM
C TeM, 4eMy IOoCBsLIeHbI paboThl KouenaeBa v ero yueHUKOB. 3HAIO U 3TO 3HAIOT
BCE, YTO PE3YJILTAaThl BAKHBI, HHTEPECHBI, TPU3HAHBI BO BCEM MHUPE H OTIPEICIISIOT
JBIDKCHUE BIIEPE] TOW CIIOKHOM 00JacTH Teopuu TBEPABIX Te, OT KOTOPOH
3aBUCHT pa3BUTHE U GU3UKHA MArHUTHBIX SIBJICHUH, ¥ PaJHOPH3HUKH.

Onmny nerams HaywyHoi Oworpadmm bopmca KouenmaeBa Bcé ke Xxouy
ynoMmsHyTh. B 60-70 romel Opmia xopomras Tpaauius. Bymymue mokropa Hayk,
YbH JUCCEPTAll OBUIM ITOCBSIIEHBI TEOPHUHM TBEPIOTO TEla, MOIJIH BBLICHUTH
OTHOIIIEHHE CBOMX KOJJIEr K WX paboTe, MpeACTaBUB €€ A0 3allUThl Ha
obcyxnenne Hayanoro coBera mo teopuu TBEpHoro Tena npu Ilpesnamyme AH
CCCP. PykoBogmn Coserom M.M. JIudmmmm. Ot3s18 CoBeTa 3a moanuceio Mnbu
MuxaitnoBuua Ha JOKTOPCKYI0 auccepranuio bopuca HBanoBuua ‘““Teopust
JUHAMHYECKUX OS(GQPEKTOB B TMapaMarHUTHBIX KpHUCTaUIaX” MOJTBEPIKIAeT
BBICOKYIO OIICHKY €T0 Pe3yJIbTaTOB.

Harmmra npy»x0a okxazanack ue 6ecruiognoi. C 1981-ro mo 1984-ii rojsl y Hac ObLT
“obmmii” acrmpant IOpa Ilpommn. Y Hac noma oH HasbBaics Opa u3 Kazanu. ITo-
MOEMY, €ro cyapda CIIOKHIACh OYEHb yCHEIIHO: ckopo 10 yer, kak OH JOKTOp
(H3MKO-MaTeMaTHIeCcKNX HayK. | op)Kych TeM, 9To ¢ moMornsio FOps! 3anHTEepecoBan
Ka3aHCKUX (D3MKOB COBPEMEHHOM 3JIEKTPOHHOM TeOoprel HOpMalIbHBIX MeTa/uioB. Ho
BCMOTpHTECH B Ha3BaHue auccepranuid FOpsl [Ipommna: xanmunatckas — “Cnunosast
JFHAMUKA HJICKTPOHOB TIPOBOANMOCTH B YCIIOBHSX MarHUTHOTO MPO0OST”, TOKTOPCKast
— “Teopuss MarHUTHOTO TPOOOST C MEPeBOPOTOM chuna’. Cnun — 3HAK, yTBEpIKaa-
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IOIMIA  BEPHOCTh ILIKOJE, TPUHA/UISKHOCTh K YydeHnkam bopuca VIBaHoBHYa
Kouemnaesa. Korna FOpa ocBanBai HOByro 11t cebst TeMaTuky, ot boprca MBanosnua
TpeOoBaach HaydHas IIMPOTa B3IVIAAOB M YBEPEHHOCTh B INPABWIILHOCTH BBIOOpa
Tematikd. OH MX B TOJHOM Mepe IpOSBHII, YTO OBUIO OTHIOAB HEMPOCTO HPH TOH
Pa3o0ImEHHOCTH, KOTOpask XapaKTepu3yeT JoOyio KOoH(emepao, B YaCTHOCTH, H
TEOPHIO KOH/ICHCHPOBAHHOTO COCTOSTHUS.

Msr ¢ KouenaeBbIMH OpyXWIH ceMbsIMH, X0Ts Hartama OwiBama y Hac B
MockBe 3HaUMTENBHO pexe, ueM bopuc, a Mos sxeHa Oimta B Kazanu Hukorzaa
He Obuta. Tak OECKOHEYHO I'PYCTHO, YTO HEJNb3sl ITH CJIOBa agpecoBaTh UM
o6ouM. Berpeuamuce Mbl He Tonbko B Kaszamu. Hampumep, B Tamnunue. U
ropoJ YIOTHBIH, M KoMIaHusi mnojxodOpanack xopomas. OdeHb MPHUIATHO
BcriomMuHaTh. [ToMHIO naxe, 4yTo obenanyu B KaKOM-TO SK30THYECKOM MECTe.
BoTt Tonbko moBoJ — KOH(peEpeHInIo, KOTopas Obljla IPUYMHON NpeObIBaHUS B
Tannuaue, 3a0bLI.

B pasButnm Hammx oTHomeHwi ¢ bopucom ects, Ka3anmoch Obl, HE3HAUUTEIb-
Has, HO JIOCTaBMBIIAS MHE pafoCTb, CIy4alHOCTh. [leno B ToM, 4YTO, mpues3kas B
MockBy, ocraHaBiauBaicsi bopuc, kak NMpaBuiio, y Ipy3ed, )KUBLIMX HENOAAIEKY OT
Hamrero joma. Ilpu pasmepax cTONMIBI — HEMalOBaXKHAs yrada, IO3BOJISBILIAS
olmarecs darie, yeM ObIIo ObI, ecr OBl IMocCiIe BEYEepHEro BH3UTA K HAM IIPHUXO-
JWIOCh TIPOJENbIBATh JOJTUH M yTOMUTEIBHBIM IIyTh KyZJa-TO Ha JPYrOM KOHEIl
ropoza. C y1oBOJILCTBHEM BCTIOMUHAIO HAIIN JIOJITUE 3aCTOJIbsI, pa3rOBOPBI 000 BCEM
Ha cBete. Uro e npusnekaer MeHs B bopuce? [Ipunércs 100M1spy npovects ciosa,
KOTOpBIE MBI PE/IKO IPOM3HOCUM JIPYT IPYTy B HEIOOMJICHHBIE THH.

[Ipexne Bcero, MHTEIUIUTEHTHOCTD. VIHTEIIIMIE€HTHOCTD, €CIIM OHAa UCTHHHAS,
HUMEET Ty OCOOEHHOCTh, YTO OHAa €CTECTBEHHA. Hemnb3si MpUTBOPUTHCS WHTEIIH-
reaToM. Hukorna He nomydaercsi. bopst — HacTosmuii mHTEITUTeHT. MHE OYeHb
HpaBUTCSl CIIOKOWHAs MaHepa moBeaeHus bopuca (Oorock, He Bcerga OHa
COOTBETCTBYET €r0 BHYTPEHHEMY COCTOSIHHIO, HO 3TO JIEJNACT €r0 MaHepy JHMIIb
6oree mocToitHO# BBICOKOH orenkn). OctpoTta Ko3emsr IlpyTkoBa: “Crnennanuct
momoben ¢umocy”’, — k bopucy He wmmeer ortHomenusa. OH — TIIyOOKO
00pa30BaHHBIN YeNOBEK C IMIMPOKUMH HHTepecamu. U mocienHee, 4yTo s X0dy
OTMETUTH. 110 3HaUeHuIo0 I MeHs — OTHIOAb HE nocieanee. Peub UaET BOT 0 UéM.
VY bopuca ouymajnoch CIIOKOHHOE IIOHMMaHUE MPOMCXOAUBILIETO B cTpaHe. bes
YacTO BCTPEYaBLIETOCS HaApbIBa, 0e3 mpusiTHs M 0e3 JEeMOHCTpaTHBHOrO (Ha
KyxHe) Henpustus. J[OBOJBHO penkoe KauecTBO, OCOOEHHO B TOM Kpyry, B
KOTOPOM I BpalaJcs.

Bcenomunaro cBou Bu3uthl Kk KouenaeBbiM. B kBapTupe Kakoi-TO HETIPUBBIYHBIN
W YAVBHTEIBHO TIPUATHBIN MaTpHapXaIbHBIA OyX. Y Hac Wy OONBIIMHCTBA HAIIHMX
JIpy3€i, JKUBILMX 3HAYUTENILHO 3amaaHeil, yem KouenaeBbl, BoWHa pa3pylinia
TIOJTHOCTBIO TOT TTATPUAPXAIBHBIHN YIOT, KOTOPBII IOMHHTCS C AETCTBA U 10 KOTOPOMY
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Tockyer ayma. OcobeHHO B crapoctu. I 0ocoOEHHO Tereph, KOrjia HE yIanoch
TIepeBe3TH ¢ COOOW HU BCe KHHTH, 3AIONHSBIINE HAITY MOCKOBCKYIO KBapTHPY, HU
KOJUTCKIIMIO TYIYJIHCKOTO CTEKIIa, CTOSBIIYIO PSIOM C KHATaMU.

U Bcé xe, bopuc, Oynere B Coenuaénnpix LllTaTax, 00g3aTeNbHO MOSBUTECH.
Benp myx moma, B KOHEUHOM HTOTE, BCE JK€ CO3MAIOT HE IPEAMETHL, a IIOAH. A MBI
¢ Do, kak Bceraa, oyaem Bam ouens pagsl. M Bexp y Bac ects monar: Opuin B
Boctone n He cmorim 3anTh. XXaém.

Karanos M.J.
Belmont, MA, USA. ®erpains 2004r.



BJIMSHUE JTNAMATHUTHOT O PA3BBABJIEHUA
HA CIIMHOBYIO JMHAMHUKY B MAHI'AHUTAX

B.A. ALIapKI/IHl, B.B. I[eMI/II[OBl, J.T. Torosues', H.E. Horunosa'
! Mnemumym paouomexmuxu u snexmponuxu PAH, 125009 Mockea
? Norfolk State University, 700 Park Ave, Norfolk VA, 23504, USA

B wmarnuropazbaBieHHbIX Kpuctauiax LaMn,Ga,,O; wucciegoBaHb
cnektpsl D[P mornoB Mn (auanason koHneHTpamnumit 0.02 <x < 1), a Takxke
SAMP ¥ criMH-pemeTouHas penakcamus saep ©Ga u ' Ga (mpu 0 <x < 0.2).
Anamu3 cnextpoB DIIP mo3Bommi mpocieanTs 3a MporeccoM 0OMEHHOTO
CY’KEHHMS, TNPUBOAAIINM K OOpa3OBaHUIO €IWHOH JHMHHUM JIOPECHIEBOH
¢dopmel mipu x > 0.2. [ToaTBepkAeH mepexon OT aHTU(PEPPOMATHUTHOTO K
(eppOMAarHUTHOMY THIy CHHHOBOTO YIOPSJOYEHHS IPU JHAMarHUTHOM
pa3baBneHNMH MaHTaHWTa TawumeM, HaumHast ¢ x=0.8. Ilpm x=0.1
00HApY)KEHO aHOMANBHOE YUIMPEHUE W paciieruicHue crekrpa DIIP npu
OXJIQK/ICHHUH, YTO MHTEPIPETHPYETCS KaK pe3ysibTaT TepPMOAKTHBHPOBAH-
HOTO BHYTPEHHEro [BIDKEHHS C XapakTepHoi »sHeprueir £, ~ 50 ma3B.
HccnenoBanue snaepHON CIMH-PEIIETOYHONW pENaKkcalluyd Talius B Aua-
mazone Temmeparyp 190-390 K Ttaxxke cBHAETENBCTBYET O HAIMYUH B
o0pasnax BHYTPEHHETO ABIKEHUS ¢ TeM ke 3HaueHHeM E,. OOcyxmaercs
MOJIeTb T€PMOAKTUBHPOBAHHBIX PEOPHUCHTALUH 3JIEKTPOHHEIX OpOHTamel
HoHoB Mn®”, noBepKeHHbIX dQdekty Ana-Temnepa.

1. Beegenue

B IIOCJIECAHUEC I'OablI I.HHpOKI/Iﬁ HUHTEPEC NPUBJICKIIN JICTUPOBAHHBIC PEIKO3EMECIILHBIC
MaHTaHUTBI — BellecTBa ¢ obmei Qopmymnoit LaMn;,Me,O;, rme Me -
nByxBaseHTHbIH Metamt (Ca, Sr u T.1.), cM., Harp., 00630psI [1-4]. OTi MaTepualbl,
SIBJISIIOIIMECS] TIPUMEPOM CHCTEM C CHJIBHBIMH OJIEKTPOHHBIMH KOPPEISLUSIMHU,
00J1a/lafoT psAOM HEOOBIYHBIX MarHUTHBIX W TPAHCIOPTHBIX CBOMCTB, U3 KOTOPBIX
HauOONBIIHMI HMHTEPEC BBI3BIBACT KOJOCCAIBHBIH MAarHHTOPE3UCTHBHBIA 3(derT
(KMP). Ilpupoma s¢dexra OOBMHO CBSI3BIBACTCA C MEXaHU3MOM "IBOHHOTO
oOMeHa", KOTOpBII CONPOBOXKAAETCS CIMH-3aBHUCSAIINAM JIBH)KCHHEM JCTOKAITH-
30BAHHBIX OIEKTPOHOB Mexkay noHamu Mn®" u Mn*'. J[Boitmoii oGmen me
HCUEPIBIBACT, OJHAKO, BCEX OCOOCHHOCTEW MOBENEHMS MAaHTaHUTOB. MOHBI Mn**
(>bdexTruBHBIA cruH S=2), COCTaBISIONINE OCHOBHYIO PEILICTKY, MOJBEPKEHBI
a¢pdekry SAna-Temaepa: okTadap ONMKANIINX HOHOB KHUCIOPOa UCKAKACTCS BIOJb
OITHOM M3 OCel B COOTBETCTBHU C BHIOOPOM OpOWTAIH d3x27,z 100 a@vz_rZ B

KkpucTayutorpaduueckoii mwiockocty (ab). [103TOMy MepecKoK 3JIEKTPOHA € Mn*" na
+ o o
Mn*" o3Hauaer He TONBKO CMEHy 3apsijia U CIIMHA, HO M MEPECTPOIKy OIIHKaiero



Bnuanue ouamaznummnozo pazoasnenus Ha CRUHOBYI0 OUHAMUKY 6 MAHZAHUMAX

okpyxeHus. Ousnyeckas KapTHHA STHX SBJICHHUN IOKA JajeKa OT MOJTHOW SICHOCTH
1 BBI3BIBACT OXKHBJICHHYIO IMCKYCCHIO B IUTEpAType.

IIpu wmccnemoBanum mpobiem, cBs3aHHBIX ¢ KMP-maHranuramu, moie3Ho
COCpEeIOTOUNTRCS Ha CBOMCTBaX Oa3oBoro coeamHeHmss LaMnQO;, comepixkariero
TONBKO TPEX3apsAIHbIE MOHBI MapraHia. JTO BEHIECTBO HE MEPEXOIHWT B METall-
JUYECKOEe COCTOSHHE, a MarHWTHOE VIOPSIOYCHHWE, BO3HHUKAIOIIEe HIDKE
Tx = 140 K, mpezacrasnsier coboii aHTH(EPPOMAarHETHK C YepepoBaHueM (eppo-
MarHUTHBIX IUIOCKOCTEH (ab) ¢ TPOTHUBOIMOJIOKHO HAMPABICHHBIMH HaMarHu-
YEHHOCTSAIMU. YCTaHOBIEHO (CM., Hamp., [5,6]), 4TO B IIUPOKOM JUana3zoHe
TemriepaTyp BILIOTh 10 Tyt = 750 K siH-TennepoBckue OopOHMTA U COOTBETCTBY-
IONME WMCKAKEHWS PEIIeTKH JUI COCeMHMX HOHOB Mn® B mmockoctn (ab)
kpuctamuioB LaMnQO; B3aUMHO TIEPIICHIUKYJISIPHBL, T.C. BEITSHYTHI BAOJb OCEH X U
vy B maxmarHoM nopsiake. [Ipu 7' < Tjr 3TOT OpOUTAIBHBIN NOPSJIOK COOTBETCTBY-
eT KoomepaTHBHOMY craTmdeckoMy 3¢dekry SAna-Temnepa. C moBhIICHUEM
temnepatypsl 10 7 > Ty mpoucxomuT (HazoBBIi mepexos B 0ojee CHMMETPHIHOE
COCTOSIHHE, OTBeUaloliee AWHAMHYECKOMY KoomepaTHBHOMY »dddekrty SHa-
Tennepa. DTOoT mepexox MPOSBISIETCS, B YaCTHOCTH, B 3HAYMTEIHHOM YMEHB-
meHnd mupuHs! tuann J11P [7-9].

[pumeuarensHo, yTo mpu HobaBnennu B LaMnO; kakux-mibo mpumeceit (He
TOJIBKO JIBYXBAICHTHBIX IIEJIOYHO3EMENbHBIX WOHOB, HO W JMaMarHUTHBIX TpeX-
BA/lCHTHBIX MOHOB Thna Ga’', He BIMSIONINX HA 3apAI0BOE COCTOSIHME MAPTaHI)
CTaTHYECKOE OPOUTAIIFHOE YIIOPSIIOYCHHAE CTAHOBHUTCS MEHEE YCTOHUYHMBBIM, UTO BEICT
k noHmwkeHuto Tjp [10-15]. Tlpu 3TOM OOMEHHOE B3aUMOJICHCTBHEC MEXIYy HOHAMU
Maprasia npruooperacT GpeppoMarHUTHEIA Xapaktep. OTBET Ha BO3HHUKAIOIIHC 3/1ECh
BOMPOCHI ~ MOXET  JaTh  W3YYCHHE  WM30MOPQHBIX  TBEPABIX  PAacTBOPOB
LaMnO; - LaGaOj;. 3T0 MO3BOIHT MPOCIEAUTH 32 IBOJIOINEH CITMHOBOTO OOMEHA U
OpOHMTaNBHBIX KOPPEBIMH OT WX BO3HHMKHOBEHHS HA YPOBHE JIIEMEHTAPHBIX
MIPOLIECCOB [0 TOTO MOMEHTA, KOTJa OHH NPHOOPETAI0T KOJUICKTUBHBINA XapakTep W
Jal0T KapTHHY, Habmonaemyio B LaMnO; u KMP-matepuanax.

MarHuTHble, CTPYKTYpPHBIE W  TPOBOISIINE  CBOWCTBA  CHCTEMBI
LaMnOs; - LaGaO; Ha WHTErpajbHOM YPOBHE H3ydasiMch B paborax [10-17].
HNudopmainio 0 JTOKaIbHOW CIIUHOBOH JWHAMHUKE MOXKHO MOJYYUTh METOJaMHU
MarHUTHOTO PE30HAHCa U CIIMHOBOI pelakcalyy, YTO M COCTABMIIO Leib JaHHOM
paboTHL.

2. JKcnepuMEHTAJbLHASA METOAUKA

OmBITEl TPOBOIWIINCH HAa CEPUH MOHOKPHCTAIMYECKUX OOpasllOB CcoOCTaBa
LaMn,Ga, ,O; B nmana3oHe koHIeHTpamuii Mmapranma 0 <x < 1. Kpucramrsr c
x<0.2 Bolpamensl mo Merony Yoxpanbckoro [16], a ¢ Oonee BBICOKHMMH
KOHIICHTPALUSAMH — 30HHOH 1iaBkoi. KoHIIEHTpanws BCIOTy yKa3aHa IUIS IIHXTHL
JlaHHbIE PEHTIeHOCTPYKTYPHOTO aHaiK3a MOATBEPIUIN OAHO(A3HOCTh BCexX
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HCCIIEJOBAaHHBIX 00pa3loB; OHM COOTBETCTBYIOT WM3BECTHOW IS JAHHOTO MaTe-
puasia opropoMbuyeckoii ctpykrype Pbnm tuna O’ (¢ / V2 < a,b) mpu x 2 50% u

O* (a,b~c/ V2 ) IpY MEHBIINX KOHIIEHTpausax Mn. DBOJIOINS TOCTOSIHHBIX pe-

IIETKH @, b ¥ ¢ C I3MEHEHUEM X COOTBETCTBYET JIUTEPaTypHBbIM daHHBIM [11,13].

Crnextpsl OIIP usyuanucs B IPD PAH (Mocksa) Ha criektpomerpe ER-200
¢upmbr  Bruker (paGouas wactora 9.6 I'Tiy). HMcmomp3oBanmach MOIYJISIHS
BHEIIHEr0 MarHuTHoro noist By ¢ gacroro 100 x['m; mpu 3TOM CUHXPOHHBII
JIETEKTOp  PErucTpUpoBal  curHan mnpousBogHoi  OIIP-mormomenus mo
MarHuTHoMy mnomoo. TemnepaTypHble 3aBUCUMOCTH B auanazoHe 4.2 - 300 K
CHUMAJINCh C TOMOIIBI0 KpuoreHHOW cucteMbl Oxford (TOYHOCTH YCTaHOBKH
temmepatypsl t1 K). WutencuBHOcTs OIIP-nornomenus (ygpr) ONpenemsiach
JIBOWHBIM HWHTETPUPOBAHMEM 3TOTO CHUTHaJlA JHOO alpOKCHMHPYIOIEH ero
¢yskuun. [ abcomoTHON KanOpOBKH HCIOIB30Bajcs cTanmaptT MgO:Mn.

OkcnepuMeHTHI 10 SIMP 1 criH-pereToYHo pefakCaliy SAep W BBITOTHEHEI
B YuuBepcurere Hopdonka Ha nmmynscHoMm SIMP criektpomMeTpe ¢ MarHUTHBIM TO-
nem 7 Tn B Temmieparyprom auanasone 190-380 K. OcHoBHBIE HCcIea0BaHMS MPOBE-
neHsI Ha aapax “Ga u 'Ga (paboure yactotsl 72 MI' 1 91.5 MI'Iy, COOTBETCTBEH-
HO), HEKOTOpBIE M3MEpPEHMsl CJIeTIaHbl TaKXKe Ha ¥La (42.1 MI'ty). MuHuManbHas
JUTUTEIIEHOCTD  77/2-MMITyJIbCa COCTaBIsUIa 1.5 MKC, YTO TO3BOJSUIO BO30YXIaTh U
HaOmonaTh (mocie (ypbe-mpeoOpa3oBaHusl criana CBOOOIHOW WHIYKIMH) KBaJIpy-
MOJIBHO pacIlervieHHbIi cnektp saep Ga. Bpems crivH-pemeToyHol penakcaiu siep
(T1,) m3MepsIach METOIOM HACBIICHUS-BOCCTAHOBIICHHS, BpEMS! TTONIEPEYHON CIIMH-
CIMHOBOH pernakcatu (77,) — M0 3aTyXaHHIO CITUHOBOTO 9Xa.

3. Pe3yabTaThl U 00Cy:KIeHHE
A. JITP
Ha puc.1 mokazan psag cnekrpoB OIIP, mnodydeHHBIX NpH KOMHATHOM
TeMmIepaType Ha oOpaslax ¢ pa3iIHMYHbIMU KOHLEHTpauusMu Mn (IOKa3zaHbI y
KpuBbIX). Bunnao, uro mpu x = 0.02 crekTp COCTOMT M3 OTPOMHOTO YHCIIa OTHO-
CHUTEJIFHO Y3KUX JIMHUH; OHU CHJIBHO TIEPEKPHIBAIOTCS M PE3KO aHU30TPOIHBI. JTa
KapTHHA 00YCIIOBICHA TOHKOH H CBEPXTOHKOM CTPYKTypoil HOHOB Mn®™ (S =2),
Mn** (§=3/2), Mn*" (S = 5/2) 1, BosmoxHO, Mn>* (S = 1), Kaskblif H3 KOTOPHIX B
CTPYKType IEpOBCKHTA JaeT 4 MarHWTHO-HESKBHUBAJICHTHBIX KoMIuTekca. Komu-
YeCTBEHHasl pacIIM(pOBKa ATOTO CIIEKTpa MpeacTaBisieTcs: HepeanbHol. C pocToM
X CHEKTp IIOCTEIIEHHO YIpOIIaeTcs, IprudeM B LEeHTpe (IIpu g ~ 2) MOsABIAETCS U
pacret JuHUA TopeHneBoi Gopmsl. [Ipn x > 0.2 oHa CTaHOBUTCS JOMUHHUPYIOIIEH,
a ee MHTerpanbHas MHTEHCUBHOCTH (}gpr) NMPUMEPHO COOTBETCTBYET IIOJHOM
KOHIIEHTPALIMK NTapaMarHUTHBIX HOHOB B 00pas1ie.

TemnepatypHble 3aBrcUMOcTH CrieKTpoB OIIP B 00pa3max ¢ KOHICHTpALHAMI
Mapradna x > 0.2 moka3ansl Ha puc. 2. [Ipn 10CTaTOYHO BBICOKHX TEMIIEparypax 3TH
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Bausanue ouamacnumnozo pazﬁasﬂenuﬂ Ha cnunoeyro t)unamuxy 6 manzanumax

v v T T . ; CIIEKTPbI XOPOILIO AaIlIpOK-
x=1 CHMHPYIOTCSl OIHOW OO
05 IBYMS TICPEKPBIBAIOIIIMH-

W ci JMHHAMA JIOPEHLEBOI

M ¢dopmel. Peskoe ocnabnenne

curHaa B LaMnO; (x=1)
npu T7<140K cBs3aHo C
aHTH(eppOMarHuTHEIM  (ha-
30BBIM IepexooM. CaBur u
UCKAaXXEHHUE JIMHWUM, BO3HU-
KaloIllie IPU OXJIAXKICHUU
80 01 02 03 04 05 08 gy ke M0K (=08) u
BT 85 K (x=0.5) cBunerensct-

Puc. 1. Cnexmpwr DIIP xpucmanios LaGa; Mn,O; npy BYOT O BOSHUKHOBCHHH
xomnamuot memnepamype. Konyenmpayuu map- 1PH  3THX  TEMIICPATypax

eanya (x) yKkazamul y KpUeblx (eppOMarHMTHOTO  MOPS-
Ka, 4TO COrjiaCyercsda ¢ JaH-

HBIMH MarHuTHBIX u3Mepenuid [11,13]. Otmerum, 4to B 000MX CITydasix 3aBHCHMOCTH
2epr(7) (Ha pECYHKAX He TIOKa3aHBI) B BEICOKOTEMITEPATYPHOH OONACTH BHIXOISAT Ha
3akoH Kropu-Beiicca ¢ momoxutensHpiMA  ((heppOMarHUTHBIMU) — 3HAYSHUSIMH
xapaktepHod Temneparypbl €~ 110 K. SIBHBIX NpPH3HAKOB MAarHUTHOTO YIOPSIO-
yeHus npu x=0.2 B HCCIENOBaHHOM TEMIIEpaTypHOM [Hara3oHe He OOHapy-
JKHBAETCA, OJIHAKO TMOJOXKHUTETbHAS KPHBH3HA (DYHKIMH ¥gpr (7) M POCT IIHPHHEI
JMHUM TIpu oxyakneHnn Hwke S50 K ykasplBaloT Ha TPHCYTCTBHE Cyreprapa-
MarHUTHBIX KJIaCTEPOB.

OueBuiHO, 4TO HAOMIOIaeMast BOJIOLMS CIIEKTPa ¢ POCTOM KOHLEHTpanuu Mn
00BsICHsCTCS OOMEHHBIM Cy)XEHHEM. JTOT 3((EKT XOPOIIo N3BECTECH B KOHIIEHTPH-
POBaHHBIX TApaMarHeTHKaxX ¥, B 4YacTHOCTH, HaOmomancs B LaMnO; [18,7,8,19].
[Nokazano, uro mmpuHa 0OMeHHO-CyXeHHOH ymHuM DIIP B 3TOM citydae Xoporo
ormiceBaercs Gpopmyoit [20,18]

absorption derlvative, arb, un,

M;
A=7f(T), (1

rae J — »dHeprusi OOMEHHOro B3auMojeHCTBUSL (C y4eToM BcexX coceiei
NapaMarHUTHOTO LEHTpa), M.’ — BTOpOil CHEKTpaIbHEIH MOMEHT B OTCYTCTBHE
oOMeHa, a MHOXKUTEIb

_C
Tx(T)’

BBe/IeHHBIH XbroOepoM [20], y4uThIBaE€T OTHOCHTENHHO CJIa0yl0 MOHOTOHHYIO

TEMIICPATYPHYIO 3aBUCHMOCTh, HAOJIIOMAEMYI0 BIAIM OT KPUTHYECKHUX TOYCK U
16
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Puc. 2. Cnexmpor OIIP (npouzgoonvle CucHaIO8 NONOWEHU 8 NPOU3BOTIbHBIX eOUHUYAX) 6
xkpucmannax LaGa; Mn,O; c konyenmpayusmu x = 1 (a); 0.8 (b),; 0.5 (¢) u 0.2 (d) npu
PA3IUYHbIX MeMnepamypax (VKasamwl y Kpuebix)

] ] ]
go o017 92

oTpeeNsIeMyl0 OTKJIOHEHHEM MarHUTHOH BoCpuUMUYUBOCTH Marepuana y(7) ot
3axoHa Kropu. ®opmyina (1) cipasemisa npu yenosuu J 0 (M%), Kak nokasaso
B pabotax b.1. Kouenaesa, 1. [leitzenxodepa u ap. [7,8] (cm. taxke [19,20]), s
KOHLIEHTPUPOBAHHBIX MAaHTaHUTOB OCHOBHOHM BKJIaa B M, HaeT TOHKasl CTPYKTypa
omHOYACTHYHOTO criektpa DIIP mona Mn3+, ONHUCHIBaeMasi CIIMH-TaMIJIbTOHHAHOM
POMOMYECKOW CHMMETPHH, a TakkKe (B MEHBIICH CTEIeHW) aHW30TPOITHAS 4YacTh
obMenHOrO B3ammoneicTBus J3suromuHckoro-Mopus. OceBoit M1 poMOUdecKuit
napameTpsl CIIUH-TaMUIbTOHMaHAa D 1 E 11 KOHLEHTPUPOBAHHOTO MaHTAaHUTA,
MOJy4EHHbIEC U3 CPABHEHHUS IKCIIEPUMEHTANBHBIX AaHHBIX ¢ (hopmyiiol (1), umeror
nopsimok 20 I'T1 [7,8,19].

B MarHnTHO-pa30aBIeHHBIX KPUCTAJUIAX KOJIMYECTBEHHOE ONMCAaHUE OOMEHHOTO
CY)KEHHUsI OKa3bIBAacTCsS TOpa3o CIIOXKHEE, ITOCKOJIBKY BMECTO €IMHOTO Ui BCEX
HoHOB Mn 3HaueHmst J BO3HMKAeT INMPOKOE pacmpeneneHue BenmuuH J;. Kak
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nokazamu b.W. KouenaeB ¢ cotpyanukamu [21], B 3TOM cilydae HeNb3s MMOJIB30BaThCS
TIPOCTBIMHM TIPOIIEAypamMu ycpeaaeHus. PakTideckn AeicTBHIO 0OMEHa MOIBEPKEHbI
TOJIBKO T€ TapaMarHUTHBIC IIEHTPHI, KOTOPHIE OKA3awIMCh B COCTaBE KJIACTEPOB M3
OMmKalIIMX cocefieif, a OCTalbHbIe WOHBI JOJDKHBI JIEMOHCTPHPOBATh OOBIYHBIN
JUIOJIbHO-YILIMPEHHbIM criekTp. Bompoc o TOM, CKOIbkO HOHOB Mn noipkeH
coepkaTh OOMEHHBIH Ki1acTep, YTOOBI €ro CIeKTp NPHOIMBHICS K eIMHUYHON JTMHIN
JIOPEHIEBOH (hOPMBI, OCTAETCS OTKPBHITBIM. MOXKHO HPEAIIONIOKUTh, YTO HACTOSIIIES
OOMEHHOE Cy)KeHHE HMEeT MECTO JIMIIb B OECKOHEYHOM (TIEPKOJIIIIMOHHOM)
KJIacTepe, BO3HUKAIOMIEM (IS MPOCTON KyOMYecKol perrerku) mpu x. = 31% [22].
Kax BumHO 3 puc. 1, 2, B Hammx o0pasinax nepexoja K 0OMEHHO-CY)KEHHOH JIMHUH
Habmomaercst ipu x = 20%, 9TO HECKOIBKO HIDKE X,.

Bnamm or kputmyeckux Temreparyp B oOpaslax ¢ KOHIEHTpauusmu x > 0.2
HaOmroaercst caboe MOHOTOHHOoe ymwmpenne jmHuii OIIP ¢ HarpeBaHweM, uTO
KadecTBEHHO coracytotesi ¢ ¢dopmynamu (1), (2) ¥ IaHHBIMH 1O KOHLEHTPUPO-
BaHHBIM MaHTaHuTaM [7-9,18,23.24]. C pocToM IHaMarHWUTHOTO pa30aBIEHHSA 3Ta
3aBUCHMOCTh HECKOJBKO ocrabeBaer. Peskoe ymmpenne, Habmonaemoe B LaMnOs
I TIOZIX0JIE K TeMmepaType Heems, cooTBeTCTBYeT IMTepaTypHBIM TaHHBM [ 18,7-9]
W THITMYHO U1 KPUTHYECKoro mnoBeneHus [7,8]. HekoTopblid pocT mMpHHBI THHUU
BOMM3M Temreparyp (eppomarHuTHbIX mnepexonoB mpu x = 0.8 u 0.5 Tawke MoXer
OBITH COIOCTABJICH C aHAIOTMYHBIM 3((PEKTOM B KOHIIECHTPUPOBAHHBIX MAaHTaHUTAX
[18,24], omHako B MOCNETHEM CiIydae, Kak MoKa3aHo B paborax [25-28], yimpeHue
muanu OIIP BOmm3u 7, He CBsI3aHO C
KPUTHUYECKHM YCKOPEHHEM peNaKcalliH,
a HOCUT HEOTHOPOIHBIN XapaKTep.

O6cynum Tteneps crektp OIIP B
oOpaste ¢ kormeHTparmei x = 0.1. Kak
BUIHO W3 pHC. 1, IPH BBICOKHX TEMIIE-
patypax 37ech HAOIIONAETCS OAWHOY-
Has JUHWS BONMM3W g =2, MIHNpUHA
KOTOPOW 3HAUUTEJBHO MEHBIIE, YeM
npu Oosiee BBICOKMX KOHLEHTPAIHSX.
3aMeTuUM, 4YTO IUIONIAAbh STOW JIMHUU
COOTBETCTBYET JIUIIb OTHOW JECATON OT
cozepkanusi Mn B oOpasie, T.e. KOH-
ueHTpauun okono 1%. Ipu oxnaxze-
Hnn Hwke 200 K dopma smanm Buno-
s s n3MeHsiercss (puc. 3): TPOUCXOIWT ee
0.2 0.4 06  pacuiensieHue Ha IBE KOMIOHEHTHI, A U

B, [Tl B, npuueM LIMpWHA JIMHUM B PE3KO
Puc. 3. Cnexmpor OIIP ¢ LaGag,oMny ;03 BO3PACTaET C NAIbHEHIINM MOHIKCHU-
npu pasiudHbIX MmemMnepamypax €M TEMIICPaTyphbI.

EPR absorption derivative [arb. units]
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Habmonaemoe ymmpenne nuHUM B npu oXmaxIeHnH (ApyrHMH CIIOBaMH,
TePMOAKTHBUPOBAaHHOE CyXkeHHe crekTpa OI1P) M0oXHO OOBACHUTH BIUSHHEM
HEKHX BHYTPCHHUX IBWXCHHUH, MPUBOIIMX K YCPEAHEHHIO TOHKOM CTPYKTYpHI
3a cueT 3((EeKTUBHOTO YMEHBIICHHS OTHOW WM O00eMX KOHCTaHT CIIHH-
ramMmwibToHMaHa, D wu E. Eciu XapakTepHble CKOPOCTH 3THX JIBHKEHUI
NPEeBBIMIAIOT J//, MX yCpeaHsomee AeHCTBUE JOJKHO HMPOSBUTHCS PaHbIIE, YeM
BIMsHEE oOMeHa. B TakoM ciyuae B popmyie (1) BMecto M,’ Hano TOACTAaBHUTH
Pe/lylMpOBAHHOE JBIDKCHHeM 3HaueHue M, <M., KOTOpoe yMeHbImaercs ¢
POCTOM TeMITepaTyphbl, YTO U IPUBOAUT K CY)KEHHIO JIMHHH.

MsI monaraeM, 4To MPHPOJa 0OCY)KAAEMOTr0 BHYTPEHHEIO IBWXKEHHS MOXKET
OBITH CBA3aHA C PEOPHMEHTALIEH SH-TEUIEPOBCKMX opOmTaneil moHOB Mn’’, BXo-
JIIIX B COCTaB OOMEHHBIX KiacTepoB. B konmeHtpupoBanHOM LaMnQO; Takas
peopreHTaIs BO3MOKHA JIMIIL TPH JIOCTIDKEHWH KPUTHUYECKOH Temriepatypsl Tt 1
HOCHT XapakTep KOOIEPaTHBHOTO (Pa30BOTO IEPEX07a, KOTOPBIA COMPOBOXKIACTCS
pe3kuM cyxernem JwHIE OIIP 3a cuer pemykumu mapamerpoB D u E B yCIOBHAX
JmuHaMpgeckoro d¢dekra Sxa-Temtepa [7-9,29]. [lpu mepeHeceHnn SToH Waen Ha
MAarHUTOpa30aBICHHYIO CHCTEMY CJIENyeT Y4ecTb, YTO B OTPaHMYCHHBIX KJIAcTepax
NepecKoKy (peopueHTalmm) opouTaneil yepes Oapbep E,, pa3aensonieil BO3MOXHbIC
KOH(HUryparmu, BO3MOXKHBI IIPH JI000H TeMIieparype, a BMecTo (ha3oBOro nepexona
3[IECh OXKMIAETCS 3aKOH AppeHHyca ¢ SHeprHel akTuBaimu £,

CootBercTByromasi 00pabOoTKa TeMIEepaTypHOH 3aBHCUMOCTH IIHPHHBI
muauu B npu x = 0.1 nokas3ana Ha puc. 4. Mbl nonarany, 4To BKJIaJ B IIHUPUHY
JIMHUM JAf0T ObICTpble (IIyKTyaluy BHYTPEHHETO TOJIS CO CPeIHEKBaIPaTHIHON
aMIUTUTYJOH @), U BpEMEHEM KOPPeJIsIiN

E
7 =1exp| == |, 3
e =T OXP| 3)

a TaKXKe aJJAUTHUBHBII TEMIIEPaTypHO HE3aBUCUMBIM WiIEH Aj, Y4YMTHIBAIOLIUI
HeoJHOpoAHOe ymupenue. [1onb3ysach cTaHIapTHONH TEOpHel CyKeHUs CIIEKTPOB
MarHUTHOT'O PE30HaHCa BHYTPEHHUM JBKeHueM [30], MOKHO 3anucaTthb

7 A= [(Qin ) +(7.4,)" ]_l +7.4 )

e J. — SJEKTPOHHOE TMPOMATHHUTHOE OTHOWIeHHE; ()’ — CpejHMil KBajpar
aMIUTUTYAbl  (DIyKTYUPYIOLIEro JIOKAJbHOTO TOJIsA Ha HaONIoJaeMbIX mapa-
MarHUTHBIX LEHTPax; A, — HIMPUHA JIMHAU B CTATHYECKOM Tpejiene (ITOT 4iieH
YCTpaHSEeT PACXOJUMOCTh MPH T, —> ). [10JIrOHKa KCIIEPUMEHTAIBHBIX JTAHHBIX
dopmynamu (3), (4) mpu 3HaueHHmsx mnapamerpoB E /k=550K; A,=27 mT;
A, =160 MT; 20,2 =510 ¢! nokasana nHa puc. 4 crnomHoi nmuHEEH. XOTA
3HAYUTEIBHOE YHCIIO IMOJrOHOYHBIX IMAPAMETPOB, a TAKKE OIrPAHUYCHHBIN

19



Bnuanue ouamaznummnozo pazoasnenus Ha CRUHOBYI0 OUHAMUKY 6 MAHZAHUMAX

Ararna3oH MW3MCHCHUA IIHUPUHBI JIMHUKM HE MO3BOJIIOT A€JaThb OJHO3HAYHBIX
KOJIMYCCTBEHHBIX BBHIBOJOB, HA KAYECTBEHHOM YPOBHE COTJIaCHE C HpeI[HO)KeHHOﬁ
MOJCIBIO MIPEACTABIIACTCS BIIOJTHE Pa3yMHBIM.

200 T T T T T

= 100

050 100 150 200 250 300
T, K
Puc. 4. Temnepamypnas sasucumocms wupunvt aunuu "B" 6 obpasye LaGa; . Mn,O;
(x=0.1). Touku — sxcnepumenm, Kpusas — pacyem no gopmyaam (3), (4) c
napamempamu, YKasaHHbIMU 6 meKcme.

k. IMP
JpyruM MeTOAOM HCCIEOBaHUS BHYTPEHHUX JABIDKCHUN SIBISETCS HU3MEpEHUE
BpeMeHHU T, CIUH-PEIeTOYHOI peslakcaliy aep OCHOBHOM peleTKH KpUCTaILIa.
Kak m3BectHO [30], CKOPOCTH 3TOH penakcalfy MPONOPIHOHATIFHA CIIEKTPATBHON
wiotHoct  J(w,)  ¢dnykTyaumit  BHYTpEeHHUX  MOjeH,  BBI3BIBAIOIINX
penaKcaloOHHbIE MEPEXOAbl B SIEPHOM CHOMHOBOM cucreMme, Ha yactore SIMP
w, = v,By. B mpocTelineM cityuae SKCIOHEHIUAIBHOIO KOPPENIATOpa ¢ BpeMEHEM
KOPPEJSILIUH T, OHa OIIpeAesieTcst (JopMyJIIon:

a_ 2 F
L

l+o 7’ ®)

rae @,° — cpelHuil KBaApaT aMIUIMTYIbl DIyKTyamuii, — gactora SIMP. Takum
00pa3oM, Hccieqys TEMIIEpaTypHYI0 3aBHCUMOCTb 717,, MOXXHO TIOJNYyYHTh
nH(OPMALKIO 0 BpEeMEHH KOPPEeJALUY BHYTPEHHUX ABHKCHUH.

OcHoBHble SIMP-napametps! sizep, Ha KOTOPHIX MPOBOAMIINCH M3MEPEHUS,
takoBbl: “Ga: crmu [ =3/2; “3,/27=0.102 T'/Tn; npupoaHas pacupocTpaHeH-
Hocth P = 60%; dmekTpHyecKuii KBaJpyMONbHBIA MOMEHT (B €IMHMIAX 3apsja
snextpona) 0 =0.168x107* m*; "'Ga: 1=3/2; "'y,/22=0.13 Tw/Tm; "'P = 40%;
0 =0.106x107* m*,
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OtmeTHM, 4To H30TON /' Ga MMeeT GONBIIMIT MATHUTHBIA MOMEHT, a H30TOII
%Ga — GonbInMil SMEKTPHUCCKHil KBAAPYIONbHbI MOMEHT. JTO 00CTOSTENIHCTBO
OKa3aJIOCh BEChMa ITOJIE3HBIM MpPH OIPEACICHHH MEXaHW3MOB pEJaKcaluud M3
CpaBHEHUSI JAHHBIX IS IBYX M30TOIIOB.

Tor ¢axr, uyrto oba wm3oroma Ga o00NMaNAIOT SAEPHBIMH CIHMHAMH 3/2 U
3HAYUTEIIBHBIMU 3JIEKTPUUECKIMH KBaJPYHOIbHBIMA MOMEHTaMH, HECKOJIBKO YCIIOX-
HS€T METONMKY W WHTCPIPETaluio pe3ysibTaroB. IlpuxoguTcss MMeETh Jeno ¢
YeThIPEXyPOBHEBBIMU CIIMHOBBIMH CUCTEMaMH, JEMOHCTPUPYIOLIMMH KBaJIPYTOJILHO
pacuieruieHHsie criektpbl SIMP: k nenTpansHoMy mepexony *1/2 mobaBisitoTcst 1Ba
caremumta, (3/2, 1/2) u (-1/2, -3/2). XopoIiio U3BECTHO, YTO B TAKOM CIIy4ac KHHETHKA
BOCCTaHOBJICHHUS CUTHAIOB SIMP 1OCIie UMITYJIbCHOTO HACKIIIICHHSI COCTOHT, B OOIIEM,
W3 TPEX KOMIIOHEHT C XapaKTEPHBIMU CKOpocTIMHU W; = R; W, KOTOpbIE HaXOAATCS U3
pelIeHNs CeKYIIPHOTO ypaBHEHUs Ul HaceleHHocTel. 3naeck i =1, 2, 3, a uepes W
o0o3HaueHa camas MeJUICHHash W3 CKOpOcTell (OHa COOTBETCTBYET pENaKCalvH
CyMMapHOH TIPOAOIBHONM HaMarHMYEHHOCTH o0pasia). 3HaueHus W, u R; 3aBUCST OT
MEXaHN3Ma CIMH-PELICTOYHON pellakcallii B JJaHHOM Marepuaiie. OTHOCHTEIbHbIE
AMIUTUTY/BI A; 3THX KOMITOHEHT ONPEIEISIIOTCS], KPOME TOTO, YCIOBHSMHI HACBIICHHS
u BbiOOpoM JmHHMU SIMP, KoTOpas peructpupyercs B SKCliepuMeHTe. B Harmmx
OMBITAaX HACBHIIAICA M PETUCTPUPOBAICA TOJNBKO LEHTPAIBHBIN IEPEXO]l CIEKTpa.
Mo’XHO MOKa3aTh, YTO B 3TOM Cllydae OCHOBHOW (He MeHee 90%) BKIam B KPUBYIO
BOCCTaHOBJICHHSI JIa€T TOJBKO OJHa KOMIIOHEHTa, MpPHYEM NPH KBaAPYNOJILHOM
MEXaHM3Me peNaKkcalli OHa COOTBETCTBYET KO3 QuUIMeHTy R = 1, a mpu MarHUTHOM
JTUMOJIBHOM MEXaHU3Me — KO3 duimeHTy R; = 6.

Jlpyroe cymiecTBeHHOE OOCTOSTENLCTBO, KOTOPOE HEOOXOJUMO YUUTHIBATH
IIPY U3MEPEHUSIX CIIMH-PELICTOYHOM peJlaKcallii, CBSI3aHO C BIMSHHEM SICPHOU
cnuHoBoi uddysun [31]. Ecan daykTyupyromue oKaabHbIE OIS, BBI3BIBAO-
mye SACPHYI0 pEJIaKCalllio, CO3AAI0TCS CIIMHOBBIMH MarHUTHBIMH MOMEHTaMH
apaMarHUTHEIX LEHTPOB (B HAmIeM cilydae — HOHOB Mn’"), To BenmunHa @’ B
¢dopmyne (5) momkHa CHIBHO (Kak r,]-'(’) 3aBHCETh OT PACCTOAHUA 7; MEXIy
JTAaHHBIM SJpOM M OMMKalIINM K HEMY MapaMarHUTHBIM HOHOM. Ecim simepHas
cnuHoBast 1uddy3us moctatouHo dPPEKTUBHA, OHA YCPETHSET Ty 3aBUCUMOCTbD,
1 HabJro1aeMasi peslakcanusl MPakTHUECKH IKCIIOHEHIINAIbHA (TOYHEE, COCTOUT U3
HECKOJIBKMX 3KCIOHEHIMAJIbHBIX KOMIIOHEHT, CM. BbIIE). B mpoTuBHOM ciydae
KMHETHKa KaKI0H U3 KOMIOHEHT UMeeT BUA "pacTsaHyTol skcroHeHTs!" [32],

S/(t)= 4 exp| Ti 6)

1i

3neck Ty' =R.Ty,", a T}, onpenensercss B Hamem ciyudae dopmyioii (5) mpu
3HAYCHHUH JIOKAIBHOTO 1oJis [32,33]
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, 6471
W =—
9
I/l 1y — KOHIIEHTPAIHs TapaMarHUTHBIX [IEHTPOB.

W3mepenus mokasany, YTO XOPOIIO pa3pelleHHas KBaApYMOJbHAas CTPYKTypa
criektpa SIMP s oboux mzotomoB Ga HaONroaercst JMIIL B YKCTOM Trajuiare
LaGaO; u npu HM3KMX KoHUEHTpamsx Mn, x =0.005. U3 yrioBo#l 3aBucuMocTu
3TO# CTPYKTYpbI GBLIH ONIPE/IC/CHbI KBAAPYTIOIbHAS 4acToTa | Vo= 1.28 MI'n u napa-
Mmetp acummerpun 77=0.27. C NOBBILICHHEM KOHIIEHTpAaIMd Mn MoOIyIIUpHHA
neHTpanmbHOro nepexoma pacrer ot 1.2 k[ (x=0;0.005) mo 25-30 k[ (x =0.2).
CarennuTsl ymmpsroTces elle cuibHee U npu x > 0.02 cTaHOBSTCA HEAOCTYIHBIMU ISt
Ha0roeHNs. DTO YIIMPEHNE SBISIETCS HEOAHOPOAHBIM; KaK ITOKa3al aHaIN3, B HETO
JAI0T BKJIAJ KaK HCKKCHUA TPAJHCHTa SJICKTPHYECKOrO MOJsI, OOYCIOBICHHBIC
JacTHYHBIM 3amerieHneM Ga Ha Mn, Tak M cTaTWdecKas KOMIIOHEHTA JHIIOIBHOTO
MarduTHOTO TIOJII OT MOHOB Mn3+, noJIsipu30BaHHbIX B nonie By="7 Tn. Ilocnennee
00CTOATENBCTBO TOATBEPIKIACTCSI TEMIEPATyPHOH 3aBHCHMOCTBIO HIMPHHBI JINHUN
SIMP.

OpHoposHast 4YacTh YIIMPEHHs, OLEHEHHas II0 CKOPOCTH 3aTyXaHUs
CIHMHOBOTO 3xa, Bo3pacraeT oT 0.3-0.5 x['m mpu ManbIX KOHHIEHTpauusx Mn 1o
Heckonpkux KI'1 mpu x=0.1-0.2. B mocnegHem ciydae OHa TakXkKe 3aBUCHUT OT
TEMIIEPaTyphl U, KaK MOKa3bIBAET aHAIIN3, B OCHOBHOM OIPENENISAETCS OTHOCUTENILHO
MEJUICHHBIMH (QIIYKTYalMsIMU JJUTIOIFHOTO MAarHUTHOTO TOJISL OT MapaMarHUTHBIX
1eHTpoB. bosee noapoOHbIe 1aHHBIE U3JI0KEHHI B padoTe [34].

OCHOBHOE BHUMaHHE OBUIO YJEIEHO MEXaHM3MY SAEPHOW CIMH-PELICTOYHOM
penakcanmy. [Ipr ManbIX KOHIIEHTpAIMAX MapaMarHUTHBIX HeHTpoB (x =0 u 0.005)
KWHETHKa BOCCTAHOBJICHHS! HAMAarHUWIEHHOCTH BO BCEM HCCIIEIOBAHHOM TEMITEpATYp-
HOM [Hamna3oHe ObUIa OJHOAPKCIOHEHIMAJBHOW, MpPHUYEM OTHOILICHHE nr ! “r n
cocraBmsuio 1.85. Xors ora BenmumHa Heckonbko Membire, wem (Y0/'Q)Y =2.5,
npeodiIaaHne KBapyIoiIbHOTO MEXaHH3Ma PelakCalliy MPH MaJIbIX KOHIICHTPALHSIX
Mn He BbI3bIBaeT COMHEHMM. TemmepaTypHas 3aBUCUMOCTb CKOPOCTH pPElaKcaluu
(~ T**) TaKoKe yJIOBIETBOPHTEIHHO COIIACYETCS ¢ KBAPYIIONbHBIM MEXaHH3MOM JUIs
KOMOMHAIIMOHHBIX CITUH-(DOHOHHBIX MPOIIECCOB.

Hawnbornee cymiecTBeHHbIE pe3ynbTaThl MOMYYEHbl HA 00pasnax ¢ KOHIIEHTpa-
msivu x > 0.02. B aToMm citydae (3a MCKITIoueHHeM HanboJliee KOHIIEHTPHPOBAHHOTO 13
HCCIIeIOBaHHBIX 00pasuoB, x=0.2) KWHETHKa penakcaluuu Obula OnM3ka K
"pactsHyTOH 3KCcrioHeHTe" (6), cM. puc.S5. Kak BHIHO W3 pHCYHKa, CKOPOCTH
peaKcauy Ha BCEX KOHLEHTPHUPOBAHHBIX 0Opa3lax OKa3aliCh OAMHAKOBBIMH JUIS
oboux m3otonos, “Ga n "'Ga. D10 cpasy N03BONSET HCKITIOYMTH M3 PACCMOTPEHHS
KBaJIPYHOJBbHBI MEXaHU3M pEJaKCallu M COCPEIOTOYMTHCS Ha MAarHUTHOM
MEXaHU3Me, OOYCIOBIEHHOM (UIYKTyalUsIMH JUIIOJNBHBIX JIOKAIBHBIX IIOJICH,
CO3J1aBAEMBIX AJIEKTPOHHBIMU CIIMHAMU NOHOB Mn®". IIpu 3TOM HE3aBUCHUMOCTD 17, OT
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B.A. Auyapxun, B.B. /lemuoos, /I.I. 'omosyes, H.E. Hozunosa

SIICPHOTO MAarHUTHOTO MOMEHTA M30TOIa OJHO3HAYHO YKAa3bIBACT, COTMIACHO (opMy-
maM (5), (7), Ha pean3aIiio npezena "MeIIeHHBIX IBKEHAH,

w7, >>1 (®)
TIOCKOJTBKY TOITBKO B 3TOM CIydae BETHUMHA %, , BXOASIIAS KaK B MHOKHTENb @,
Tak W B BENMYMHY @, B 3HAMeHATele (5), COKPAIIAETCS U He BIUSET Ha Pe3yJIbTar.

1

0

0.1

1 s 1 s 1 s
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

tl/Z [Secl/z]

. 9 71

Puc. 5. Kunemuxa cnun-pewiemounoi peraxcayuu soep ° Ga (ueprvle snauxu) u ""Ga (ceem-

svte 3nauku) npu T = 300 K u paznuunvix konyenmpayuax Mn (3nauenus x nokasamol y
Kpusbix). Ilpamvie nunuu coomeememsyiom "pacmanymoim sxcnonenmam”, cm. (6).

Jns nonomHUTENsHON poBepkH pu x = 0.05 ObUTH MPOBEICHBI N3MEPEHUS
CIIMH-PEIIETOUHOM penakcanuu Ha aapax " La (I=7/2; '¥y/27=0.605 TwTn),
00J1a1al0MmuX 3HAYUTENFHO MEHBIIUM MAarHUTHBIM MOMEHTOM IO CPaBHEHHIO C
obommu wm3otomamu Ga. IlomydeHHble nmaHHBIE, OOpabOTaHHBIE C YYETOM
MHOTOYPOBHEBOH cHUCTeMBI /= 7/2, TakKe HMOATBEPAWIH BBHIIIOJHCHHUE YCIOBHS
"MeUTeHHBIX TBrxKeHHr" (8).

TemneparypHble 3aBUCUMOCTH CKOpPOCTEH SJIEPHOM CIMH-PELIETOYHON
penaKcanyy rajuiisi MpH Pa3jIM4YHbIX KOHIEHTpalMsX Mn nokaszaHbl Ha puc. 6.
Bunno, uro mpu x=0.02 uMeeT MecTO HEMOHOTOHHAas 3aBHUCHUMOCTb C
MakcumymoM okojo 7=300K, a B Ooyiee KOHIICHTPHUPOBAHHBIX 0O0pa3lax
HABITI0[aeTCs MPUOIH3UTEIBHO SKCIIOHEHIMAIBHBIE poct T, ¢ oXnakmeHuem.
[Tono6HBIE 3aBUCHMOCTH HEOJHOKPATHO HaOMNIOJAINCh B SICPHBIX CIHHOBBIX
CHCTEMaxX C TEPMOAKTUBHUPOBAHHBIM BHYTPEHHHUM JBIDKEHUEM (CM., Hamp., [30]),
OJTHAKO 3aMEUICHHWE peNlaKkCaldd TIpH TOBBILCHUH TEMIEpaTypbl OOBIYHO
ACCOIIMHUPOBAJIOCH C MpeesioM "OBICTPHIX ABIKCHHN",

w,r. <<1, )
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a makcumyM Ha kpuBoii Tj,(T) — ¢ ycmosuem ®,7,=1. M To, u gpyroe He
COTJIACYETCsI CO CJICJIAHHBIM BBIIIIE BHIBOJIOM O CIIPaBENIMBOCTH HEpaBeHCTRa (8).

1000

1004

T, " [sec”]

10 0.02

25 30 35 40 45 50 55
1000/T [10°K™]

Puc. 6. Temnepamypuvie 3a6ucumocmu cKOpoCmu 0EpHO CRUH-PEULeMOYHOU PeNaKcayuy
eamus  npu KoHyewmpayusax mapeanya x = 0.02-0.2 (ykasanvl y Kpuewix).
Cnaownsie Kpugvle — pacuem no Gopmyiam (3), (10) ¢ napamempamu,
npueedernvimu 6 Taon. 1.

[Tpearnonoxum Tenepb, 4To B KaueCTBE BPEMEHH KOPPEJIALUH 7. B popmyrnax
(5) n (8) BeIcTYmaer Bpems SJIEKTPOHHOM CIUH-PEIIETOYHOW penakcauuu 17,
noHoB Mn®". TIpumMewm, nanee, YTO MPHYMHOM HIEKTPOHHOM PENAKCAIMH ABIACTCS
HEKOe BHYTPEHHEE JIBWKEHHE C HOBBIM, 3HAUMTENIBEHO 0ojiee KOPOTKHM BpEeMEHEM
KOpPEeJAHN 7,, KOTOPOE MOAUUHSIETCS 3aKOHY AppeHHyca C SHEepriuel akTHBaI|H
E,, cm. dopmyny (3), ucrionp3oBaHHy0 npu 06cyxkaenun aaHaeix OIIP. B atom
ciyuae Benmunna Ty, onpenensercst popMyJIoi, aHanorHuHoit (5), HO ¢ 3aMeHOi
7. Ha T,, a yactotel SIMP, @w,~ 5%x10® c", — Ha yacroty JIIP, @, ~ 102¢. Torna,
YYUTHIBas yCiIoBue (8) M COOTHOIICHUE (5), IMeeM:
- a)_Lz QL—ZTL (10)

2 2
o, )1+(w,z,)

1n

rae Q> uWrpaer pomk CpeNHEro KBaapaTa AMIUIMTYIBI (IYKTYHPYIOIIEro

JIOKaJIBHOTO TI0JIS, NHIYIUPYIOLIET0 PENaKCAIIUIO0 JIEKTPOHHBIX CIIMHOB.
Pe3ynbTaThl NMOATOHKM SKCHEPUMEHTAIBHBIX 3aBHUCUMOCTEH T 1,{1(T) tdop-

mysoit (10) mokazaHel Ha puc. 6 CIUIOMIHBIMH JTHHUAMHU. [Ipu moaronke ydu-
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TBHIBAJIOCh, YTO HaOJIIOaeMast Ha [IEHTPAJIBHOM Mepexo/ie CKOPOCTh pejaKcalyy, B
COOTBETCTBMH CO CKa3aHHBIM BbIle, paBHa 6 T),'. HaGop mapameTpos,
o0ecrieunBIINX HAWITydIllee CoTJIache ¢ 3KCIIEPUMEHTOM, IpHuBezeH B Taom. 1.

Tabmuna 1. Ilapamempor nooconku memnepamypuuix 3asucumocmeti T, (puc. 6)
Gopmynamu (3), (10)

x EJK | oy | 20, 10| Q10 ¢
0.02 550 9 13.5 2.0
0.05 500 22 3.0 2.5
0.1 550 46 3.0 2.5
0.2 580 59 2.0 2.5

Ob6cymnnm Bkpatue nanaeie Tab6m. I TloguepkHeMm mpexkae Bcero OnMM30CTh
3HaYeHUU F, TMOJIy4eHHbIX M PAa3IUMYHbIX KOHLEHTpauud Mn, a Takxke
COBIIAJICHUE ITOM BEIMYMHBI C OLIEHKOM AHEprued akTHBAIMu Mo JaHHBIM OIIP
(pasmen 3A). [lanee, OTMETUM, YTO HCIOJIB30BAHHBIC IPH IOATOHKE 3HAYCHUS
amMIuITy el urykTyarmii (), 1o NopsAKY BEJIMYHMHBI COIVIACYIOTCS C IapameTpaMu
D u E CHMHOBOrO raMHiIbTOHHAaHa HOHOB Mn®" [7,8,19,29]. Hakonern, ciemgyromast
n3 Tabm. | xBajgparhyHash KOHIIEHTPAIMOHHAS 3aBUCUMOCTh @) COTJIACYeTCs C
¢dopmynoii (7). Ilpum sTOoM 3HayeHus n,, MonydeHHbIe u3 comnocrtaBiaeHus (7) c
JaHHBIMH TaONMIBI, OKasplBatoTCst B 5-10 pa3 Hmke, 4YeM HOMHHAIbHAs
KOHIIeHTparust Mn B oOpa3nax. DTOT BBIBOJ coryacyercs ¢ maHHbMH OIIP s
x=0.1, rme HaOMIOAAIOCH TEPMOAKTHBUPOBAHHOE CY)XXEHHE JMHHH. Takum
00pa3oM, B TepMOAKTHBUPOBAHHOM IBI)KEHHH, OTIPEACISIONIEM CKOPOCTh SIIEPHON
penakcanun Ga, yJacTBYIOT JaJeKO HE BCE MPHCYTCTBYIOIIME B 0Opasax HMOHbI
Mn*". DTo mpencTaBiseTcs BIONHE Pa3yMHBIM, €CIIM NPHMHATH BBICKA3AHHOE B
pasmene 3A TPEAINONOKEHHE O TOM, YTO BHYTpPEHHEE IBIDKCHHE OOYCIIOBIECHO
TEpPMOAKTUBUPOBAHHBIMH PEOPUEHTAIMSAMH SIH-TEJUICPOBCKUX KOH(UTyparuii B
KJIACTEPAX, COCTOSLIMX W3 HECKOJILKUX HOHOB Mn*", EcrectBeHHO, 4TO B Takue
KJIacTephl MOMaAaeT JIMIIb HeOOMbIIas yacTh BCEX IMapaMarHUTHBIX HOHOB, OJHAKO
CKOpPOCTh PEOPUCHTALIMI B HUX OKa3biBaeTcsa Haubonee 3(dexkTHBHOW st
CcnMHOBOM penakcanuy. OTMETHM, 4YTO, KpPOME KJIAacTepOB, HCTOYHUKOM MO-
TEHIMANBHBIX 0aphepoB VISl SH-TEJUIEPOBCKUX PEOPUEHTALMH MOTYT CITYXKHTh
pa3IUYHBIC CTPYKTYPHBIE 1e(EKTHI, HIPAOIINE POIIb IIEHTPOB ITMHHHHTA.

4. 3akai0ueHue

Takum ob6pa3zoM, mpoBeAeHHOE B JaHHOW paboTe mcciemoBaHue criekTpoB OIIP B
CepUM MarHUTOpPa30aBJIECHHBIX OOpa3loB MaHIaHWUTOB-TAJUIATOB JIAHTAHA, Kak H
BBITTOJIHEHHBIE HA TeX JK& Marephallax M3MEpEeHHs SIepHOH CIMH-PELICTOYHOU pe-
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JIAKCAIIW TJUIWsSI, TaeT OCHOBAHMS TOBOPHUTH O CYLIECTBOBAHMHM B 3THX MaTepHaiax
BHYTPEHHETO TepMOAKTHBHPOBAHHOTO ABIKCHHS C SHEprueil aktupanuy nopsiaxa S50
M3B. [ony4enHas oreHKa SHepruy aKTUBAIMH IO TTOPSIKY BEJMYMHBI COITIACYETCS C
MHHUMAIBEHOH BBICOTOH ITOTSHITHAILHOTO Oaphepa, XapaKTepHOH sl peOpHUeHTAIHI
TETPAarOHAIBHBIX SH-TEJUIEPOBCKUX KOH(UIyparmii B THAPATHBIX KOMIUIEKCAX MEIH
[35,36]. OT™MeTHM, 9TO ATOT Gaphep 3HAYUTENHHO HIKE HOMUHAIBHOW SHEPTUM STH-
TEJUIEPOBCKOIO PACIIEIUIEHH COCTOSHUS €, OH BOSHHMKAET 3a CUET KBAaJAPaTHYHBIX
BHOPOHHBIX B3aMMOJICHCTBHUI C y4ETOM aHIapMOHUYHOCTH M COOTBETCTBYET "00X0/-
HOM" TpaeKTOPHUU BOKPYT MHKa NOTEHIMATIBHOM 3Hepruu [36,37].

TepMoaKkTHBUPOBAaHHBIE PEOPHUEHTALMH SIH-TEJUIEPOBCKUX HCKAKEHHH MOXKHO
paccMarpuBaTh KakK TIEPEXOJHOM 3Tall OT JKECTKOTO CTaTHYECKOro OpOHMTAIBLHOTO
YHOPAZIOUEHHs e,-opOMTalell K JuHaMuueckoMy Oecropsaky. eppoMarHHTHbII
3HaK OOMEHHOTO B3aUMOJICHCTBYSI, CBOMCTBEHHBIH JaHHOMY SIBIICHHIO, COTJIACYETCS C
TEOPETHYECKON MOZIEIbIO BHOPOHHO-3aBUCSILIETO CYIIEPOOMEHA B YCIIOBUSIX KOPPEIH-
PpOBaHHBIX peopueHTarumii opouraneii [10,11]. ITomHas Teoprst MArHUTHOTO pe30HAHCA
1 pENaKcalyiy B O0OHBIX 00BEKTAX TIOKA OTCYTCTBYET. MOKHO JIMIIb TOAIEPKHYTh,
YTO MHOT000Opa3ue BO3MOXHBIX KJIACTEPHBIX 00pa3oBaHMil B pa30aBiIeHHON cCHCTeMe
JIeTIaeT MaJIOBEPOSITHBIM CYIIECTBOBAaHUE KaKOT0-JIMOO OJJHOTO YETKO OMPEASIICHHOTO
3Ha4YeHus! E,, TaK YTO MOIYYCHHBIC OLIEHKH OTHOCSITCS CKOpee K HEKOMY YCPETHEHHO-
My napamerpy. O4eBHAHO, YTO Ul MCYEPIIHIBAIOIIETO KOJMYECTBEHHOTO aHajn3a
npemon{eHHoﬁ MOJCIIN H606XOHI/IM])I uanbﬂeﬁmne HCCJICI0BaHMs, BKIIFOYAOIINE KaK
pazinyHbIe AKCIEPHUMEHTAIBHBIE METO/bI, TAK W IOCIIEIOBATENFHOE TEOPETHIECKOE
paccMOTpeHHe CIHMHOBBIX A((EKTOB B yCIOBHAX TEPMOAKTUBHPOBAHHOTO SH-
TEIUIEPOBCKOTO JIBHKEHUS.

Astoper 6maromapst I'.b. Jlyrma (G.B. Loutts, Norfolk State University,
USA) 3a mpenocraBneHne oOpasmoB s uccinenoBanus, B.C. Buxamna wu
@.C. l)xenapoBa — 3a moJyie3HbIe 0OcyXaeHus. Pabora mojmepikaHa TPaHTOM
PODU 02-02-16219, TIlporpammoii ¢dyHaameHTaNbHBIX wHcchaenoBannii PAH
"Crnua-3aBucuMble 3((EKTBl B TBEPABIX TelaX M CIMHTPOHUKA" W TPaHTOM
NSF CREST Project HRD-9805059.
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EFFECT OF DIAMAGNETIC DILUTION
ON SPIN DYNAMICS IN MANGANITES

V. A. Atsarkin', V. V. Demidov', D. G. Gotovtsev', N. E. Noginoval’2
! Institute of Radio Engineering and Electronics RAS, 125009 Moscow, Russia
2 Norfolk State University, Norfolk, VA 23504, USA

In the magnetically diluted LaMn,Ga, O; single crystals, the EPR spectra of the Mn ions (at
0.02 < x < 1), as well as NMR and nuclear spin-lattice relaxation of ®Ga and ”'Ga nuclei have
been investigated. The analysis of the EPR spectra enabled one to follow the exchange
narrowing effect to the point of appearance of a single Lorentzian line at x >0.2. The
transition from the antiferromagnetic to ferromagnetic type of spin ordering is confirmed
under condition of the diamagnetic dilution with Ga, starting from x = 0.8. At x = 0.1, unusual
broadening and splitting of the EPR spectrum are found upon cooling; this can be assigned to
the effect of thermally activated internal motion with characteristic energy E, of about 50
meV. The study of nuclear spin-lattice relaxation was performed in the temperature range of
190-390 K. The obtained data support the existence of the internal motion with the same value
of E,. This motion can be attributed to thermally activated re-orientations of the e, electron
orbitals of the Mn®" ions subjected to the Jahn-Teller effect.
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AHAJIN3 N30TOIIMYECKOI'O DOPEKTA B
CJIBHOKOPPEJIMPOBAHHBIX CBEPXITPOBO/IHUKAX B PAMKAX
JIBYXOPBUTAJBHOM MOJIEJIA AHJIEPCOHA-XABBAPJIA

A.Il. Axtanun, A.A. Kocos _
Mapuiickuii 2ocydapcmeennviil ynusepcumem, 424001 Howxap-Ona

B pamkax nByxopOutaneHO#H Monenn XaGbapnma moiydeHs! (GOpMyIIBI JUIs
KBa3WYaCTHYHOTO CIEKTPa B DHEPreTHYECKHX 30HAX, THOPHIM30BaHHBIX
AHJICPCOHOBCKUM B3amMmopeiictBueM. Ilepexon k omeparopam XaGbapna, u
JMaroHaJlM3alys OJHOY3ENBHON 4YacTH onepatopa ['aMHIBTOHA MO3BOJIMIM
HaM C TOMOLIBI0 TEXHUKHM (QYHKIHMH ['pHHA ydecTh MeKy3ellbHOE B3aHMO-
JIeICTBME M M3Y4MTb CBEPXNPOBOJAIIME CBoWcTBAa Mozaenu. Ilpennonaras,
410 3((HEKTUBHOCTh THOPHIM3ALUK SJIEKTPOHOB CBf3aHA C aMIUIUTYJOH
JIOKAIBHBIX KOJIeOaHUH MOHOB, MBI ONPEETHIN 3aBUCHMOCTD TEMIIEPATyphI
cBepxmpoBosmero nepexoga (7,) oTr Maccel HOHOB (M) W BeNWYHHY
n3oronmdeckoro 3¢pdexra a=(M/T,.)(dT./dM). IlonydeHHbIe 3aBHCH-
MOCTH TTapaMeTpa ¢ OT KOHIEHTPAIUH HOCUTENEH TOKa M SHEePreTHUECKUX
MapaMeTpoB >JIEKTPOHHBIX B3aHMMOIEHCTBHH IO3BOJSIIOT CHENATh BBIBOJ O
TOM, YTO B HEKOTOPOH 00JacTH 3HAUCHUH JTHX IapaMeTpoB BeIIMUMHA
H30TONMYECKOT0 3P (eKTa MOXKET OBITh CYIIECTBEHHOIA.

I. Beenenne

Teopernueckoe W3y4eHUE SIBICHHS CBEPXIPOBOIMMOCTH B METAUIOOKCHIHBIX
COEIMHEHMSX YPE3BbIYAHO CJIOXKHO MO MHOTMM IIPUYMHAM, B TOM YHCIE WU3-32
CIIOXKHOU TIPHUPOJBl BHYTPUATOMHBIX 3IE€KTPOH-IEKTPOHHBIX Koppemauuid [1,2,3].
Bmecre ¢ Tem mHTepec Kk mpoOiieMe BO3HMKHOBEHHS CBEPXIIPOBOJMMOCTH B TaKHX
COeJIMHEHMX, Kak La,.Sr,CuO,, YBa,Cu307.5, TLBa,CuO, u npyrux, He ocnabepaer.
Ha namm B3rysia, ofHa 13 BO3MOKHBIX MPHYHH, PACKPBIBAIOIINX PUPOY MEXaHH3Ma
CBEPXIIPOBOAUMOCTH, IT0-BHAMMOMY, TECHO CBs3aHA C M3y9YEHHEM H30TONHYECKOTO
adexTa B TaKUX COCAWHEHISIX. B Hacrosmiei paboTe MBI, HCXOAS U3 TIPEATIONo-
JKEHUS 0 TOM, 9TO dPPEKT THOPUIUZALNK p- U d- DIIEKTPOHHBIX COCTOSIHUI 3aBUCHT
0T aMIUUTYpI Konebanuii noHoB meau B mosuimsax Cu(ll), ompenemmmm obmacts
3HAUCHUI MapameTpa u3otonmdeckoro ddpdexra a=(M/ T, ) (dT./ dM ).

II. ®opmyaupoBka Mmoaean
YrtoObl onmcarh CBOMCTBa CHJIBHO KOPPEIMPOBAHHOM CHCTEMBI DJIEKTPOHOB
3amuIleM CIeAYIIMUNi raMuiibTonuan [4,5]:

H:H0+Hint ZZHOi+ZtifCi:Cfx (1)



Amnanu3z uzomonuueckozo 34)1])el<ma 68 CUTTbHOKOpPpenupo6anHblx ceepxnpoeoduukax...
HO[ = _lu(niaT + nial + nicT + nici) + E(niaT + niai) -
_H(niaT - nial + nicT - nici ) + ] ’ niaTniai + U(niaT + nial )(nioT + nici) +

+ +
+Un ., +10(a;C, +a,C, )+hc.

rae C.,C, W a;, a, —OJNEBbIC ONIEPATOPbL, COOTBETCTBYIOLIUE pP- U d- IEKTPOHAM

is 2 s is > s

. % . — + = +
Ha y3le i ¢ MpoeKuuer cnmHa s; n, =a,a, 1 n, =C,C, — onepaTopsl uucia

as s s
9NIEKTPOHOB; S; U §; — ONEpaToOpbl CIHHA p- U d- DIEKTPOHOB; L/ — XMUMHYECKUH
MOTeHIMaN; H — NPHUIOKEHHOE MarHUTHOE Toje; £ — OJHOYacTWYHAs SHeprus d-

anekTpoHoB; I, U, um U; — »JHeprerudeckue IapameTpbl, ONPEACISIOLINe
BHYTpUATOMHBIE KOppesinuy; / — xab0ap/1oBCKoe B3aUMO/ICHCTBUE JIOKAITM30BaHHBIX
ANEKTpOHOB; U — MEXOpOUTAIIbHOE KYJOHOBCKOE B3aHMOJCHCTBHE p- U d-

9MeKTpoHOB; U; — SHEprust OTTAIKMBAHUS p- DIEKTPOHOB Ha OJHOM y3ie; AQ —
OIIepaTop, OTBETCTBEHHBII 38 THOPHUIN3ALIIO p- U d- SIIEKTPOHHBIX COCTOSIHHUM.

31eck MBI IIpEAToiaraeM, 4To 3TOT ONEPaTop MPONOPLHOHAIIEH ONepaTopy
cMenieHnss () MOHA W3 IOJIOKEHUS! paBHOBECHs. Hiy OIMCHIBAET MEXKY3eIbHOE
TYHHEJIIPOBAHHE p- NEKTPOHOB C TPAHCIIOPTHBIM HHTETPATIOM /7.

JlmaroHam3auys — OJHOSYECYHOTO TaMUIbTOHMAHa Hp, YCpeIHEHHE 0
KOJIe0aTEIIbHBIM COCTOSIHHSM MOHA (MBI OIPAaHHYMIIHCH 371€Ch MOJENBI0 DHHIITEHA
NPU OTNKMCAHHWH JIOKAIBHBIX KOJICOAHWII MOHA) M mepexo]] K oreparopam Xabbapia

X NpUBOIMT K CIEIYIOLMM pesyibTaraM Juls BOJNHOBbIX (yHKUMA H
OHEPIreTUICCKOIo CIICKTpa:
E,=0,y, |0, 0> — BaKyyM;
E,,=-p+(E-2H)/2(E/2)" + (2} <Q2>))”2
Waip= cos(a)| +, 0> +sin(a | 0, +>) ;
E.p=—p+(E+2H)/2%((E/2)* +(2* <Q2 )))“2 :
Wep = cos(a)|—, 0> + sin(a)| 0, —> ;
|5,0) = a;;[0,0);]0,+) = C;]0,0).
cos(@) = Z (Z* + (22 (0 )2 Sin(@) = Aoz + (@'

(E/2) +(F(Q* ) +E/2, if E>0

(E/2) +(A2 <Q2>))”2 —E/2,if E>0
E.o=U-2u+E+2H;
Ve =) =[= )
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E, =U-2u+E;
vo= 2" ) )
0,0); |--)=a,C;,
|+,—) =a;,C; ]0,0).

+ +> = a:TC:T

0,0);

DHeprusi ABYXYaCTUYHBIX cOCTOSHUU Ey, E;, and E) MOXeT ObITh IMOJyYCHA W3
peIIeHuUs] KyOMYECKOTO YpaBHEHUS:
X +AX*+BX+C=0; )
A=—-{1+U+U +3E);
B=(I+2E)E+U)+U,GE+U+D)—-4(2* (0*));

C=21" <Q2 >)(1 +2E+U,)~U(E+U)QE+I).

Kopun X ={X, } ypaBHenus (2) onpenensior
E

K.L.M

‘X, =2u+E

m, m=K,L.M *
[Tocne ToyHO# MUaroHanMM3alUU OAHO-y3enbHOUW yacTH ['amunbroHnana (1),
€ro MOXXHO 3alicaTh uYepe3 IWaroHaNbHBIC omepaTophl XaObapma X }‘j B
cienyrouieM Buae [6]:
— P — .
Hy,=YEX’ p=0A4B,.. . KLM; A3)

r’

Omnepatop Hi,, OTBETCTBEHHBIH 3a TEPEHOC JJICKTPOHOB MEXIY V3JIaMH,
MOXET OBITh TPEICTaBICH dYepe3 KBajJpaTHYHy0 (opMy HeaHaroHaIbHBIX
xa00apIOBCKUX OMEPaTOPOB:

Hy = 2t;8, (02, (X) @

Omeparopst C, u C, B H,, BBIpaxaroTcs 4epe3 omepatopsl Xabbapaa

CJIEIYOIIUM 00pa3oM:
Ch =cos(a) Xy +RE X =g (X);
C; =cos(a) X + Ry X' =g] (X);
RE = R¥ = (C 4, — A,C,)cos(a) /2 +(C 4, — C,4,)sin(a) ;
A=(+A+ A" 4, = 4,4 A, = A, 4;
Ay =(E, —2E=1) 12 (Q")); Ay, =(E, -2E~1)' (E, -U,);
B,=(+B.+B,)"*;, B =B,B,; B,=B,B,;
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2 2 \-1/2, _ . — .
C=(01+5+Cy) 75 C=CiG; G =C,C;
2 2 2 2 .
Cpy =[ (Ex —E-U)E,-U) -2 (") /[ 24 (0" )] ;
2 2
Cyy = (B¢ —U)/IN2(2* (0%)).
B nmanpHeifieM Mbl OrpaHHMYMMCS HH)KHEH 4YacThIO CIIEKTpa W OyaeM paccmar-
pHUBaTh TOJIBKO ofHOuYacTHuUHbIE cocTostHUusA V4 u W, AByXUacTHiHOE COCTOSHUE
Wi u BakyymHOe cocTosiHue V.
Hcxonst U3 3TUX yCIIOBUIA, U TPOBOAS aHAJIOTHYHBIE paboTam [6,7] pacdeTsl,

Mbl TOJYYWIH CICAYIOHICC BBIPAXKCHUEC JId TEMICPATYPhI CBEPXIIPOBOAAIICTO
nepexoaa:

T, /2 = 0,57[ &, (W&, 1) ] exp[-1/ A(n.1,)]; )
S0 (W) ==2(RE)(n/2);
SoW)=-pu+BW-P -N)/2;
A(n,t)) =T(n,t,)/ A(n,t,) ;
T(n,t,)= {to cos’(@)(1—-n/2)(E. —E )E. + B t,)+
HREY (n/ DE,(E, ~ E + B 1)}
A(n,t))=W|[B,Qu+A)+B.A Q2u+A-Bt,).
A=—(E, +2u): A = A+ E—sign(E)| E2 +4(4* (0*))]
u=—AI2—WB, /2+2(n/2)W(REY —P /2;
P ={BW +2ABW+ABW+A}}";
B, =cos’ a(l-n/2)+(RE) (n/2).
Mapametpsr A(n,t,), t,, &,,(W) 1LOIDKHBI yAOBIETBOPATH YCIOBUIM:
A(n,ty) >0, =W <t, <W;&,(W)=0.

3nech W — mNoJylIMpUHA HWXKHEW JHCHepCHO Xxa00apIOBCKOW IMOJ30HBI C
KOHLIEHTpaLUel HOCUTENEN TOKA .

II1. M30TOonn4yecKni cABUT
B Mopenu OiiHmTeliHa 3aBUCHMOCTh MEXAY CpeAHe-KBaJApaTUYHBIM CMEIICHUEM

HOHA (<Q2 >) 1 ero Maccoit M HOCHT CIIEAYIOMINHN XapaKTep:
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(0 H~m™". (6)

Y4uTBIBas 3Ty 3aBHCUMOCTH, ¢ MOMOIIBI0 (popmyisl s T, (5) JeTKo MOIy4nuTh
BBIpKEHHUE JUIs TapaMeTpa U30TOMHYecKoro a(dekra o:

o =(M/T)dT,/dM)=~(Q* )/ 2)(d(nT,)/d((Q* ) (7)

Ha puwcynkax 1-3 mpuBeneHbl 3aBHCHMOCTH  IlapaMeTpa o OT
SHEPreTUYECKUX MapaMeTPOB, XapaKTEPU3YIOMINX BHYTPHATOMHBIC KOPPEIALUH,
MOTy4EHHbIE MPU Pa3HbIX KOHIEHTPAIMAX HOCHTENEH TOKa. XapaKTepHBIM JUIs
BCEX IpaduKoB sIBISIETCA TO, YTO MOJYJIb ITapaMeTpa H30TOMHYECKOTO CABUTA, KaK
MPaBWJIO, 3HAYUTENFHO MEHBIIE 3HAa4eHUs |o| =1/2, COOTBETCTBYIOMIETO
¢dononHOi Mozenu cepxnpoBomumoctd BKIII. Bmecte ¢ Tem, MBI MOXeM
noxo0parh mapaMeTpbl MOAENIHM TaK, YTO 3HAYECHUS |¢| MOTYT UMETh BEIMYHHY
CPaBHHMYIO U JJayKe MpeBbIIatoniyo 1/2.

08~

Puc.1.3asucumocmsv napamempa usomonui-
YecKo20 cOBU2A 0. OM MAMPULHO2O
anemernma |1 < Q >|/ W npu credyro-

s WUX 3HAYEHUSIX IHEPLEMUYECKUX Na-

¥ S pamempos: E/W=—1.0, UW = 2.0,

'/ /, U)W = 1.0, /W= 3.0. Kaxcoas kpu-
oat S/ ! 6as1 omeeuaem cé0emy 3HAUEHUIO KOH-
yenmpayuu nocumerneil (n = 0.67, 0.7,
A/ - 0.75, 0.8, 0,85, 0.9). Yem eviuie npo-
I 1 Xooum Kpugasi, mem 601buie Mo
2t |s Tas 2 ex 22 28 25 ;e SHaveHue
| 2ol [P

Puc.2.3asucumocme napamempa usomonu-
ueckoeo cosuza o.om E npu paznuunvix
KOHYEHMpPAayusix Hocumerneli npu
CNIEOYIOWUX SHAUEHUSAX FHepeemie-
cxux napamempos: |1 <Q>|/ W= 2.0,
U/W=20,Ul/W=10;1/W=3.0.

oal N N Habop kpusvix omeeuaem mem dice

[ ~ SHAUCHUSIM KOHYEHMPayuu Hocumenetl,
09 umo u Ha puc. 1

L 1 x L i 1 ]

af- ] BB 4F -] -as
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Puc.3. 3asucumocms napamempa usomo-
RUYECKo20 cOBU2A 0. OM NOTYUUPU-
Hbl Xab0apooeckotl noo3onvt W npu
PASTIUYHBIX KOHYEHMPAYUSX HOCU-
mernetl npu CedYIouux 3HA4EHUAX
IHEpeemU4eCKUX Napamempos:
E/W=-10;E/U, =-10;

wi S 7 1 U/ U, =2.0; 1/ U, = 3.0. Ha6op

KpUBbIX Omeeyaem mem dHce 3Haue-
HUAM KOHYeHmpayuu Hocumeret,
umo u Ha puc.1-2

Jlurepartypa

1.

2.

3.
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THE ISOTOPIC EFFECT
IN HIGHLY CORRELATED SUPERCONDUCTORS
IN THE ANDERSON-HUBBARD TWO-ORBITAL MODEL

A.P. Achtanin, A.A. Kosov
Mari State University, Yoshkar-Ola, Mari El, 424001 Russia

The two-orbital Hubbard model is used to obtain formula for the fermion excitation spectrum in
the energy bands hybridized by Anderson’s interaction. A transition to the Hubbard operators
diagonalizes the one-site part of the Hamiltonian and allows us to use Green’s function technique
to take into account the interstitial hopping term, while studying the superconducting properties
of the model. By proposing the dependence of the matrix element responsible for hybridization
of p- and d- electronic states on the ampltitude of local vibrations of ions, we determined a value
of isotopic effect a=(M/T.)(dT./dM) (M — mass of ions). The dependence of o upon
carrier density and energy parameters determining the intra-atomic correlation is analyzed. It was
concluded, that at some values of parameters the isotopic effect in 7, can be large enough and the
model under consideration can be used for the description of the isotopic shift in 7 for a number
of superconductors.
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SJIEMEHTAPHBIE BO3BY/KJIEHHUA B KIACCUYECKOM
JABYMEPHOM ®EPPOMATHETUKE

C.U. benos
Kazanckuii 2ocyoapcmeennwiil ynusepcumem, Kasans

Honyqu CIICKTPp  3JIEMCHTAPHBLIX B036y)KZ[eHHﬁ HaJa HEOAHOPOJHLIM
CKUPMHUOHHBIM COCTOSIHUEM KJIACCUYECKOTO ABYMEPHOI'O (beppOMaFHeTI/IKa.

HeonnoponHsle ycToiuuBble KOHGHIYpalWH, IIOMYYHBIINE BIOCIEICTBHU
Ha3BaHWE CKUPMHOHOB WJIM TOIOJOTMYECKUX BO30YKICHUH, BIEpBbIe OBLIN
paccMoTpeHbl B paborax Ckupme [1-3] B cBsA3M ¢ 3ajaucii 0 MeXaHU3ME HYKJIOH-
HYKJIIOHHOro B3aumojeiictsuss. B 1975 rony benasun u IlondkoB ycTaHOBHIN
CYIIECTBOBAaHHE TAaKHX JK€ COCTOSIHHH B JBYMEPHOM KJIaCCHYECKOM (eppo-
MarHeTuKe, He paccMaTpuBasi X BKJIAJ B MarHUTHBIC M KMHETHYECKHE CBOWCTBA
cucteMbl. B manHO# paboTe ompenensieTcsi CIeKTp 3JIeMEHTapHBIX BO30YKIeHUI
HaJl CKHPMHOHHBIM COCTOSIHUEM (3TOMY SKBHBAJICHTHA 33jada 00 yCTOHYMBOCTH
TaKUX COCTOSTHHM ).

PaccMoTpuM KBaZpaTHYIO pELIETKY, B KaXKIOM y3Jie KOTOPOH PacCIHONIOKEH
TPEXMEPHBIN KIACCHUECKUH CIIHH, COCTOSHHE KOTOPOTO MOXKHO 33/aTh ABYMs
cthepryeckumMu yriiamMu 0 u .

S = Sn, n =(sin @ cos @,sinsin p,cos 0). (1)

T"ammnnbToHnan TaKOﬁ CUCTEMbBI B HCTIPEPBLIBHOM IIPEAECIIC UMECT BUJL
_ 1 2 52 2 ) 2
H=_JS jd x[(VO) +sin’ 0(Ve)’ |. 2)

3nmece € W @ TpeamoyararoTcs TIAAKUMH (QYHKIMSMH KOOpJIMHAT X, J,
HWHTErPUPOBAHNE TIPOBOJHUTCS 10 OECKOHEYHOH IIIOCKOCTH.
MuHUMH3aIMs TaMWIBTOHMAHA 10 ¢ W € TPUBOANT K YPaBHEHHUSM,

OIHCHIBAIOIIAM HEOTHOPOIHYIO CIIMHOBYIO KOH(MUIYPAIHIO:
A@ =sinf cosO(V p)’ 3)
V(sin’ V) =0 '

Pertenust cucremsl (3), Ha3bIBacMble TOMOJIOTMYCCKHMHU BO30YKICHUSIMH,
ObuTH TIoTy4eHbl benapuabM 1 [TonskoBEIM [4] B cieqyroIeM BHIE:

PQ] (2)
Ry, (2)”

rae z=x+iy, F, (z),R, (z) — monuHOoMSI cTenetu Q;, 02, COOTBETCTBEHHO.

W(z) = tan(@/2)exp(ip) = “)
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Pemenns (4) mMoryTr OBITh NpENCTaBJIECHBI KaK HENPEPHIBHOE OTOOpaKeHHE
OCCKOHEYHOH IUIOCKOCTH Ha cepy EIWHWYHOIO pajuyca C TOIOJOTHYECKUM
3apsimoM (O, paBHBIM Hambompmmemy U3 3HadeHnd (;, (O, Ilpocreiimme
koHuTyparmu, coorBercTBytonmme O = +1, -1, BruepBrie momydenasle Ckupme [1],
OBbUIM Ha3BaHBI CKUPMHUOH M aHTUCKHPMHOH.

VYpaBuenust (3) mpeacTaBIAIOT coOol, BOOOIIEe TOBOpS, YCIOBHE 3KCTpe-
ManbHOCTH (yHKUMOHana sHepruu (2). st Toro, 4ToOBI COOTBETCTBYIOLINE
COCTOSIHUSI OBUIM YCTOWYHMBBIMH, TO €CTh COOTBETCTBOBAIM MUHUMYMY (YHKIIHO-
Halla, He0O0X0AMMa MOJIOKHUTENbHAS OIIPEAETIEHHOCTh BTOPOi Bapuaimu H BOnMn3u
OKCTPEMAIIbHBIX PEILICHUH.

CrnuHOBBIE KOHQWIYpauyd BOJM3M DKCTPEMAJbHBIX COCTOSIHUH MOXKHO
3arcaTh CIEAYIOIIM 00pa3oM:

0=6,+6,

P=0, t¢
3necwy 0, @y — peuieHus, yaosieTsopstouue (4), &;, ¢; — Majble OTKIOHCHHUS OT
STUX COCTOSIHUU.

C TOYHOCTBIO /IO KBaJpaTWYHBIX MO 6, @; WIEHOB raMWIbTOHHAaH (2)
MIPUHUMAET BUJ:

)

H=5,0+1JS j d’x[a Fal, (6)

e &, =47JS>, F'=-V?+2icosO,V o,V +(Vg,) cos20,, a =06, —ip sinb,.
Kax BHIHO, yclOBHE MOJOXKHUTEIHHON OINpPENeICHHOCTH BTOPOM BapHalluU
(yHKLIMOHANA SHEPIUHM SKBUBAIEHTHO IOJIOKUTEIBHOCTH CIIEKTPa COOCTBEHHBIX

3Ha4YeHUH omnepaTopa F, wm SHEPruM D3JIEMEHTapHBIX BO3OYXKICHUH Haj
CKUPDMHOHHBIM ~cOCTOSIHHEM. [l  WccienoBaHHs BTOPOTO — CIIaraeMoro B
BEIpakeHUH (6) ymoOHO TIEpeHTH OT HHTETPUPOBAHIS IT0 OECKOHEYHOH IIOCKOCTH
K Q-KpaTHOMY HHTETPUPOBAHUIO 110 €MUHIIHOHN cdepe. 3aMedast, 9To

10(8,.9,) (Vo,)’sing, (7)
dQ =sin6,db6,d ¢,

nepenuieM (6) B cieayronen popme:

H =goQ+lJS2 j dQ[a" Gal,
2 Q)

)
2
@:—;i(sinﬁij—% a—2+2icos9i+cos26’

sinf 06 00 ) sin" 0\ dp op
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3nech u fanee omyckaem 3Ha40K () B IEPEMEHHBIX G , (.
CriekTp COOCTBEHHBIX 3HAYCHUN G nerko MMOJTy4YUTh, BBEIS, IO OIpEJe-

JICHUIO, OIIePaTOPbI JoTT.

.}+ = eX[) l(p —+lC()tl;
( ) 6 Sln 6
1

o 6
g = ——+icotd—+ . 9
=exp(ip)| ool s e ©)
R
op

Herpynuo yGemutbes, 49TO JoTb. YIOBIECTBOPSIIOT  [IEPECTAHOBOYHBIM

COOTHOIICHHUAM IS KOMIIOHEHT MOMEHTA UMITYJIbCa, a OII€pPaTop @; MOET OBITh
peaACTaBJICH B BUJC

@:%(%9,+9,9+)+9f—2=92—2. (10)

Takum oOpa3oMm, 3amada O HaXOXKICHUH CIIEKTPa 3JICMEHTapHBIX
BO30YKIICHUI HAJl CKHPMHOHHBIM COCTOSTHIEM CBOJHTCS K 337]aue O COOCTBEHHBIX
(GYHKUMSX ¥ COOCTBEHHBIX 3HAYCHHUSIX KBAJIPaTa MOMEHTA UMITYJIbCA.

PacknazipiBasi a 1o cOOCTBEHHBIM (DYHKIIMSM KBaJpaTa MOMEHTA

a(Q) = Z AW ()

Py, =T+, | (11)
Q=(0.9)

MOJyYHM T'aMHUJIBTOHHAH CHCTEMbl HEB3aMMOJIEHCTBYIOIIMX HPOCTPAHCTBEHHBIX
POTaTOPOB:

0 J
H=50+> Y E,la,[
J

J=1 M=-—

, =1IS*[J(J+1)-2] (12)

OtcytctBue peuieHus ¢ J =0 HENOCPEICTBEHHO CIEIyeT U3 OINpeesICHHS

;h,gf,gz no ¢opmynam (9). MuHuMaibHOe 3HaueHue F

,, pasHoe O,

coorBerctByeT J =1, clenoBaTenbHO, CKUPMHOHHBIE  KOH(HIYparuu
MIPEICTABISIOT COO0H YCTOMYMBBIE COCTOSHHISL.
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Crnetyetr OTMETHTD, YTO TOJTYYCHHBIC PE3yIbTAThI CTAHOBSITCS HEBEPHBIMH B
cllydae KBaHTOBOTO TeH3eHOEProBCKOTO MarHeTwka. JlelcTBUTEeNnbHO, pemast
3amaqy 00 AIIEMEHTapHBIX BO30YXKACHHSIX BOJIM3HM HEOJHOPOTHBIX COOCTBEHHBIX
COCTOSIHUH TeW3eHOEPrOBCKOTO CIIMHOBOTO TaMWIIBTOHHAHA, MBI ITOIYyYUM

raMuJIbTOHHAH, I/IMCIOHII/If/'I BUI (6), B KOTOPOM a ,a JOJIKHBI OBITH 3aMEHEHEI Ha

OIIEPATOPbI POKIAEHUS U YHHYTOKEHH GO30HOB a',a
[a(r).a"(x)]'=5@-r").

JanbHelmuii nepexo 1 OT MHTETPUPOBAHUS IO TUNIOCKOCTH K MHTETPUPOBAHUIO 10
cdepe maeT BeIpaxkeHne, anamoruanoe (12)

) J
H=0+Y Y E,aya,, . (14)

J=l M=-J

OZ[HaKO OIePaToOpPhI aJM,a;M YK€ HC YIAOBJICTBOPAIOT HNEPECTAHOBOYHLIM

COOTHOIIEHHSIM JUIsE O030HOB, ¥ BOIPOC O JMAaroHaJIM3alUK raMuiIbToHnaHa (14)
OCTaeTCs OTKPBITHIM.
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ELEMENTARY EXCITATIONS
IN TWO-DIMENSIONAL CLASSICAL FERROMAGNET

S.I. Belov
Kazan State University, Kazan, Russia

The inhomogeneous skyrmion states of two-dimensional classical ferromagnet were shown

to be stable spin cofigurations. The energy spectrum of elementary excitations above the
skyrmion background was obtained.
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POLARON EFFECTS IN EXTENDED HUBBARD MODEL

I. Eremin', M.V. Eremin®
! Institut fiir Theoretische Physik, Freie Universitdt, Berlin, , Germany
2 Physics Department, Kazan State University, 420008 Kazan, Russia

Starting from the three-band p-d Hubbard Hamiltonian we derive the effective -/
model Hamiltonian including electron-phonon interaction of quasiparticles with
optical phonons and strong electron correlations. We consider two possible cases
when the carriers move over the oxygen sites and also if the they move over the
copper sublattice. Most importantly, we find that the phonon renormalization of ¢
is quite different in both cases. Within an effective Hamiltonian we analyze the
influence of phonons on the dynamical spin susceptibility in layered cuprates. For
example, we find an isotope effect on resonance peak in the magnetic spin
susceptibility, Im y(q,®), seen by inelastic neutron scattering. It experimental
observation would be a strong argument in favor of polaronic character of the
carrier motion in layered cuprates.

Introduction

An understanding of the elementary and the spin excitations in high-7, cuprates is
of central significance. For example, it is known that the Cooper-pairing scenario
via the exchange of antiferromagnetic spin fluctuations was quite successful in
explaining the various features of superconductivity in hole-doped cuprates such
as d . . -wave symmetry of the superconducting order parameter and its feedback

on the elementary and spin excitations [1]. Most importantly, in this scenario the
dynamical spin susceptibility, y(q,®), controls mainly the superconducting and
normal state properties of the layered cuprates [1]. One of the key experimental
fact in the phenomenology of high-T, cuprates is the occurrence of a so-called
resonance peak in the inelastic neutron scattering (INS) experiments [2,3]. It
occurs below 7. in the dynamical spin susceptibility, x(q,), at the
antiferromagnetic wave vector Q =(7,7) and w = @,s which is of the order of
40 meV in the optimally doped cuprates. Its feedback in various electronic
properties like optical conductivity, Raman response function, and elementary
excitations has been observed experimentally by various techniques [1].
Furthermore, its successful explanation within spin-fluctuation-mediated Cooper-
pairing together with 4. .-wave symmetry of the superconducting order

parameter favors this scenario as a basic one for superconductivity in the cuprates.
On the other hand, recent experiments indicate that also electron-phonon
interaction influences strongly their behavior [4,5,6,7]. In particular, the
observation of the relatively large isotope effect in various characteristics of
cuprates like penetration depth [4], ’kink’-structure seen by ARPES [8], and the



Polaron effects in extended Hubbard model

isotope effect on the EPR linewidth [9] still raises a question: what is the role of
phonons in determining the superconducting properties of cuprates?

Here, we derive an effective -/ Hamiltonian where the hopping integral, ¢,
and the superexchange interaction between neighboring spins, J, are renormalized
by phonons. We analyze the influence of the electron-phonon interaction on the
dynamical spin susceptibility in layered cuprates. In particular, we find an isotope
effect on the resonance peak in the magnetic spin susceptibility, Imy(q,®). It
results from both the electron-phonon coupling and the electronic correlation
effects taken into account beyond random phase approximation (RPA) scheme.
We show that even if the superconductivity is driven by the magnetic exchange
the characteristic energy features of cuprates can be significantly renormalized by
the strong electron-phonon interaction.

1 Effective Hamiltonian
We start from the atomic limit of the three-center (copper-oxygen-copper) p-d
Hamiltonian

H, = Zsaa;ag +Z£bb;ba +Z£Cc;co +

a

a b_b c_c +
+U nyn| +U,nin] +U nin| +Za)qpqpq

(M

where g,, and &, are the on-site energies of the copper and the oxygen holes,
n’ =a’a, and n’ =h'b_ are the copper 3d and oxygen 2p hole densities for
site 7, respectively. U, = U, and U, refer to the on-site copper and oxygen

Coulomb repulsion, respectively. pq denotes the phonon creation operator and @,
is a phonon energy dispersion. The hopping term between copper and oxygen

HZ = zty (bi-;cja + C;crbia ) + ZZU (a;cja + C;'—o'aio' (2)
and the electron-phonon interaction
H =F =3 gn'(p,+p' )+ gn" (p, +p )+ Y gn (p,+p.), (3

we consider as a perturbation. Here, #; is a hopping term between copper and

oxygen, g, is a electron-phonon coupling strength at the site /. This notation is

similar to the simplified Holstein model where the migrating charge interacts
locally with breathing phonon modes forming electron-vibrational states.

General remarks on the perturbation theory. To derive an effective #-J Hamil-
tonian we employ the canonical Schrieffer-Wolf-like transformations e He® [10,11].
For determination of the S-matrix we perform the following iteration procedure

S=85+85,+85+S,+S;, 4)
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where the indexes 1,2,3,4 and 5, correspond to the first, the second, and so on
iterations, respectively. For example, the term S, is determined by the following

chain of equations
[H,S,]=-H, [HS |=-[HS],
[H,8.]=-[1,5.]- [[Hs 5]
[H,S,]=-[H,S,]- [[H S]S] [[H 5,181 ®)

[H,S,]=-[HS,]- [[HS S, |- [HS 15, ]-

——[HS S}r [[[[Hs]s}s] ]

where [AB]=AB-—BA are the commutator relation. Then, an effective
Hamiltonian for the ground state configuration including sixth order perturbation
theory terms can be written

1 1 1
Hyy = Hy+ Hy+SLHS]= 2 UL S1S1S T+ 2T, SIS 1SS1ST (6)

Note that using the decomposition (4) one can easily select the different items
corresponding to the various orders of the perturbation theory. Quite generally we
would like to mention that H, is a part of the Hamiltonian which matrix elements are
nonzero between the excited and the ground state configurations. It is assumed that
the energy distance between the excited and the ground state configurations is large
enough with respect to H,. On the other hand, H, is a term which acts within the
quasi-degenerate states of the excited and the ground state configurations. We also
postulate that the energies associated with H; are smaller than the energy distance
between the excited and the ground state configurations.

Polaronic reduction factor of hopping integral between cation sites. Let us
consider first the correction to the hopping integral between cation (copper) sites
(a and b) via intermediate anion (oxygen) site (c¢) shown in Fig. 1. In this case the
large energy interval is A,. = €. — &,— U, and it is further assumed that @, < |A,|

| | Fig. 1. Illustration of the effective hopping between the

copper sites (a and b) via the intermediate oxygen

Aac position (c). In the ground state configuration
A A (C**-O"-Cu™) there are two holes on the a site

and one hole on the b site. The excited state

| | configuration corresponds to (Cu**-O-Ci’**) state
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and A,.0J Ap.. The first term in the renormalization of the effective hopping
integral by electron-phonon interaction appears in the fourth order of the

perturbation theory, namely, in the l[ H,S,] which is quadratic with respect to
2

the electron-phonon coupling operator

3 3
{1 11 2 2T,
_E[A_m] H,[F[FH,]]+hc.= —E[A—wj Loty [gc + g :Ibo'ao' , @)
and the effective hopping integral between the (a) and (b) states can be written as:
) tt gZ g2 + gZ
¢ e _ ac ch 1_ a + a c . 8
h~>a( ff) Auh { a)j Aczu ( )

Note, the second term in the brackets has been included according to the usual
polaronic theory when the intermediate step of charge transfer process via the
oxygen site is ignored [11]. Taking into account the next orders of the perturbation

theory one finds exp{-y,E, /o,} ~1-g_ /o’ +(gf +g’ )/Afa and thus
o, +(E /E,)wn,
7a:{1_a)a - (A‘z U) L}' (9)

Here, we use g’ = E.,, i =a, b. Note, the exponential factor is reduced by the

factor y,. On the other hand, the dependence of the effective hopping integral on

the quasiparticle mass slightly enhances. For example, for the oxygen isotope
coefficient determined by «,, =—dIn[1/7,(eff )]/dIn M we obtain

2
E o
a, =——"|y,+| | |, 10
a 2%{70 (AMH (10)

where y, is an empirical factor 0 <y, <1. According to the recent experiments in

La,,Ca,,MnO, the isotope coefficient was found to be «, ] -1.2 [12]. In

particular, Eq. (10) agrees with the experimental observation, if we assume that
the carriers (electrons) move over the manganese positions.

Effective hopping integral between oxygen states. Let us now turn to the
discussion of the renormalization of the effective hopping between the oxygen
positions. Note, in the cuprates it seems to play the most important role, since the
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effective carries are supposed to move over the oxygen positions rather on the
copper ones. The corresponding process is illustrated in Fig. 2.

A Fig. 2: Illustration of the first step in the effective
* | hopping between the oxygen sites (¢ and d)
A via the intermediate copper position (a). In
the ground state configuration (O -Ci**-
| A O) there are two holes on the a and d-
* | sites, respectively. The excited state
(© (a) (d configuration corresponds to (O-Cu*-O")

Using the similar procedure as before we find

.t g g+g
td_w(eﬁf)zﬂ{l——‘+u , (11)
Ada : ZAja

c

and

2+ 2
_gu 2g(‘ &. (12)
202, E

c

7cd:1

Note, the factor 1/2 appears because instead of {(c,c,)=1 we presently have
(aya,)=1/2 . For the oxygen isotope coefficient we also have

E w
o, - 4"A—2“ (13)

where A, = & — &, Note, the expected isotope effect is quite small. This is in contrast
with those expected for the cuprates [16]. We will return to this problem later in the text.

Superexchange interaction. Let us also consider the charge transfer process
suggested by Anderson [13] leading to the appearance of the superexchange
interaction illustrated in Fig. 3. In particular, the phonon related correction to
superexchange operator
| ‘ Fig. 3:lllustration of the superexchange interaction in
* | the cuprates. The ground state configuration is
|

U

a characterized by the following configuration

A (Ci**-O-Ci**) where two holes distributed on
* | the two copper positions (a and b). In the
excited state there are two configurations
Age (C**-0~-Cu*) and (Ci**-O7~-Cu*). The hole is
| A first migrating from site b to the oxygen site ¢
* | and then to the copper site a. Note, that at
A= U, > |t the hopping Hamiltonian

@) (© (b) containing |tbc ‘can be inclul;};d zgnto H;
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n a nb

7] (14

Hex :JO[(SaSb)_

appears in the sixth order of the perturbation theory and has the following
operator form
1
20N U,
N 1
28U,

+H,H\[F[F,H,H,]+H,[FH,|[F,H H,])+

H(f;? )=

{H2H1H1S(3)+H2[F9H1H1[F9H2]]+Hz[F[F»H1H1H2]]}+

{H,H\H\[F,H[F,H,]+H,H H[F,[F,H]+ 1)

1
+2A2 U3 HZHI[F[F:HIHZ]]+h.C.

ca~ a

In a general case, from [H,S,]=—-H, we deduce that
S, =C, (a;cg —cla, ) +C, (nja;q +nlajc, —clan] —clani ) +

(16)

+ c + c c + c +

+C; (aTcTrQ+alc¢nT—n¢cTaT—nTc¢a¢)+ ,
a _+ c a _+ c c _+ a c _+ a

+C, (n¢aTcTnL +niajc ny —njcyan; _"TCL‘Q”T)

where C =t /(¢.-¢,), C,=UC/[(e.-¢,-U,), C=UC/(e,-¢-U,),

and C,=-(CU,-CU,)/(¢.—¢,-U,+U,) Note, the first term describes the
hopping of the electron between empty states. On the other hand, the first and second
terms together account for hopping between the doubly occupied a and the empty ¢
states. Namely, C, +C, =t /(&. —&,—U, ). Finally, the first and third terms describe
the hopping between the doubly occupied ¢ and empty a sites, i.e.
C+C =t,[(e.—¢,+U,).

The solution of the equation [H,S,]=—[H,S,] has the same operator form as

for S, but with new coefficients C,,C,,C;,C, which are determined by
Cl

C = (@, -2,)
E. €,

. U,C, C
C — a1 2 q) _(1) 17
’ 8c_ga_U(z gc_ga_Ua( ‘ C) ( )

u.c/ C
e (@, -D,)

ga_gc_Uc ga_gc_Uc
CZIUC_C;Ua C4

Cl=-

e —¢,-U, +U,
46
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where @ -® -=> g (p,+p’)->, g(p,+p’,)- Note, one finds here
Cl+Cy+C+Cy=t,(D,-D,)/(¢,—¢,+U,~U,)* Finally, the equation
[H,S,1=-[H,S,]-[[H,S,]S5,]/3 yields the S; in the form of S; but also with new
coefficients
C/

Cll': (q)a _CDC)
gC _gﬂ
u,.c’ C,
Cl = At I (D, -D,) (18)
e.—¢,-U, ¢ -¢,-U,
U CH C!
C}rr: c 1 _ 3 (q)a _(Dc)
g —-6-U, & -¢-U,
U C!/_U C!/ CI
C[;l:_ c2 a3 + 4 ((I)a_Q)L)

e -, -U+U, & -¢,-U,+U,
It is also useful to point out that
C/+CI+Cl+Cl =, (D, -D,)[(s,—¢,+U.~U,) .
The other commutators are calculated straightforwardly
[F,Hz] =(D, —CI)C)Z t (aic, —cla,))
[F.H]=(®,-®)) t,(bic,—c.b,) (19)
[F.HH,]=(®, -®,)) t.t,b,a —a,bl)
[F.HHH,]|=(®,-®.) t,t.t,0bc,ba—a,blch,)

bctactch Yo" oo "o c“c-c" o

ca

and the effective Hamiltonian in the sixth order of the perturbation theory has the form

HO1)= & i[<q32> 4 <q>2>] i
Ef ZA:GUG Afa ‘ ‘

2 1 + +
U (@2) +F[<®i> + (‘Df)]}%bl bya; +h.c.

ca~ a a

(20)

+

where (®]) are the usual averaged phonon factors (®7)=g/(2n,+1)=

= g’ coth(w, /2k,T) ~ g . Introducing the polaronic energy E, = g/ /w, we arrive
to the final formula for the superexchange integral

3E
J:Jo{lJ{AinFAZU +§}Eﬂwﬂ+A2“ a)c}- €2y

ca ca~ a a ca

For simplicity we assume a and b centers to be equivalent, J; is the superexchange
interaction without polaronic effects. Note, the term 2w, /U was found earlier by
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Kugel and Khomskii [11]. The present result explains well the isotope shift of
Neel temperature in undoped compounds [28].

To summarize, the matrix of the unitary transformation for the initial
Hamiltonian was found by excluding the odd terms with respect to the hopping
integral with an accuracy up to the sixth order perturbation theory. Note, in the
second order perturbation the effective hopping integral, #;, appears.

It is further renormalized by the electron-phonon interaction in the fourth
order term where we introduce the average over the phonons. Similarly, the
superexchange interaction occurs in the fourth order perturbation theory and its
renormalization takes place in the sixth order term.

Fig. 4: lllustration of the copper-oxygen singlet
formation on the square lattice. The

U, ®Uc additional doped hole cannot go to the
copper site due to strong on-site Coulomb
repulsion and is distributed among four

oxygen sites forming together with the

copper spin a Zhang-Rice singlet
Cu3dd O2p

Singlet-correlated band model. In order to illustrate the effective model we
show in Figs.4-5 the simplified energy level scheme for two holes in the
elementary unit cell. There are two copper upper and lower Hubbard bands with
the energy splitting of about U, ~6eV . At half-filling the lower Hubbard band is
completely filled which corresponds to Cu®’(3d”) orbital configuration. Via
doping an additional oxygen hole O (2p°) resides on four neighboring oxygen
sites (bonding molecular orbitals). The charge transfer gap A, ~1.5¢V . A kinetic

exchange interaction between copper and oxygen holes occurs due to a virtual
hopping back and forth of the oxygen hole to the upper copper Hubbard band.

6 1.5 n,n
HY O + (s,8,)———=|- (22)
U,-A,, A, +U, 4
l T l Since the copper-oxygen transfer integral along
c-bond is large (z, ~1.2eV), this exchange coupling
is very strong and leads to a copper-oxygen singlet
T T formation [15]. An additional stabilization of the

copper-oxygen singlet state takes place (about 0.5 eV)

l if one assumes that the lifetime of the singlet at a

Fig. 5. lllustration of the copper- lattice site # is larger than the relaxation time of the
oxygen singlet movement local distortions. Indeed due to a local oxygen

on the square lattice contraction around the copper the value of > strongly
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increases. Thus, one arrives to the copper-oxygen singlet polaron motion with an
exponential factor 3" E /@), .

Finally, the relevant effective Hamiltonian is given by

d,o\yyo.pd nfn'
H:Ztij\Pf’ yor +2Ji{(sisj)— 4f
ij

i>j

} . (23)

The index pd corresponds to a Zhang-Rice singlet formation with one hole placed
on the copper site whereas the second hole is distributed on the neighboring

oxygen sites [15]. Namely, ¥’ =[XLT’¢ET’°—X7’TEL’°]/«/§ is the copper-

oxygen creation operator in terms of copper (X) and oxygen (P) projecting
operators. One can check that copper-oxygen exchange term

J [(S ,S,)—ngn, /4] is diagonal by introducing ¥**° and W’ operators,
ie. 107 Jor=(J,, [2) P

Note, in general case the effective Hamiltonian contains also the
Coulomb interaction between doped holes and the interaction of quasiparticles
via the phonon field. We dropped these terms here, because they do not
contribute directly to the spin susceptibility. The hopping matrix element is

t=1) exp(~yE; o)) (1+6)/2+2(5,S,)/(1+5)] where # is the bare
hopping integral. The exponential factor takes into account electron-phonon
interaction, E, =(g;)’ / ®; is the so-called polaron stabilization energy of the

copper-oxygen singlet state and 0 < y< 1. From the experimental data [16] the
whole exponential factor was estimated to be JE; / o =092 around the
optimal doping. Note, its value is increasing upon decreasing doping. The
effect of the copper spin correlations is described by the square brackets. In
particular, one sees that for the antiferromagnetic square lattice the hopping
between nearest neighbors vanishes. This is illustrated in Fig. 5. As one sees
the oxygen hole cannot move between the copper sites with antiparallel spin
orientation. Furthermore, there is no more than one oxygen hole per each unit
cell. Then, the spectral weight of the singlet-correlated band changes upon
doping similar to that of the upper Hubbard band. The half-filling is already
reached at 6= 1/3. This doping level we will refer to the optimal doping. We
show in Fig. 6 the doping evolution of the spectral weight for the lower
Hubbard (copper) band and singlet-correlated (copper-oxygen) band. Note, the
latter is completely filled for 6= 1.
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1 - =

LT T B T R TR

-273 -1/3 1] 1/3 2/3 1
/ {illilgfldnrﬂ/ _,

Fig. 6. The spectral weight of the lower Hubbard (copper) band (-1 < 5<0) and the
singlet-correlated (copper-oxygen) band (0 < 6<1). Note, the optimal doping
corresponds to the half-filled copper-oxygen band which is reached for 6 = 1/3

In the following section we will discuss the resonance peak seen by Inelastic
Neutron Scattering (INS) in high-T, cuprates. We will show that its position might
be sensitive to the renormalization of the hopping integral and could be a good test
for the polaronic nature of carrier motion in cuprates.

2. Dynamical spin susceptibility

To derive the dynamical spin susceptibility in the superconducting state we use the
method suggested by Hubbard and Jain [18] that allows to take into account strong
electronic correlations. First we add the external magnetic field applied along c-
axis into the effective Hamiltonian

H, =ReY he @) (24)
q

Then we write an equation of motion for the W operators using the Roth-type of
the decoupling scheme [19] and expanding the
P ={®rr Wl = (146,)/2+ oRe Y | S |
q

up to the first order in S, = ¥”(q,@)h, . In particular,
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os SR
1
ot

= (6 — W AP

25
Jq hq —o,pd —iot ( )
St |Sam o | T e

and the similar expression occurs for W7y . Here, A, =(A, /2)(cos k. —cos ky)

is the dxtyz -wave superconducting gap, J, =J (coskx +cos ky) is the Fourier
transform of the superexchange interaction on a square lattice.
Using the Bogolyubov-like transformations to the new quasiparticle states
a7 =u VT v P, (26)

alt? =u W -y P
where u, =(1/2)(1+ (&, —u)/E,) and v; =(1/2)(1-(& —u)/E,) are the

Bogolyubov coefficients, p is a chemical potential, and E, = /(g — x)’ +A; is

the energy dispersion in the superconducting state, we obtain the new equations of
motion for the o operators

ooy Vopd L.pd d, 1

i 51‘ = Eon " + M (V0 + v Y exp(-ior) 27)
oa’"" Lpd a1 L.pd
i atk =-Ea " + M, V" — vV ) exp(—ion) .

Here, we have introduced the notation M, = (J o/ 2—tk_q)Sq ~h, /2. It is further

useful to re-write these equations in the form.

l,pd
Ralo

i -E« i"d:

o (28)

4, pd X .
=M,, [(ukuk RS A S (TR Y —ukkaq)afl‘ﬁq}exp(—za)t)

and

d, T
aap + E pd,t

ot K (29)

_qu |:(”ka —q V- q)ak’f, + (e, —q TVVk- q)a—k+q:|exp(_ia)t)
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which could be solved by the iteration procedure. Because the quantities M, are

assumed to be small one can put into the right hand sides of Eqs. (28)-(29) the
time dependence of the quasiparticle operators in the absence of the external

magnetic field, i.e. alf’_fld = alf;’;d (0) exp(—iE,_yt), f’l‘ffq =a” ’fq (0)exp(iE,_ 1) -

Then the solution can be written as

ay™ = a0 (0)exp(~iE, 1)+ B,ay ! (0) exp[—i(E,_, +@)t]+

O : (30)
+32a7k!+q (0) exp[l (Ek—q - a))t]
where the coefficients are:
B - qu (ukuIHI +vkvk7q) 31)
-E +E  to
B, = qu (ulH]vk —ukkaq) '

-E -E ,to

Similarly, the solution of the next equation can be found:

arl = ar " (0)exp(iE 1)+ Ay (0)exp[~i(E,_, +@)t]+

\ (32)
+A2afl((1-’+q (O)exp[l(Ek—q - a))t]
with coefficients
4= M, (v~ W) 4= M, (wu,_ +vv ) . (33)
E +E , to E -E ,to

The expression for the Ilongitudinal component of the dynamical spin
susceptibility can be obtained from the relation

(et o) (wrtweprt) = 0. (34)
For example, for the spin "up’ we have

<\Pf7d,T\PlT,pd> _ %ZC{,T,T\P&W >€i(k—k’)R‘ =5 +%z<kp£djq,lfj >e[qu . (35)

Note, the last term has the same exponential factor (') as for external
magnetic field. Then the correlation function can be found
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1 ; 1
pd,T T,pd iqR; __ pd,T T,pd pd,i l,pd
N z ,<\Pk \Pk+q >€ - N z ‘{ukuk+q <ak ak+q >+Vka+q <a—k a—k—q>+

pd,t _ pd L Y.pd T.pd iqR;
+ukvk+q <ak Ot_k_q>+vkuk+q <a_k Oy )€

(36)

Substituting in the rks the solution for the quasiparticle operators (30) and (32)
one can see that each correlation function gives two terms which are proportional
to M,, . For example, in the function <alfd’Ta£ ;f]d> one obtains the first term after

substitution alf”m and taking the linear correction with respect to the magnetic

field into account. Similarly, the second item arises from the substitution of

operator ai;’;d . Note, we use <05,‘("d’i (O)ai o (0)> =P, f and

<a:=Pd(0)a,f“(0)>=P,,d(1—fk), where £, =1/[1+exp(E, /k,T)] is the usual

Fermi function.

Finally, after straightforward calculations and using the following definition

Sy =27 (q,0)h, (37
one obtains the expression for the dynamical spin susceptibility in the form
(q,®)
7(@,0) = L4 (38)

JoXo(Q, @) +11(q,0) + Z(q, ®)

This is a central result of our paper. Here, y,(q,®) is the usual BCS-like

Lindhard response function, I(q,®) and Z(q,®) result from the strong electronic
correlation effects. In the normal state the expression for I1(q,®) has been
obtained by Hubbard and Jain [18]. In the superconducting state it is given by

tkﬁ( _tk+qﬁ(+q
w+i0"+E, —E,
G-/~ (= Aed) |

w+i0" —E +E,,, 9
tkfk_tk+q(1_fk+q)+ '

o+i0"+E _+E,

k

P
I(q,w) = %Z{ukuk-ﬂ] (ukuk+q +vkvk+q)

+q

+Vka+q (Vkvk+q + ukuk+q )

+ukvk+q (ukvk+q - uk+qvk )

+q
ZLk (1 - fi() - ZLk+qfk+q

+uk+qvk (Vkuk+q U Viig ) w0+i0 —F _E
k k+q

The function Z(q,w) is written as follows
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1 w+i0*
Z(q,w)=— . 40
@.2) NZk:aHiO+ +el —gl), (40)

Here, f, is the Fermi distribution function, &’ =(1-5)1 /2, & =P, is the
energy dispersion in the normal state, and
t, =2t(cosk, +cosk,)+4t cosk, cosk, +2t"(cos 2k, +cos2k,)

is the Fourier transform of the hopping integral on a square lattice including
nearest, next- and next-next-nearest neighbor hopping, respectively. The origin of
the terms I1(q,®) and Z(q,®) relates to the no double occupancy constraint. In
particular, for the Coulomb repulsion U= and J=0 the dynamical spin
susceptibility does not reduce to the standard Lindhard response function but is
renormalized by the electronic correlation effects [20]. For the A, =0 Eq. (37)

agrees with the normal state result for the dynamical spin susceptibility [18,21,22].

Results and Discussion

Inelastic neutron scattering (INS) measurements probe directly the imaginary part
of the dynamical spin susceptibility. Therefore, it is of interest to analyze the role
played by the electronic correlations in connection with the ’resonance’ peak seen
by INS [3]. This feature is well understood using various approaches [23,24] as a
result of the spin density wave (SDW) collective mode formation at o =, i.e.

when the denominator of the RPA spin susceptibility at the antiferromagnetic
wave vector Q is close to zero.

Im % ( q, ©) (arb. units)
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Fig. 7. Dispersion of the resonance peak calculated from Eq. (37) (a) as a function of
frequency and q, away from (7). Two branches of the dispersion curves are in
good agreement with recent experimental data [26]. For comparison we also put
the RPA results (b) using the same parameters

Let us first concentrate on the influence of the electronic correlations
beyond RPA on the resonance peak formation at Q = (x,7) In Fig. 7(a) we
show results of our calculations for the Im #(Q,w®) from Eq. (37) as a function
of frequency and ¢, (g, =7) in the superconducting state. Here, we use
t=200, ¢'=-20, and " =4 (in meV) at optimal doping. For comparison we
also put RPA results using the same parameters in Fig. 7 (b). Clearly,
additional electronic correlations beyond RPA (IT and Z terms) affect
significantly the Imy behavior in the superconducting state. First, in contrast
to the RPA the position of the resonance peak obtained from Eq. (37) is
shifted to a lower frequencies. The main reason is that due to I1 and Z-terms
the resonance condition can be satisfied easily in a more wide range of
parameters. Furthermore, its intensity is also much higher than in the RPA
case. In addition, the upper branch of the resonance peak dispersion away
from w, and Q,. is much more pronounced. Note, these dispersion curves

oc q° are in good agreement with experiment [25,26]. Finally, we discuss the

influence of the electron-phonon interaction on the resonance peak formation
by changing the isotope mass of '°O by '®O. This shifts the average frequency
of the LO phonon mode and consequently renormalizes the hopping integral ¢
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and the superexchange coupling constant, J. Most importantly, the electron-
phonon interaction changes most dramatically the hopping integral ¢ rather
than the superexchange coupling J. In particular, the superexchange coupling
constant J changes less than 1% upon substituting the isotopes [27] which
agrees well with experimental data [28]. Therefore, there is almost no
influence of the isotope substitution on the resonance peak determined from
RPA, since in this approximation its formation is determined mainly by J. In
particular, we find within RPA no change in the @, value upon changing the

isotopes. In the case of Eq. (37) the most important contribution to the isotope
effect on the resonance peak appears due to Il(q,w) « ¢, . In particular, using

our estimation given above we find that at optimal doping the hopping integral
changes by 6% upon replacing '°O by '®0. This results in the lowering of the
resonance frequency at (7,7) from 41 meV for the '°O isotope towards 39 meV
for the '*O sample. This leads to @, =-dInw,, /dinM ~0.4 for optimally-

doped cuprates. This effect is beyond the experimental error and can be further
tested experimentally. Furthermore, in the underdoped cuprates one may

expect larger isotope effect due to a larger value of yE /@, [16]. At the same

time the superconducting transition temperature which is determined by J
shows much weaker isotope effect and is around ¢, ~0.05 [27]. Therefore,

even if the superconductivity is driven by the magnetic exchange the
resonance peak formation can be significantly renormalized by the strong
electron-phonon interaction.

Summary

To summarize, we analyze the influence of the electronic correlations and the
electron-phonon interaction on the dynamical spin susceptibility in layered
cuprates. The electronic correlations taken beyond RPA redistribute the spectral
weight of the resonance peak away from (7,7) leading to the pronounced
dispersion. This is in good agreement with recent INS data [25,26]. Furthermore,
we find the isotope effect on the resonance peak due to strong coupling of the
carriers to LO phonon mode. It results from both electron-phonon coupling and
electronic correlation effects. In contrast to the small isotope effect on the
superconducting transition temperature we find larger isotope coefficient on the
resonance peak «,, ~0.4 in optimally-doped cuprates. We also would like to
note that the value of the isotope coefficient depends strongly on the value of the
exponential factor. Therefore, the experimental verification of our prediction is
desirable. In particular, it would put a strong constraint on the ingredients the
theory of cuprates must contain.
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K TEOPUU BA3ZKOYIIPYI'OCTU ITIOJIUMMEPHBIX PACIIJIABOB
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B3aumuas HemepecekaeMOCTb IOMMMEPHBIX Leled U Manas CKUMaeMOCTb
MOJIMMEPHBIX PACILIaBOB MPHBOJAT K COITIACOBAHHOCTY IIEPEMEICHHI CETMEHTOB
MAaKpOMOJIEKYJT YJQICHHBIX OPYr OT JApYra Ha PacCTOSHHS MHOro Oomblive
pa3MepoB caMHMX MakpoMonieKynl. Kak pesynbTaT, BO3HMKAIOT —CHIIBHBIE
MOJIEKYJIIPHO-MACCOBBIE 3aBUCUMOCTH TEPMUHAJILHOIO BPEMEHU peJIaKCcaluu
7, o« N¥*n  xoaddrmmenra camomudpysrm  Doc N mommMepHBIX
PpAacILIaBoB.

[TonuMepHBble pacmiaBbl C JOCTATOYHO OONBIIMMH MOJIEKYJISIPHBIMH MaccaMu
00lamaloT  MEXaHMYECKHMH  CBOWCTBAMH  IIPOMEKYTOYHBIMH  MEXKIY
HU3KOMOJIEKYJISIPHBIMH JKHUAKOCTSAMH M TBepAbIMH Tenamu. llpm mocratouHo
KOPOTKMX BpeMeHax f[] 7j, Tleé 7; — TaK Ha3bIBAEMOE BpEMs TEPMHHAIBHOU
penaKcaliy, OHU MPOSIBJISIIOT MOYTH yNPYTUil OTKIMK HAa BHEIIHHE BO3JCHCTBHSA
oJ0OHO TBEPABIM TelaM, a NpU OONBIINX BpeMEHax f[ 7; OHH TEKyT I0J00HO
XKHUIKOCTSIM. Takoe MoBeCHNE IPUHSITO Ha3bIBATh BI3KOYIPYTHM.

BooO1mie roBopsi, CBONHCTBO BSI3KOYNPYTOCTH IIPHCYIIE BCEM >KHUIKOCTSIM.
OpHako B HU3KOMOJIEKYJISIPHBIX JKHIIKOCTSIX BpeMs 7) MIMEET MHKPOCKOITHYECKUN
nopsinok Benmuunubl 7, (1107 +107 sec. B TOMMMEpPHBIX K€ KHIKOCTSIX 3TO

BpeMsl XapaKTepU3yeTCsl CHIIbHOM MOJIEKYIIPHO-MacCOBOM 3aBUCHMOCTBIO
34
T, =7, N°", (1

I 7, — HEKOTOPOE XapaKTEepHOE BpeMs, HA3bIBACMOE BPEMEHEM CETrMEHTATBHON
peraKcanmm, nMeroniee MHKPOCKOITHIECKUH TIOPSI/IOK BEJTMINHBI
(z~10"" =107 sec.), N — umcio cermentoB KyHa B MakpoMOJeKyJie, TpOMOPIHO-
HaJIbHOE MOJIEKYJIIPHONH Macce MaKpOMOJIEKYJIBI.

Yucno cermentoB KyHa B MakpoMolekysie MoxeT 6biTh mopsaka 10%-10°, u,
KaK JIeTKO BHAETh W3 cooTHomeHus (1), TepMHHANIBHOE BpeMs pelaKcalun
IIOJINMEPHBIX PACIUIaBOB UMEET MAKPOCKOIIMYECKUH MOPSIOK BeIUUuHbl. Jpyroi
BAKHOM XapaKTEPUCTHKOM IOJHMMEPHBIX pPAacIUIaBOB, TECHO CBSI3aHHOW C
BA3KOYIPYTUMH  CBOICTBaMH, SBIS€TCS CWIbHas  MOJEKYJIPHO-MaccoBast
3aBUCHMOCTH KO3(h(HUIIMEHTOB caMoIu(pPy3ur MaKPOMOJIEKYII:

D — DON—2+2,5 , (2)
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rae Dy~ b%/z, — Tak Ha3bIBacMBIl CerMeHTambHbI KodddumenT muddysun,
UMEIONMH  TOPAZOK BEJMYMHBI  XapaKTEPHBIA UIT  HU3KOMOJIEKYJISIPHBIX
XKHUJKOCTEH, b — [uimHa cerMeHTa KyHa MakpoMoJIeKybl.

B nacrosimiee Bpemst IMeeTCs IENbIi Psijl OJX0/I0B, Kak ()eHOMEHOJIOTHYECKNX,
TaK ¥ MUKPOCKOIIMYECKHUX, JUISI OOBSICHECHUSI MOJIEKYJIIPHOTO MEXaHU3Ma BS3KOYIIPY-
TMX CBOMCTB MOJIMMEPHBIX paciuiaBoB. OJHAKO 70 CHX MOpP UMESTCSI MHOTO HepeIleH-
HBIX BOIIPOCOB, CBSI3aHHBIX C BSI3KOYNPYTMMH CBOMCTBaMH IOJMMEPHBIX PACIIaBOB,
CBU/ICTCNIBCTBYIOIIMX O HEMOJHOTE HAIIero MOHMMAHWS CaMOTO  SIBJICHUS,
cM. Haripumep [1-6].

HecMoTps Ha CyLIECTBEHHYIO pa3HULy 3THUX IIOAXOJI0B, BCE OHHU MCXOIAT U3
IMMOJIOKEHUSA, UTO BA3SKOYIIPYTOCTDH IMOJMMEPHBIX PACIIJIaBOB SABJIACTCA CICACTBUEM
crenupUIecKuX B3aUMOJISHCTBII MakpOMOJIEKYJI, YAQIEHHBIX IPYr OT JIpyra Ha
pacCTOsTHMS TIOps/IKA JIMHEHHBIX Pa3MEpOB OTAEIBHONW MaKpOMOJIEKYJIbI, HAIlpHU-
Mep pamuyca dnopu Ry = bN'?. JIBe Takie MakpOMOJNEKYIbI HMEIOT OOJIBIIOE
apcio, mopsmka N'2, B3aMMHBIX KOHTAKTOB. BS3KOYIpPYroCTh TPAakKTyeTcs Kak
CJIC/ICTBHE BIIMSIHUS HENEPECEKAEMOCTH ABYX PA3IMYHBIX MaKpOMOJIEKYJ Ha MX
JMHAMHYECKHE CBOWCTBA.

Kak Ham kaxercs, 5Ta KapTMHa HE MOJHA. B HacTosAIIeH 3aMeTKe MBI
IIPUBE/IEM KauyeCTBEHHBIC COOOPAKEHNUS M OIIEHKH, [TOKA3bIBAIOIINE, YTO CBOMCTBO
HETIEPEeCEKaeMOCTH MaKpOMOJIEKYd U Majas CKHMAaeMOCThb MOJHMMEPHBIX
pacmiaBoB BJIEKYT 3a COOOH JAWHAMMYECKHE KOPPEISAIMH MaKpOMOJEKYII,
yIaJeHHBIX Ha PacCTOSHUS HECOM3MepHUMo OoJblue, yeM paauyc dropu.

Jomyctum, 4to 3a Bpems ¢[00 7; HEKOTOPBI CErMEHT MPOOHOW MakpoMoie-
KyJIbl CMECTHJICS Ha PACCTOSHHE r(Z). DTO pPacCTOSHHE MHOI'O MEHbIIE, YeM
panuyc ®mnopum Makpomosekynbl. Ha paccTosiHMsST Takoro ke HOpsAIKa
OKa3bIBAIOTCSl BBIHY)KJICHHBIMH KOT€PEHTHO CMECTHTBCS COCEJHHE CErMEHTHI
MpOOHOM MaKpOMOJIEKYJIBI HM3-32 TOTO, YTO XHUMHYECKHE CBS3H, 0Opasyromue
MaKpOMOJIEKYITy, COXPaHATCA B NPOIECCE TEIUIOBBIX ABMKEHHH. DTH CETMEHTHI
pacmpesielieHsl B 00beMe TIOpsIKa 77(¢). PasiuuHble MAKpPOMOJIEKYIIbl JIBHTAIOTCS
TaKk, 9YTO HE MOTYT IIepecekaTh JApyr apyra. [lo3ToMy, CMECTHMBIIMCH Ha
paccrosiHAe TIopsAKa 7(¢), mpoOHas MaKpOMOJIEKyJla YBJIECKAaeT 3a co00i Kycouek
pacmaBa 0GbEMOM MOPSIKA 77 (1),

OTMeTHM, YTO HUYETO MOJO0OHOTO HE MPOUCXOJUT B HHU3KOMOJEKYJSPHBIX
KHUJIKOCTSX, TOCKOJIBKY NepeMeIleHIe OTACIbHON MOJIEKYJIBl TpeOyeT HEeKOTOpOoit
KOoppeJiAliMu JIMIb B MNMEPEMCHICHUN COCCOAHUX MOJICKYJI, PacCIOJOXCHHBIX Ha
pacCTOSIHUAX TOpsIKa MEXMOJEKYJIApPHBIX paccTossHUH. BcenenctBue storo
OKpY>KaloIIasi MOJISKYJIy Cpela JIETKO €e O0TeKaeT, IMyTeM IMepeMEeIIeHHsT Majloro
YHCIIa MOJIEKYJI OKPY>KEHHUSI HA MUKPOCKOITMYECKNE PACCTOSHHSI.

Urax, mepemeliieHrne MOJMMEPHOTO CErMEHTa Ha paccTosiHUe r(¢) [l Ry corpo-
BOX/IACTCS MEPEMEIIICHUEM PUMEPHO Ha 3TO KE PACCTOSIHHE MATEPHUAIBHOTO 3Je-
MeHTa 00heMa PacILIaBa NopsIKa 7~ (7). OHAKO TIONMMEPHBIE KUIKOCTH TIPAKTHIECKH
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HEC)KUMaeMble, II09TOMY TaKoe IepeMelleHre O00CyXJaeMOH 4YacTH pacIuiaBa
BBI30BET MEpPEMENICHNIE U B IPYTHX 00JacTsiX. Bee 9Th mepeMeleHunst T0JKHbI ObITh
TaKHMH, Y4TO B HTOTE HPUBOJSAT K IEPEMEIICHHIO 00heMa TIOPSIKa 77 (1),

Paccmotpum cdepy pammyca R(), B LEHTpe KOTOPOH HAaXOAWTCS paccMat-
puBaeMblii cermeHT. OOO03HauMM dHepe3 /() TUMMYHOE TEepeMEIICHHEe SIIEMEHTOB
pacmiaBa, MHIYIMPOBAaHHOE IIEpEeMEIICHHEM 7(?) 0OCyKIaeMoro cermeHTa. B cuimy
NPAKTUYECKON HEC)KUMAEMOCTH PacIllaBa JIOJDKHO BHIIOJHATHCS COOTHOILICHHE:

R*(OI) 0 (1) (3)

Xopomio M3BECTHO, YTO BBICOKOYACTOTHBIE XapaKTEPHCTUKH MOJMMEPHBIX
pacIuIaBoB MOJOOHBI AHAIIOTMYHBIM XapaKTEPUCTHKAM HHU3KOMOJIEKYJISIPHBIX KHJI-
KocTei. JIoKaJbHBIE CMENICHHWS aTOMOB Ha PACCTOSHHS TOPSIKAa MEXKaTOMHBIX
paccTosTHMit dy ~ SA OCYIIIECTBIISIOTCS CPABHUTEITBHO OBICTPO. [105TOMY, MOIOKHB B
cootHomeHuw (3) /(#) ~ ay, MBI TIOly9IMM OIICHKY XapaKTEpPHOTO JIMHEWHOTO pa3mepa
00J1acT! TOJMMEPHOTO pacIliaBa, MEPEMELICHHE aTOMOB KOTOPOTO COTJIACOBAHO C
TIEPEMEILICHIEM CErMeHTa POOHOH MaKpOMOJIEKYJIbl B MOMEHT BPEMEHH

ROU[F(0)/a,]" (4)
Ora 001aCTh COAEPIKHUT TOPsAKA
3 3 3/2
n0 0 p, R =p,[r(®)/a,] 5)

MIOJIUMEPHBIX CETMEHTOB.

Hrak, cMerieHue cerMeHTa MpoOHOW MaKpOMOJEKYJbl Ha PacCTOSHUE IIO-
psAnKa r(t) MHAYIUPYET KOppeIupoBaHHBIE TIEpeMENIeHHs TIOPsAKa 71(7) CETMEHTOB
OKPYKAIOIIIX MaKPOMOJICKYII. ITO OyIeT MPOUCXOIUTH IO TEX TMOP, TIOKa

F()<R, =bN'"?, (6)

T. €. HE MPEBBIIIACT XapAKTEPHBIE JIMHEHHBIC pa3Mepbl MAKPOMOJICKY .

Ecnu Obl  [BIKEHWE TOJIMMEPHOTO CErMEHTa KOPPEIUPOBAIO JIMIIb C
OMKAMIIAMU COCENISIMHU, KaK B HU3KOMOJICKYJISIPHBIX YKHAKOCTSX, TO Mbl UMEIH Obl
JeT0 ¢ HOpMaibHOH mudy3uel, U CpPeAHCKBAAPATHIHOC CMCIICHHE ObLIO OBl
NIPOIIOPLMOHATIBHO BpeMEHU £ B Hamem e ciydae, IIOKa BBIIOJIHACTCS
cooTHoleHue (6), eCTECTBEHHO 0KUATh:

P (&)1 Dyt / n(t) . (7

N3 cootHomrenuti (2), (5) u (7) Haxoaum:

4/13
OB LG e - I ®)
T

s
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MBI BHIUM, YTO TIOKA BBITIOJTHSIETCS COOTHOIICHUE (6), JBHKCHUE MOIUMEp-
HBIX CETMCHTOB HMEET XapakTep aHoMmansHOW muddy3mu c mokazaternem
skcnoHeHTel 4/13 =0.307.., uyTO0 OYeHb OJIU3KO K MMCIOIUMCS JTaHHBIM,
MTOTyYSHHBIM Ha OCHOBE KOMITHIOTEPHBIX CHMYJISIIHHA.

MaxkcumanbHOE BpeMsl pelakCallid TOJMHMEPHON MEMOYKH 7; MOXKHO OIle-
HUTbH, MPUPABHIB NPaBYIO YacTh COOTHOIICHUS (8) mpw ¢ = 7; KBagpaTy paauyca
@opH LENOYKH:

4/13
(a2 1p,]" Z—l 0 R:=b'N. ©)

OTcro1a HaxXONM:
r,0p,b'(bla)y?t, N*'* ocz N*# . (10)

CpaBHHUBasi 3TO COOTHOIICHHE C OSKCIEPHUMEHTAIBHBIMH JaHHBIMH, T.C.
cootHomreHueM (1), Buanm GJIM30CTh MOJIEKYJISIPHO-MACCOBBIX 3aBUCHMOCTEH.

[Tpu BpemeHax ¢ > 7; MaKpOMOJIEKYJIBI CMELIAIOTCsl HA PAacCTOSHUS OOJIbIINe,
yeM paanyc dropu, u Ooibiei YacTbio OOHOBISIOT cBOMX cocexell. Hacrymaer
TP PY3MOHHBIA PEKUM BIKCHUS C KOAPPHUIUESHTOM caMotu(dy3HH, OIpeers-
€MBIM M3 COOTHOIICHHUS:

DUR} /7, oc D,N”'* = DN, (11)

CpaBHMBasg c cooTHOUIeHHeM (2), JIerko BHJETh, 4TO Hama oneHka (11)
ko3 dunuentra camoauddy3un MaKpOMOJICKYJ TOXKE HAXOJUTCS B XOPOIIEM
COTJIaCHH € HKCIEPUMEHTAIbHBIMU JAHHBIMHU.

B 3axioueHue ykaxem Ha HegaBHUE dKcrepuMeHThl o SIMP cnun-pernie-
TOYHOM peylaKcaluy B MOJUMEPHBIX pacIulaBax, MOMEUICHHBIX B MOPBI, Pa3Mepbl
KOTOPBIX J0 JecATKa pa3 mpeBblmanu pagmyckl @nopu makpomoekyn [7]. beuro
3aMEUYECHO, UTO XapaKTep YacTOTHOW 3aBUCHMOCTH BPEMEHH CIIHH-PEIICTOYHOMN
penakcani Ka4eCTBCHHO MEHSETCS 10 CPaBHEHHWIO C TEM, YTO OBUIO B HEOTpa-
HUYEHHOM pacIUlaBe JaXXeé Ha OYCHb BBICOKMX YacTOTaX, COOTBETCTBYIOIINX
MEepPEeMEIICHUSIM CETMEHTOB Ha PACCTOSHUS MHOTO MEHBIIHE pPa3MEpOB IIOP.
[IpuBeneHnbie BBIIE COOOpaKEHHMSI HAXOIATCA B KAUYECTBECHHOM COTJIACHU C
STHMU JJAHHBIMH.

Artoper Onmaromapsat ¢ouael POOU, CRDF u Volkswagen-Stiftung 3a
(MHAHCOBYIO MOJICPIKKY HCCIICIOBAHHUH.
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ON THE VISCOELASTICITY THEORY OF POLYMER MELTS

N.F. Fatkullin ', R. Kimmich
! Kazan State University, 420008 Kazan, Russia
2 Universitit Ulm, 89069 Ulm, Germany

Mutual uncrossability of polymer chains and low compressibility of polymer melts give rise
to dynamical correlations between polymer segments of different chains, separated by
distances much larger than typical sizes of macromolecules. Due to this the terminal
relaxation time 7, oc N**'* and self-diffusion coefficient D oc N'* have the strong
molecular-mass dependencies.
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We use transformation properties of the irreducible representations of the
symmetry group of the Hamiltonian and properties of a continuous path to
define a “failure tree” procedure for finding eigenvalues of the Schrodinger
equation using stochastic methods. The procedure is used to calculate energies
of the lowest excited states of quantum systems possessing anti-symmetric
nodal regions in configuration space with the Feynman-Kac path integral
method. Within this method, the solution of the imaginary time Schrodinger
equation is approximated by random walk simulations on a discrete grid
constrained only by symmetry considerations of the Hamiltonian. The
required symmetry constraints on random walk simulations are associated
with a given irreducible representation of a subgroup of the symmetry group
of the Hamiltonian and are found by identifying the eigenvalues for the
irreducible representation corresponding to symmetric or antisymmetric
eigenfunctions for each group operator. As a consequence, the sign problem
for fermions is eliminated. The method provides exact eigenvalues of excited
states in the limit of infinitesimal step size and infinite time. The numerical
method is applied to compute the eigenvalues of the lowest excited states of
the hydrogenic and helium atoms.

I. Introduction

The motivation for the Feynman-Kac path integral formulation comes from the
difficulty of defining a measure for the real time Feynman path integral. Feynman’s
path integral approach to quantum mechanics can be formally described by the
expression

(e—iHl/ﬁl//)(ﬁl): J‘ Oy ((t)) deo | (1

Q(RZ;RI)
where H is the Hamiltonian operator, l//(]_él) is the wave function at the initial time
t=0 and positon @(0)=R,, QR,;R)={0(s)|0<s<t,0(0)=R,0()=R,]

denotes the set of all paths starting at IE and ending at point R, , A(w) is the classical

action of the path and dw is a measure on Q(RZ;RI) . The notation reads, the time

-iHt/

evolution operator € operating on an initial function y evaluated at some point El
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is equal to the sum over all paths @ in Q(ﬁ2 ; ﬁl) , weighted by a function of the action

per path and employing some measure dw. Unfortunately, the path spaces of interest
are infinite-dimensional and no Lebesque-type measure dw exists for real A(w).
Exner [1] states a theorem asserting that the Feynman-type measures cannot exist
because the exponential term in Eq. (1) is wildly oscillating unless A(®) is purely

imaginary. Therefore, the path integrals under consideration denoted by jd @ are not
integrals in the Lebesque or Riemann sense. Several approaches[l] have been
attempted in order to define meaning to Eq. (1). Most approaches try to bypass this
difficulty by defining a suitable class of functions y(R,) whose behavior would be

smooth enough in some sense to cancel the influence of the oscillations.
One approach to obtaining finite Feynman path integrals involves analytical
continuation in time. Consider the Hamiltonian operator H = —%VZ +V and

assume that the potential ¥ is continuous. Instead of ¢™, one may try to get a path

integral expression for ™. Eq. (1) becomes

" NHR)= | exp{%jo’(ws)r—V(w(s)))dw}f(w)Dw, @)

Q(kz;kl)
where A(w) = %j(;(|a')(s)|2 - V(a)(s))) do 1is the action for the Brownian motion path

w and Do is a probability measure on the space of all Brownian motion trajectories
starting at @(0) = Rl and ending at w(f) = Rz. The difference between Eq. (1) and

Eq. (2) is that the Wiener integrals have a mathematically well-defined measure.
Kac applied Wiener measure to Feynman path integrals to obtain what is
now known as the Feynman-Kac formula:

_ - t
(") R)= | exp(-] V(@(e)de |y (0(0) dut@) 3)
Q(R)
where V' is the potential in the Hamiltonian operator H = —%Vz +V, Q(R) is the set

of all continuous paths @ on the interval [0,7] in N dimensional real space R" such that
@(0) = R , p(e) denotes Wiener measure (i.e. a probability measure on the set of all

possible trajectories of Brownian motion in R" initially started at position R ), and
is any function which is Lebesque square integrable, denoted y e L*(R"). The notation
L?(R") stands for the set of all functions f(#) which are Lebesque measurable on

some family of Borel subsets 8 of R" and have the property that I | f |p d"r <o for
B
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1< p<o and B e B. A rigorous proof of the Feynman-Kac formula and limitations

of its application are given by Reed and Simon [2].

The Feynman-Kac formula gives an expected value of a path integral with
respect to Wiener measure. If every random path @(?) initially begins at some
position 7 =@(0), the function yw is defined to be a delta function,

v ((0)) = 8((0)—7,) . Substituting this into Eq. (3) yields

S(t.7) =E, {exp(—j. V(a;(r))drﬂ , (4)

where EF0 () is the expected value of the Wiener integral with 7 = @(0) the

initial position of a Wiener process (Brownian motion).

The Feynman-Kac path integral method was first applied in finding the ground
state energy of a one-dimensional physical system by Donsker and Kac [3]. It has
been generalized for dimensions N> 1 for a large class of potential functions [4]
including those potentials with |17|_1 singularities (for example the Coulomb
potential). The exact solution for the ground state eigenvalue may be written

A= }ijg(—%m HE 70)]) =inf {Qj V() (F)d"r %J (V;o(?),Vgp(F))dNr} , (5)

where V = (i 0 ,i) is the gradient and () is the scalar product in some

o on, ",

region contained in an N-dimensional real configuration space, Q,  R".

The Feynman-Kac path integral method has been used in more recent literature [5,6]
to calculate the ground state energies of several atomic and exactly solvable quantum
systems. The solutions for the ground state eigenvalues were approximated by random
walk simulations on a discrete grid, based on the Donsker-Varadhan invariance
principle [7] for Brownian motion. The method provides exact ground state
eigenvalues in the limit of infinitesimal step size and infinite time.

A desired extension of the method is application to excited states of quantum
systems. For a given Hamiltonian H, which describes a quantum system, if
additional constraints were added requiring random walk simulations on a discrete
grid to remain confined in a configuration space region the bounds of which
coincide with the zeroes of an excited eigenstate, called a nodal region, the
Feynman-Kac method would converge to the eigenvalue of that eigenstate.
However, for most quantum systems, one does not know where the eigenfunction
changes from positive to negative. This is related to the sign problem in stochastic
methods. A useful approximation is the fixed-node approximation, where a trial
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function with known nodal regions is used to approximate the exact eigenfunction.
If the trial function nodes exactly correspond to the true eigenfunction nodes, then
the exact eigenvalue can be calculated. A survey of different stochastic methods
used to solve the Schrodinger equation for many body systems is given in [8-10].

In this paper we show that for quantum systems possessing particular symmetries
in configuration space, it is possible to use representation theory of finite groups and
properties of the continuous path to develop constraints on the random walk in order to
compute the lowest energy of a state that transforms according to a chosen irreducible
representation of the invariant group of the Hamiltonian within the Feynman-Kac path
integral method. These constraints are incorporated into a procedure called the “failure
tree” method. In Section II we present precise definitions of a nodal region and a
continuous path as well as several theorems related to properties of eigenstates
associated with a nodal region. In Section III we introduce the “failure trees” and
describe how they are implemented. In Section IV we present several theorems from
representation theory of finite groups and use them to define the “failure trees”. In
Section V we describe how symmetry considerations are applied in the creation of
“failure trees” and present the results of numerical calculations for excited states of the
hydrogenic and helium atoms. Conclusions are presented in Section VL.

I1. Properties of bounded regions of configuration space
For further consideration, a few definitions and properties related to the continuity of a

path in configuration space will be needed. Given two separate points ﬁl and Rz in
N-dimensional space R" , for every continuous path P (ﬁ’l , Rz ) connecting the points

there exists at least one set of one dimensional continuous parametric functions
b2 (f?l,f?z,t),fz (ﬁl,ﬁz,t),...,f\, (Rl,ﬁz,t) Q , with the parameter ¢, [0<¢<T], so
that the path can be represented by the set of points

P(ﬁl,kz)z
£i(R.Ry.t) 1,(R,.R,.0 5(RR,.T)
= ReR"R :ﬁ(ﬁl’ﬁz’t) withR:ﬁ(ﬁlikz’o and R, :fl(ﬁl’.ﬁz’T) ©
£ (R Ryt) £ (R.R,.0) i (RLR.T)

In general, there may be an infinite number of different continuous paths
between R, and R,.
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Consider a physical system defined by a Hamiltonian H = —%Vz +V on a

configuration space region Q, < R", which has a boundary 0Q, that defines the
limits of the system. It has been shown by Ray[11] that there exists a set of

eigenfunctions {% (ﬁ)} on €, such that Hy, (R)= A, (R) and v, (R)=0
onR € 0Q,. A nodal region Q, is a connected sub-region Q < Q, with bound

2Q,, defined as the set of points R , where y, (R) = 0 , which are called the nodes of
the eigenfunction. By connected it is meant that for every two separate points in the
nodal region, R,R, €Q,, there exists at least one continuous path between them

contained in the nodal region that does not contain any boundary point. This implies
there are no internal nodal regions that divide Q,, into smaller sub-regions. Given an

eigenfunction v, (R) , the entire open set Q, can be decomposed into a countable set
of disjoint connected nodal regions {Qm (ﬁi )} .

Some characteristics of nodal regions for fermion systems have been
explored in [12-15]. A few properties of the eigenfunctions and their nodal regions
are described by the following three theorems. Proofs of the theorems are given
elsewhere [16-18].

Theorem 1. The ground state y, (R) and only the ground state of a quantum

system described by the Hamiltonian A has no internal nodes.

Theorem 2. Application of the Feynman-Kac method to any nodal region
consistent with an eigenfunction y, (R) of the Hamiltonian will produce the
eigenvalue 4, of that state.

Theorem 3. If any nodal region €, of an eigenfunction y,, (R) is entirely

contained in any nodal region Q, of another eigenfunctiony, (R), then the
corresponding eigenvalue 4, is greater than or equalto 4,: Q, cQ =4 >4 .

It follows from the properties described by theorems 1-3, that if one can confine a
random walk to a closed bounded region in configuration space that coincides with the
zeros of the mth excited state of the quantum system under consideration, the
corresponding eigenvalue A, can be calculated using the Feynman-Kac method. Thus,
the fundamental problem is to devise a random walk that starts and remains in this
region throughout the entire walk. It will be shown below that this can be done for
some physical systems by taking into consideration symmetry properties of the
Hamiltonian in configuration space and properties of a continuous path.
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IIL. Introduction of the “failure trees”
Let & represent a configuration space operator such as rotation, permutation or
inversion, which takes a 3N-dimensional position vector ﬁl = (X,s V15215 Xy e er 2y )

and transforms it to another vector g~ fel = (X, y,2/, X020 - If a Hamiltonian

remains invariant to 6, then it is said that the system possesses symmetry with respect
to @ and this implies the operation commutes with the Hamiltonian, [H,6] = 0. For
every operator & that commutes with the Hamiltonian and for every eigenfunction
W, (]Q) of H, it is also true that[—[gl//n (ﬁ) =10y, (R). That is, Oy, (R) is also an
eigenfunction of H with the degenerate eigenvalue A,. If Gy (R) = W, (R) and
¢y <0, and if y_(R) is continuous in the full configuration space Q) containing
and @' R , then there must be some position R’ where y,, (R') = 0. This implies that

at least one node exists for continuous y,, (R).

Define a nodal region Q_(R,) around a point R, that belongs to the full
configuration space (), as the largest connected open subregion of points {R}
that can be reached from R, such that ReQ (R) implies 6'ReQ, (R).
Configuration space is then divided into two disjoint subsets, Q, (R,) and
Q,-Q, (R,) respectively, and every continuous path P(R,6'R) must cross a
nodal surface. From the set of all possible continuous paths from a point R, to
R eQ, (ﬁl), every path that remains interior to the nodal region, denoted
P(R,R,)c Q, , requires that every R € P(R,R,) implies 'R ¢ P(R,R,) . All
paths that meet this requirement are interior to the nodal region. All paths that do
not meet this requirement contain a continuous subpath P(R,0'R) as part of the

full path P(R,,R,) that leaves the nodal region.

In general, the condition that a point #'R is not included in a path must be
checked at each step in a random walk numerical simulation for each and every point

R contained in the path. If any such point &~'R is found, the path has left the nodal
region and must be assigned a numerical weight of zero. Otherwise, the path is fully
contained in the nodal region and provides a nonzero contribution to the Feynman-Kac
path integral. For many Hamiltonians there are configuration space operators & that
possess symmetry relations that can be utilized along with continuity properties of a
path to simplify the procedure of checking each step in a random walk simulation. The
procedure used in this paper to check the condition that a point #™'R is not included in
a path is called the “failure tree”” method and is described in the following paragraphs.
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In order to determine whether a numerically simulated path remains interior to a
nodal region we utilize the definition of a continuous path given above. According to

Eq. (6) the existence of a subpath P(R,0'R) implies that it can be represented by at
least one set of one-dimensional continuous parametric  functions
{fl.(R,H’lﬁ,t), i= 1,2,3--~N}, with the parameter ¢, [0<¢<T]. As the random

walk path is traced out in a numerical simulation, its representation by all parametric
functions f; (R,07'R,1) must be checked. When a single parametric function is found

to represent the set of points of the simulated path P(R,6'R) , the path is still interior

to the nodal region because the other N-1 parametric functions do not represent the
path. It is only necessary to assign zero contribution from the path when all N
parametric functions have are shown to represent the simulated path. This process can
be graphically represented using a “failure tree” as shown in Fig. 1.

fRORY | | LRORY| | LRORY| | £ RO Ry

Fig. 1. lllustration of a failure tree

The figure can be understood as two points (top and bottom) connected by N
parallel switches. The nonexistence of f,(]?,@’%,t) is represented by the switch
turned “on” and the existence of f(R,0'R,t) by the switch turned “off”. Thus,
finding that the j-th condition fj(ﬁ,ﬁ’lﬁ,t) does occur turns off one switch, yet
the tree still connects the top to the bottom of the graph. Only after all switches are
turned off is the connection broken. Likewise, if all fi(ﬁ,H‘lﬁ,t) are found to
represent the path, the necessary conditions have been demonstrated for the
existence of a continuous path between two points R and 0"'R .

IV. Application of group theory
Group theory considerations can be used to define the necessary symmetry
constraints for construction of “failure trees” that allow selection of random walk

paths that do not leave a configuration space region Q (R). Consider a set of
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coordinate transformations that commute with the Hamiltonian and form a group
G with elements 8. We can define a projection operator @r” for the irreducible
B Im
representations of the group by
d Og
__4 q*
2o=5 > ri(e,)e,. @)

¢ Jj=1
where I'! is the mth row and nth column of the g-th irreducible representation of the
element €, d, is the dimension of the irreducible representation and Og the order of

the group. The projection operator can be used to project out eigenfunctions that
possess the symmetry of a given irreducible representation I'”.

In the remainder of this paper we will consider one-dimensional irreducible
representations, all of which possess properties described by the following theorems,
which can be easily proved from the definition of the projection operator [19,20].

Theorem 4. All operators 6, of the group G commute with every projection

operator of all one-dimensional irreducible representations: |:@r7 ,0 j} =0V eqg.
Theorem 5. Given an arbitrary function f, the g-th p;ojection from a one-
dimensional irreducible representation: [@r,ﬂ, ,49/} =0=0, &y =C8py where
g?#0, is an eigenfunction of all operators & of the group with eigenvalue
/T, 0,g* ={1/T*(0)}¢* forall §in Gandall g.
Theorem 6. Every one-dimensional irreducible representation ' is uniquely
defined by the eigenvalues {l/ Fq*(@)} of the elements {Hj} of group G.

As shown in Theorem 6, since every nonzero projection of a function g? =P?f is
an eigenfunction of ecach operator €, there is a unique set of eigenvalues
{1/ re (0,.)} that describes each irreducible representation. The required symmetry
properties associated with a given irreducible representation can be found by
identifying the eigenvalues {1/ F"*(Q.)} as being either *1, corresponding to
symmetric or antisymmetric eigenfunctions.

We note that every nonzero projection made on an eigenfunction of the
Hamiltonian g% =®%y, (R) remains an eigenfunction of the Hamiltonian. This is
due to the fact that [/1,6,]= 0, which implies [H , Zbﬁ,] =0 for all constants b, .
Since the projection g7 must satisfy the symmetry properties of the irreducible
representation I'?, g? must possess all symmetry nodes associated with I'Y. The
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relevant symmetry property (antisymmetry) is identified by finding the subset of
operators {49/} such that 6,g =-g*.

Using this antisymmetry property for the qth irreducible representation, it is
possible to construct “failure trees” in order to select random walk paths that do
not violate the symmetry requirements of the projected eigenfunction ®%y, (R).
The only constraints imposed on a random walk are defined from the symmetry
requirements for the irreducible representation. It follows from Theorem 2 that

application of the Feynman-Kac method will produce the lowest energy of a state
that transforms according to that irreducible representation.

V. Applications of the “failure tree” method

a. Hydrogenic p and d excited states

Consider the hydrogenic atom described as a single particle with elementary
charge and mass M moving in a three-dimensional Coulomb potential defined

asV (¥) = —Zke’ / |F| , where Z is an integer, & is the Coulomb constant and e is the

electron charge. Since the Weiner integral is usually numerically simulated in
Cartesian coordinates, the Schrodinger equation, symmetry operations and the
eigenfunctions are defined in terms of Cartesian coordinates. The Schrodinger
equation for the system can be written as

1 ... Z - -

{——Vz(r) _T:| p(r)=Ay(r), ®
2 7

with the unit of energy U =#"/Ms”> and s=h"/Mke’ the unit of length. The

eigenfunctions are known exactly and can be expressed in terms of the cubic
harmonics. By inspection of the Schrédinger equation, it can be seen that there are
many symmetry operators, which leave the equation invariant. One is free at this
point to choose operators that form a large number of possible subgroups, each
possessing unique symmetry properties. The four configuration space operations
[£,6,,0,,6,] defined by

Ey(x,y,2)=y(x,y,2)

Oy (x,y,2) =y (-x,y,2)
Oy (x,y,2) =y (x,~y,~2)
Oy (x,y,2) =y (=x,~y,~2)

leave the Hamiltonian invariant and form a group G;. The multiplication table and
irreducible representations for the group are shown in Table I.
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Table 1. The multiplication table and the irreducible representations for the group G,

(the hydrogenic atom)
|E 6, 6 0, E 6, 6, 6,
E|E 0, 6, 06, r'f1 1 1 1
0,16, E 6, 6, rrf1 1 -1 -1
6,16, 6, E 06, ' 111 -1
6,16, 0, 6, E /(1 -1 -1 1

Given any subgroup of the Hamiltonian, its symmetry properties can be used
to generate solutions that are either eigenfunctions of the Hamiltonian or linear
combinations of degenerate eigenfunctions of the Hamiltonian. In the absence of
specific knowledge of the eigenstates of the Hamiltonian, compatibility tables
could be used to identify possible relationships with the irreducible representations
of the full group. By using the projection operators defined in Eq. (7), it is possible
to project out of the eigenfunctions of the Hamiltonian of the hydrogenic atom
new eigenfunctions with the symmetry of the g-th irreducible representation I'?
defined in Table 1. The first few projected eigenfunctions for each irreducible
representation are shown in Table II. Note that the hydrogenic spectrum has been
sorted and classified by the irreducible representations of G;.

Table 1. Classification of the first few eigenfunctions for the group G (the hydrogenic
atom)

rl r2 r3 r4
ARG
L¥,0 ¥ Y0
NG
A NG GGG
v, () ¥ () NG
NG |
¥, ()

If another subgroup were constructed using a different set of operators with
the property [H, 6] =0, the entire spectrum could be reclassified by the new
irreducible representations. For example, the subgroup G, defined by
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Ey(x,y,2) =y(x,y,2)
Oy (x,y,2) =y(x,~y,2)
Oy (x,,2) =y (x,,-2)
Oy (x,y,2) =y (x,~y,~2)
also forms a group that is isomorphic to G, but the hydrogenic spectrum would be
reclassified based on the new irreducible representations. The particular choice of
subgroup G, above allows the classification of the hydrogenic spectrum in such a
way that p and d eigenstates belong to different irreducible representations.
The symmetry properties for each irreducible representation can be

deduced by deriving the eigenvalue for every operator of the group. This will
reveal the symmetric and antisymmetric properties of the projected

wavefunctions @'y, (R) that transform like a particular irreducible

representation I'? as stated in Theorem 6. The symmetry properties of the I
irreducible representation can be determined by using all four operators of the

group as follows. Let g,(x,»)=@*f(x,y)=5[E+6,-6,-6,] f(x,») . Then the
symmetry properties of g,(x,y) are determined as
0,8,(x,») =0, ;[E+6,-0,-6,] f(x,y) =
=%[92 +E-06, —«93]f(x,y) =+g,(x,») ’
0.g,(x,y)=06, %[E+02 -0, —04]f(x,y) =

=1[6,+6,-E-0,] f(x.y) =—g,(x,»)
94g2(x,y)=94%[E+492 -0, —6’4]f(x,y) =

=2[6,+6,-6,~E] f(x,y) =—g,(x,»)

Eq. (9) shows that every function belonging to I'> must be symmetric with
respect to 6, and antisymmetric with respect to operators & and 6;,. The
antisymmetric conditions are used to define the particular symmetry constraints on
a random walk associated with I’
symmetry. The corresponding “failure tree”
is shown in Fig. 2 along with the “failure
trees” associated with I’ and T". The

. L. .
notation is used to denote all “failure

(€)

|
tree” conditions associated with each r’ r*
operator 6. as described in Section III. Fig. 2. The failure trees for group G,

71



Feynman-Kac path integrals and excited states of quantum systems

As each point R of a path is generated in a simulation, the particular
antisymmetric conditions must be checked with all other points already
generated in the path. If I symmetry constraints are to be maintained, the

whole path must be rejected when either 6;'R or &,'R are also in the path.

By this procedure, it is assured that every path that does not fail the symmetry
constraints defined by I'? belongs to a configuration space region with that
symmetry. Using Eq. (5) and Theorem 2, of all possible configuration space
regions consistent with the symmetry constraints, in the limit of large t, the
Feynman-Kac method assures convergence to the lowest energy of the
eigenstate with I'> symmetry.

The task of checking each point R in a given path in order to find if

07'R is also in the path can be significantly simplified for many configuration
space operators using “failure tree” conditions as described in Section III
above. The “failure tree” conditions associated with operatorsé, 6; and 6,
defined in Table I are described as follows. For every continuous path between

R= (x,y,z,) and HZ’IR =(-x,y,z), it is necessary that there exist continuous

functions f; (ﬁ,&; 'R,t) such that the following conditions hold true

fI(R,0;'R,t) [ (R,0,'R,0)=x& f,(R,0,'R,T)=—x
£ (R,6;'R,t)> f,(R,6,'R,0)=y & f,(R,0,'R,T)=y .
fi(RO'R, 1) fi(R,0,'R,0)=2& f,(R,0,'R,T) =z

For fi, this implies there is some ¢=t¢" such thatxzf(ﬁ,@"ﬁ,t’)=0.

This means that a necessary condition to move from R to #7'R is for the path
to pass through x = 0. This is also a sufficient condition for a path to fail the
antisymmetric requirement associated with operator 6, since every point

R=(0,y,z)=6,'R . This antisymmetric requirement represents the yz plane at

x = 0. Therefore, in order to assure that no continuous path between R and

0'R is included in a simulation, it is both necessary and sufficient to require
that every path does not cross the yz plane at x = 0. In order to keep this
condition associated with operator &, independent of where the path begins,
the sign of the product of the parametric functions at the initial x, and the

current x value, xx, = fl(feoj,z)fl (RO,E,O), must be checked. Then, no matter
what initial value is used, the condition x =0 means the path has failed the
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antisymmetric requirement associated with operator &,. The resulting “failure
tree” is illustrated in Fig. 3a.

l_‘;_\'__ S{I[ |_u'_1'._ £U| |::, SUl [_\'.\', Eﬂl |_1'_1'. i(}l I::. ii}‘
[ I [ [ J
I I
8, a, 8,
a b c

Fig. 3. The failure trees associated with operators 6, 6 and 6}

The “failure tree” conditions for operator & are described as follows. For
every continuous path between R and o; 'R =(x,—y,—z), it is necessary that

continuous functions f;(R,6;'R,t) be generated such that

f(RO;'R,t)  fi(R,6,'R,0)=x& f;(R,0;'R,T)=x
LRORD)> f,(RO]R,0)=y & f,(R0;'R.T) =~y .
fi(R,0;'R,t)  f,(R,0,'R,0)=2& f,(R,0;'R,T) =~z
For f; and f;, this implies there is some ¢=¢ and ¢=¢" such that
y=f,(R,6;'R,t'")=0 and z= f,(R,6;'R,t") = 0 . Therefore a necessary condition
for a path to fail the antisymmetric requirement associated with operator & is to
include in the path any points R = (x,0,z) and R = (x, »,0) . This represents a path
crossing the xy plane at z = 0 and the xz plane at y = 0. The resulting “failure tree” is

illustrated in Fig.3b. This is also a sufficient condition for a path to fail the
antisymmetric requirement of operator 6. Since the reflection symmetry operators
across the xy and xz planes also commute with the Hamiltonian for the hydrogenic
system as shown in the group G, defined above, all eigenfunctions of the Hamiltonian
that are antisymmetric to operator €5 must either be antisymmetric to & or &, or a
degenerate eigenstate can be projected out that does have this same antisymmetric
property. Failing the constraints defined for both &5 and & produces the same “failure
tree” that is defined for &;. Therefore the “failure tree” in Fig. 3b is both a necessary
and sufficient condition to describe the antisymmetric requirements associated with
operator 6. Note that if the reflection operators &5 and € do not commute with a given
Hamiltonian, the “failure tree” in Fig. 3b would only be a necessary condition for a
path to remain consistent with & symmetry and further checks would be needed to
determine if a path has failed the symmetry conditions for 6. Using the same
procedure as described above, the necessary and sufficient conditions associated with
operator 6, were derived and are shown in Fig. 3c.
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Using the requirements associated with these operators, the “failure trees” for
the irreducible representations defined in Fig. 2 can be simplified because of the
redundant symmetry properties associated with the operators. For example, letting
A=[xx,<0], B=[y,<0], C=[zz,<0] and using the property

[AU(ANB)]=4, the Boolean logic for the I’ “failure tree” reduces to
(BNC)U[AU(BNC)|=(BNC), as illustrated in Fig. 4.

|.\'.\',, < 0| |_1'_1',,

Fig. 4. The failure tree for I’ symmetry

The resulting “failure tree” constraints associated with T and T"* irreducible
representations are shown in Fig. 5. Note that any function belonging to I'' must
be symmetric with respect to every operator in the group. This implies every
function belonging to I'' is fully symmetric and therefore no “failure tree” will
exist for the T'' irreducible representation. This further implies that the ground
state will belong to T'".

Consider a random walk numerical simulation to the solution of the
Schrodinger equation of the hydrogenic atom Eq. (8), using the Feynman-Kac

method as described in [6]. The calculation of the

lowest energy belonging to I'* (which is an excited

x, <0 state to the system and also degenerate to the
eigenvalue corresponding to the lowest eigenstate

belonging to I'’) is performed by random walk

[ 1 simulations of Eq. (8) with the imposed “failure

L, 0] [, <0]  [=20]  yree” constraints defined in Fig. 5. No explicit
‘ knowledge of the nodal structure is used in this
- o calculation. As noted earlier, the implementation

of the “failure tree” constraints in the simulation
Fig. 5. The failure trees for Will restrict the random walk to the regions where
I and T* symmetry the wavefunction does not change sign.
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Fig. 6. Plot of —In |:§(t, 7{,):| /'t versus t for the hydrogen 2p, excited state

Fig. 6 shows a plot of —1n[§ (t,FO)]/ t versus ¢t including 1o error bars for
the uncertainty, where S (t,7)) is the path integral simulation result as defined
in [6]. The initial position for each random walk was set at 7, = %(f —j+ l€) and

the step size Ar =(Ax,Ay,Az) is determined to be Ax=Ay=Az=s/ Jn , Where

n =900 and s and U are defined in Eq. (8). Note that the error bars are so small for
this calculation that they do not appear. Five million paths were needed for this
convergence. A least squares fit of the data starting at # = 28 to the equation

~In[S(t.x,) |/t =24 -In[C,]/t (10)

is shown along with the exact eigenvalue. The least square fit yields the values
In[C,]=-0.762(60)Ut and 4,, =-0.1377(12)U , where the parentheses denote
)

the uncertainty in the final two significant figures. This compares with the lowest

eigenvalue 1,, =—(1/8)U =-0.125U for I irreducible representation. The

2p
)
difference between the exact result and the numerical calculation is attributed to

the finite step size and time used in the calculation. Decreasing the step size Ar
and increasing ¢ would result in closer convergence to the exact eigenvalue.
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Fig. 7 shows the results for a random walk simulation implementing the I'*
“failure tree” in Fig. 5a. The figure shows a plot of —ln[§(t, xo)] /¢ versus ¢

including 1o error bars and a least square fit using Eq. (10) starting at # = 4 with
In[C,]=0.155608(66)Ut and A,, =-0.060610(50)U . This compares with the
Xy

lowest T'* symmetry eigenvalue of A, = ~—0.055555U - Twenty five
xy

_ 1

18
million paths were needed to reduce the uncertainty for larger values of ¢. As
noted above, decreasing the step size Ar and increasing ¢ would result in closer
convergence to the exact eigenvalue. These results show that the random walk
simulation, using the Feynman-Kac method with imposed “failure tree”
constraints results in energy eigenvalues for excited states of the hydrogenic atom.
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Fig. 7. Plot of —In |:§(t, i_{))] /'t versus t for the hydrogen 3d, excited state

b. The helium 2 3P2, 1,0 triplet excited state
Consider the helium atom described as two particles with elementary charge and
mass M moving in a three-dimensional Coulomb potential defined as
- ke*  ke* ke’
V(#,7) = —é—é+;,
Al B[R

where k is the Coulomb constant and e is the electron charge. The Schrédinger
equation for the system can be written as
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V)T P | V(B = AW, (11

| || 2|
with the unit of energy U =%’/ Ms”> and s =#?/ Mke® the unit of length. One is
free at this point to choose operators that form a large number of possible
subgroups, each possessing unique symmetry properties. The two configuration
space operations [£,8,] defined by

El//(xlﬂylﬂzlsxzxyzszz):l//(xlsypszz:yzazz)
O (X, 015215%,, Y5, 2,) =W (=X, =Y, =2, =X, , =V, ,—Z,)

leave the Hamiltonian invariant and form a group G;. The
multiplication table and irreducible representations for the
group G are shown in Table III. The first few projected
eigenfunctions for each irreducible representation of G are
shown in Table IV. The helium spectrum has been sorted
and classified by the irreducible representations of G;. The
corresponding “failure tree” is shown in Fig. 8. If T
symmetry constraints are to be maintained, the whole path

l—.‘
Fig. 8. The failure tree for
I’ symmetry (the
helium atom)

must be rejected when either 9, 'R is also in the path. By this procedure, it is assured

that every path that does not fail the symmetry constraints defined by I'* belongs to a
configuration space region with that symmetry.

Table III. The multiplication table and the irreducible representations for the
group G (the helium atom)

E 6,
E|E @6,
6,16, E
Table IV. Classification of the first few eigenfunctions for the group G (the helium atom)
r r’
2 [ GoR)
PRGNS
4 i, (755)
% o o)
% G
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Consider a random walk numerical simulation to the solution of the
Schrodinger equation of the helium atom Eq. (11), using the Feynman-Kac
method with the imposed “failure tree” constraints defined by I'* irreducible
representation. The step size for this system is determined to be

—-10
Ax = Ay =Az=wmeters )

Jn

where 1 = 900. Fig. 9 shows a plot of —ln[§ (t.7, )] /¢ versus ¢ including 1o error

bars for the uncertainty, where gz, 7, 7) is the path integral simulation result as
defined in [6]. Four million paths were needed for this convergence. A least
squares fit of the data starting at ¢=4 to the equation
—1n[§(t, xo)} /t=2, _1n[cl] /¢ 1s shown along with the lowest variational result

for the eigenvalue. The least square fit yields the values In[C,]=-0.278(135)Ut

and ; , =-2.139(29)U - This compares with the variational result for the
2P 10
eigenvalue /] , ~-2.133y for T? irreducible representation [21]. These
2P 10

results confirm that the random walk numerical simulation to the solution of the
Schrodinger equation of the helium atom, using the Feynman-Kac method with
imposed “failure tree” constraints associated with I'> irreducible representation
results in the energy for the 2 °P,  , triplet excited state of the helium atom.

0.0

0.5+

e ¢ Data
I - Fit
L5 - Excited State

-In(S)/t

1| [ S—— - P S S —
0 1 2 3 4 5 6 7

Fig. 9. Plot of —In |:§(t, 17;)):| /'t versus t for the helium 2 *P;, , triplet excited state
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VI. Conclusions

A numerical procedure, the “failure tree” method, for finding solutions of the
Schrédinger equation using stochastic methods has been developed. The
procedure is based on the use of transformation properties of the irreducible
representations of the symmetry group of the Hamiltonian and properties of a
continuous path. The “failure tree” method is used to calculate energies of the
lowest excited states of quantum systems possessing anti-symmetric nodal regions
in configuration space using the Feynman-Kac path integral method. Within the
“failure tree” method the symmetry constraints on random walk simulations
required to remain interior to a nodal region are obtained. These constraints are
associated with a given irreducible representation of a symmetry group of the
Hamiltonian and are found by identifying the eigenvalues for the irreducible
representation corresponding to symmetric or antisymmetric eigenfunctions for
each group operator. Since numerical simulations are reduced to a region of
configuration space where the many particle wave function does not change sign,
and the sign problem for fermions is never encountered. The method provides
exact eigenvalues of excited states in the limit of infinitesimal step size and
infinite time.

The “failure tree” method has been applied to compute the eigenvalues of the
lowest excited states of the hydrogenic and helium atoms that transform as I, T
and I irreducible representations, respectively. A subgroup of configuration
space operators has been identified and the “failure trees” have been then
constructed based on the antisymmetric properties of each irreducible
representation and properties of path continuity. Sufficiency conditions and
Boolean logic have been used to simplify the “failure trees”.

The method described by the present work focuses on calculations of excited
states with only statistical errors determined by the need to use finite step sizes
and time for numerical simulations.
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We have performed ferromagnetic resonance (FMR) studies of epitaxial
V/Pd,_Fe, (001) bilayers with a V thickness of the order of 40 nm and with
a Pd, Fe, thickness in the range from 0.8 nm to 4.4 nm. For a bilayer with a
Pd,.Fe, thickness of 1.2 nm and x = 0.03 the FMR measurements revealed
a decrease of the effective magnetization 4zM.¢ of the ferromagnetic layer
below the superconducting transition temperature of vanadium. As a
possible explanation for this decrease we suggest a spatial modulation of
the ferromagnetic order in the Pd; Fe, layer due to modifications of the
indirect exchange interaction of magnetic ions via conduction electrons in
the superconducting state. A comparison with a recent theoretical
investigation supports this possibility.

1. Introduction

The destructive influence of ferromagnetism on superconductivity in dilute
magnetic alloys and superconductor/ferromagnet (S/F) multilayers is well
known (see, e.g., reviews [1] and [2-3], respectively). This occurs because the
strong internal exchange field in the ferromagnetic state tends to align the
conduction electron spins whose spin susceptibility ys(0) is zero in the
superconducting state. Apart from the influence of ferromagnetism on
superconductivity one can expect the realization of the S/F proximity in the
opposite direction, i.e., a transformation of the ferromagnetic state under the
influence of superconductivity. In order to understand the origin of this effect
one has to go back to the roots i.e. to the early results on the electron spin
resonance in a superconductor doped with magnetic impurities [4-6]. The
authors of Refs. [4-6] found the long-range contribution to the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction between localized moments which arises
upon transition to the superconducting state. This contribution has an
antiferromagnetic origin and is caused by the superconducting correlations in
the Cooper condensate. Much earlier Anderson and Suhl [7] proposed that the
additional homogeneous polarization over a large distance from a magnetic
impurity should appear in a superconductor. Theoretically the dependence of
this polarization on the distance in a superconductor in a “clean” limit has been
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obtained in Refs. [6,8]. For a “dirty” limit Kochelaev et al. [9] showed that the
homogeneous polarization of conduction electrons as well as the exchange
interaction between the localized moments on the distance of the order of the
superconducting coherence length ({s) arises in a superconductor. It has the
opposite sign relative to the homogeneous part of the polarization of conduction
electrons induced by the exchange interaction between the localized moments
and conduction electrons in a normal state. The polarization of conduction
electrons in a superconductor with paramagnetic impurities integrated over the
volume should vanish at T=0 K similarly to the situation for a superconductor
without magnetic impurities. In spite of smallness of the “superconducting”
polarization and the corresponding contribution to the RKKY interaction it
should lead to the noticeable effects. In particular, this leads (see, e.g. [1]) to the
helicoidal (or cryptoferromagnetic) magnetic ordering in some intermetallic
compounds. As to a system consisting of a bulk superconductor with a thin
ferromagnetic metallic film on its surface the possibility of the formation of a
domain-like magnetic structure was considered theoretically by Buzdin and
Bulaevskii [10]. They calculated the energy of two systems DS/S and F/S and
concluded that the domain state (DS) will be the ground state for the magnetic
layer thicknesses smaller than a certain critical thickness. The tendency for a
reconstruction of the ferromagnetic order was observed experimentally in
epitaxial Fe/Nb bilayers upon transition to the superconducting state [11]. This
experimental result inspired further theoretical studies. Bergeret et al. [12]
studied theoretically the possibility of a non-homogeneous magnetic order
(cryptoferromagnetic state) due to superconductivity in heterostructures
consisting of a bulk superconductor and a ferromagnetic thin layer. They
derived a phase diagram which distinguishes the cryptoferromagnetic and
ferromagnetic states and discussed the possibility of an experimental
observation of the cryptoferromagnetic state in different materials. In particular,
they concluded that because of the large magnetic stiffness constant and strong
internal exchange field in pure iron the cryptoferromagnetic state is hardly
possible in the Fe/Nb structure. Thus, it may be concluded that the tendency for
a reconstruction of the ferromagnetic order in the iron layer observed
experimentally in the Fe/Nb films [11], might be caused by discontinuous Fe
layers in the thickness range where this effect was observed. Estimates
performed by Bergeret et al. [12] show that the transition from the
ferromagnetic to the cryptoferromagnetic state should be observable, if the
exchange field and the magnetic stiffness constant would be an order of
magnitude smaller than in pure Fe.

As a possible system for the experimental observation of the
cryptoferromagnetic state in S/F multilayers the V/Pd,_Fe, system can be chosen
because of its low (at x<0.1) and tunable Curie temperature. Ferromagnetic
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resonance (FMR) measurements of bulk single crystals of Pd, Fe, [13] suggest
that these alloys are convenient systems for FMR studies because of their narrow
resonance lines. In addition, it is well known (see, e.g., Ref. 14) that at any Fe
concentration Pd,_,Fe, alloys order ferromagnetically.

In this article we present our results on FMR measurements for V/Pd, Fe,
single crystalline epitaxial bilayers. We show an example where the saturation
magnetization determined from the FMR spectra decreases with lowering the
temperature below the superconducting transition temperature 7¢ .

The paper is organized as follows: in Section 2 we provide a brief outline of
the sample preparation and their X-ray characterization. Then we describe the
superconducting properties of the V/Pd, Fe, bilayers as well as the electrical
resistivity and the magnetization data. The FMR measurements are presented in
Section 3, followed by a discussion of all the data in Section 4. The main results
are summarized in Section 5.

2. Sample Preparation and Characterization

2.1. Sample Preparation

The Pd,_Fe,/V and V/Pd,_Fe, bilayers were grown on MgO (001) substrates in a
molecular beam epitaxy system (base pressure ~ 510" mbar). During the
evaporation the background pressure was below 10 mbar. The MgO (001)
substrates were annealed in the growth chamber at 1000 °C for 0.5 h prior to the
evaporation in order to desorb impurities and to create a well ordered surface.
Then the substrates were cooled to the desired temperature.

For the Pd,_Fe,/V/MgO (001) samples (samples 1-4 in Table I) the substrate
temperature during the evaporation of the first V layer was 550° C. The
evaporation rates of 0.01 nm/s were found to be optimal for the growth of high
quality single crystalline V (001) films. Pd,_Fe, (001) films were prepared using
two sources. Fe was evaporated from an effusion cell providing a flux of high
stability, while Pd was evaporated by an electron beam gun. The substrate
temperature during the preparation of the Pd,_Fe, layer was 200°C. The deposition
rate of Pd was 0.027 nm/s and the Fe deposition rate varied between 0.0027 nm/s
and 0.0009 nm/s.

For the V/Pd;,Fe,/Pd/MgO (001) samples (samples 5 and 6) a buffer Pd (001)
layer of about 100 nm was grown on MgO. The substrate temperature during the
preparation of the Pd buffer layer was 450° C for the sample 5, and 400° C for the
sample 6. The substrate temperature during the evaporation of the Pd,_Fe, (001) layer
was 450° C and 400° C for the samples 5 and 6, respectively. The V layer was
deposited using a substrate temperature of 300° C and the evaporation rate given
above. In both cases the bilayers (except the sample 1) were covered by a protective
layer of Pd with a thickness of a few nanometers. The substrate temperature during the
growth of the protective layer was 200°C.
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Table 1. Experimental parameters of the studied samples

o | Bt | dea Te | 47Ma(30K) | KuM

v pdFe Curic N c 7iM o 1

S L) | o) | )| 0 [ 0| 66) | ©09)

(X-ray)

1 37.2 4.4 250 4.4 4.7 | 4.0 39 15.8
2 40.0 6.2 100 1.2 50 | 42 2.6 65.0
3 393 6.2 100 3.0 4.0 | 3.8 1.7 80.0
4 47 6.8 90 0.8 46 | 4.0 - -
5 41.0 103 120 0.9 4.0 | 3.7 - -
6 37.0 101 100 1.0 45 | 3.1 1.8 72.0

Given are the thickness of the V layer dy and of the Pd and Pd, Fe, layers
dpgtdpgre obtained from the fit of the small angle reflectivity scans, the Curie
temperature Tcyi. and the thickness of the magnetic Pd,_Fe, layer obtained from
the SQUID magnetization measurements, residual resistivity ratio RRR, the
superconducting transition temperature 7, 47zM.g and K,/M values obtained from
FMR measurements.

The growth rates were measured by a quartz-crystal monitor. The final
thickness of the Pd,,Fe, layer was determined by the evaporation time. The
quality of the substrate and of each layer was always controlled by in-situ RHEED
characterization to ensure a high quality growth of our samples. Each sample was
prepared separately, but with identical growth conditions. The sample holder was
rotated during the deposition to ensure a homogeneous film thickness.

Six samples with the experimental parameters summarized in Table I have
been investigated by FMR.

2.2. X-ray Characterization

The intensity of specularly reflected X-rays at small angles provides information
on the average electron density profile of the material studied in the direction
along the surface normal. X-ray reflectivity measurements were performed ex situ
using a 1.5 kW X-ray generator with a Mo anode (4 =0.709 nm) and a Si (111)
monochromator. The reflectivity scans showed well resolved oscillations. Fits of
these scans gave an interface roughness of less than 4 A, indicating the high
interfacial quality of our samples. The film thicknesses, as obtained from the fits
to the X-ray data are given in Table I. The thicknesses dpq of the top Pd layer in
the case of Pd/Pd, Fe/V/MgO samples and of the Pd buffer layer in case of
V/Pd, Fe,/Pd/MgO samples are shown in Table I together with dpyp. as
dpgtdpgre.
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A typical radial Bragg scans covering the angle range of the V (002) and
Pd, Fe, (002) peaks for the sample 2 with dy =40 nm and dpgq + dpgpe = 6.2 nm
reveal the (001) texture of both, the V layer and Pd,_Fe, layer.

2.3. Superconducting Transition Temperature

The superconducting transition temperature 7c was measured resistively using a
standard four-terminal configuration with the current and voltage leads attached to the
samples with the silver paint. 7 was defined as the midpoint of the superconducting
transition. The 7¢ values are presented in Table I. For all samples the superconducting
transition was very sharp with a transition width of the order of 0.1 K.

2.4. Electrical Resistivity

The residual resistivity ratio RRR = R(300 K)/R(7T¢) for the samples listed in Table
I varies between 4 and 5. The corresponding residual resistivity values (from 4.6
to 6.1 pQ-cm) allow to estimate the electron mean-free path /s for V using the
Pippard relations [15]

c=eS<l,>/127°h y=kS/12xh<v, > (1)

where o denotes the electrical conductivity, y the electronic specific heat
coefficient, vy the Fermi velocity of the conduction electrons, and /g the mean-free
path of conduction electrons. S is the Fermi surface area and the brackets indicate
a mean average over the Fermi surface. Combining relations (1), one obtains

pls= (ks | ) = (1/ ). 2

This relation permits an estimate of /g from the low temperature resistivity p and
the coefficient of the electronic specific heat . For V using =9 mJ/mole K* and
ve= 310" cm/s [16], we find pls = 2.46:10"° pQem?. This gives /s-values between 4
and 5 nm.

2.5. Magnetization

Magnetization measurements using a SQUID magnetometer were performed with
the film surface parallel to the direction of the magnetic field. For the precise
determination of the ferromagnetic magnetization the correction of the substrate
contribution to the magnetic moment of the samples is very important. The
measurements of the temperature dependence of the magnetization of the MgO
substrates used in the present study showed that at temperatures below 4 K the
magnetic susceptibility of the substrates starts to increase strongly.

The measurements of the temperature dependence of the magnetization
have been performed at a small magnetic field # = 10 Oe for all samples. The
temperature dependencies of the magnetization in the ferromagnetic state after
subtraction the substrate contribution are shown in Fig. 1 for two samples. They
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are typical for bulk Pd,_Fe, alloys (see, e.g., Ref. 17) The values obtained for
the ferromagnetic Curie temperature 7¢,y. are presented in Table I. These values
of Tcuie allows us to estimate the Fe concentration in Pd,_Fe, alloy layers of our
samples using the data for T¢yi = f(x) from the review by Nieuwehuys [14].
Values of x determined in such a way lie between 0.03 and 0.1. Magnetization
values corresponding to these concentrations, give the ferromagnetic layer
thickness dpgr. from our SQUID magnetization data. These values are also
shown in Table I. The difference observed between the film thicknesses
determined by X-rays and the magnetization measurements are due to the fact
that for X-rays there is basically no electron density contrast between Pd and
Pd, .Fe,. Therefore with X-ray reflectivity measurements the sum of both layer
thicknesses is determined.

150 T T T T T 20
O sanple 1

125F —
«— sample 2 15°C
IS
S 100f %
]

IS

§ st j10 ®
< [=)
o sof 2
= 15 =

25

0 50 100 150 200 250 300
T®)
Fig. 1. Saturation magnetization per unit surface for the samples 1 and 2 vs temperature

measured by SQUID magnetometer in the magnetic field H = 10 Oe parallel to the
film plane

3. FMR Results and Analysis

Ferromagnetic resonance (FMR) experiments were carried out at 9.4 GHz in the
temperature range from 1.6 K to 250 K using the ESR spectrometer B-ER 418°
(Bruker AG). In the normal state of the samples (7 > 4.2 K) the FMR signals
were observed for four of our samples: 1, 2, 3 and 6; for other two samples the
resonance lines were not found. The angular dependence of the spectra was
studied in the in-plane geometry, i.e. with both the dc magnetic field and the
high frequency field lying in the film plane. The (001) surface of our thin films
contains two principal magnetic axes of the bulk Pd; Fe, crystal ([100] and
[110] axes). The observed angular dependence of the resonance exhibits a four-
fold anisotropy typical for cubic crystals in the (001)-plane. As an example the
angular dependence of the resonance field H, of the FMR signal for the samples
1 and 2 is shown in Fig. 2.

92



1.A. Garifullin, N.N. Garif’yanov, D.A. Tikhonov et al.

1840 F i i i j
(a)

1820

1800

(o]

H_(Oe)

1780

1760 - 1

2300 F " " §
(b)

-45 0 45 90 135

[100] [110] [010]
9, (deg)

Fig. 2. In-plane angular dependencies of the resonance field H, for the sample 1 (a) and
the sample 2 (b) at T = 30 K. The solid lines are the calculated resonance field
values with parameters: K,/M = 15.8 Oe, 4nM.y; = 3.9 kG (for the sample 1) and
K/M = 65 Oe, 4nMoy;= 2.6 kG (for the sample 2)

A qualitatively similar behavior of H, was observed for the samples 3 and 6 as
well. One can see from Fig. 2 that the [110] axis is the magnetically easy axis for our
samples. In the superconducting state we were able to study the behavior of the FMR
line parameters for the samples 1 and 2 , , , , ,
only. This is due to a drastic increase of T=4.2K |
the intensity of the electron paramag-
netic resonance of non-controlled
paramagnetic impurities in the MgO
substrate at temperatures below 4 K.
This  background prevented the
observation of the FMR signal from
Pd, ,Fe, layers for the samples 3 and 6 ‘ ‘ ‘ ‘ .
in the superconducting state. Examples 1600 2000 2400 2800 3200
of FMR lines of the sample 2 in the Magnetic field (Oc)

normal ?md superconducting state .after Fig. 3. FMR spectra for the sample 2 at T=4.2 K
subtraction of the background signal (normal state) and 1.6 K (superconducting
are shown in Fig. 3 for the dc magnetic state) with dc magnetic field along the
field along the magnetically easy axis. [110] axis of the Pd, Fe, layer

T=1.6 K|

dP/dH (arb.units)

T T T T T T T T T T T
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The FMR results are analyzed using a coordinate system in which the
magnetization M of the Pd,_Fe, layer makes an angle 8 with respect to the film normal
(z direction) and an angle ¢ with respect to the x axis in the film plane (xy plane). The
external magnetic field H is applied at an angle 8 with respect to the film normal and
at an angle ¢y with respect to the x axis. We define the x axis to be parallel to the [100]
axis of the Pd, ,Fe, layer. In our experiments 65 was equal to /2.

In general, thin films of materials with a cubic structure grown along the
[001] crystallographic axis have a tetragonal symmetry as a result of the in-plane
strain due to epitaxial mismatch. This leads to the corresponding out-of plane
Poisson distortion. Therefore, the contribution to the free energy due to the crystal
anisotropy should contain the four-fold in-plane anisotropy constants, which differ
from the fourth-order constant for the direction perpendicular to the film plane. In
addition, a non-zero second-order uniaxial anisotropy term appears, due to the
vertical lattice distortion and the broken symmetry of the crystal field acting on
the interface atomic layer. The corresponding energy term has the form
F =-K, cos” §. Since our experiments were performed in the in-plane geometry

only, we will use the crystal anisotropy energy for cubic instead of tetragonal
symmetry. Uniaxial perpendicular anisotropy and the contribution of the dipolar
interaction (demagnetizing field 4zM) enter the free energy of a system in an
additive way, and therefore one can introduce an effective demagnetizing field

2K
dzM =4z M ——, 3
eff M ( )

in order to account for the second-order perpendicular uniaxial anisotropy. Thus
the total magnetic free energy density function appropriate for a (001)-oriented
film is written in the form:
. 1 . . .
F =—-MH sin Scos(p—¢,, )+ 27[M§tf. cos’ 3+ ZKI (sin® 29 +sin* $sin® @).  (4)

Here K is the fourth-order cubic anisotropy constant.
The equilibrium position of M is given by the zeros of the first angle derivatives
of F. In our experimental situation the out-of plane equilibrium angle is §, =7/2,

and the in-plane equilibrium angle ¢, is given by the solution of equation

. K, .
Hsin(p, —¢,) = —ﬁsm(%). (5)

Using the general ferromagnetic resonance condition [19]

2 2
[2] 1 82F62F_( 62Fj ©
%) (Msing)'| 0% op* \0%¢) |’
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we obtain:

[%J = [H cos(@, — @, )+ %005(4% )} X

« (7
X[H cos(@, — ¢y, ) +4xM +ﬁ(3 + 005(4%)}

Here y) = gug/h and g is the spectroscopic g-value. The expression (7) together
with the condition for equilibrium (5) determines the resonance field position H,
as a function of the angle ¢y, of the effective magnetization 4zM. , and of the
anisotropy constant K.

We analyzed numerically the influence of all parameters in Egs. (5) and (7)
on the angular dependencies of the resonance field and obtained the following
features: The increase of the 4zM g value leads to a total shift of the resonance
field to lower values. The increase of K;/M leads to an increase of the amplitude of
variation of H,(¢,).

To fit the angular dependencies of the resonance field H,(¢,, ), we used Egs.

(5) and (7). Typical results with g = 2.09 are shown in Fig. 2. They are in a good
agreement with our experimental data. These fits gave us K| and 4zM g values.

In order to determine the temperature dependence 4zM.(T), we used the
temperature dependence of the resonance field measured with the dc magnetic
field along the magnetically easy [110] axis of the Pd,.Fe, layer. Using Egs. (5)
and (7) at ¢, =7/4 from the temperature dependence of H, , we obtain the

temperature dependencies of 4zM. for the samples 1 and 2 in a wide temperature
range as shown in Fig. 4.

T T T T T

4 O sample1 |
©®Us O ty-... @ sample?2
o,
3 O\\ i
“._..i.\ )

4zM_ (kG)
N

o
1

0 50 100 150 200 250
T (K)
Fig. 4. 4nM.y vs temperature for the samples 1 and 2 as revealed by FMR measurements.
Dashed lines are the theoretical curves for S = 1/2 from the molecular field theory
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Our study of the resonance field at fixed ¢, -value for the sample 2 clearly

reveals a shift of the resonance field to higher values when decreasing the temperature
below the superconducting transition temperature 7 (see Fig. 3). The latter fact
definitely shows that the observed temperature dependence of H, at an orientation of the
dc magnetic field along easy axis is caused by a decrease of the effective magnetization
47Msr. The low temperature part of 4zM.p(7T) derived from that of H is shown in Fig.
5. For comparison we also show the data obtained for the sample 1, where such
behavior is not observed. Here we use the low temperature values of K/M and assume
that they do not change noticeably in the temperature range from 10 K to 1.6 K.

4. Discussion

The most interesting result of the present study is the decrease of the effective
magnetization 47M.q below the superconducting transition for the sample 2 (Fig. 5).
At the same time 4zM.g for the sample 1 does not change in this temperature region. In
accordance with expression (3), a decrease of 4zM, can be caused by a decrease of
the saturation magnetization M or by an increase of the perpendicular uniaxial
anisotropy constant K. One can expect that the uniaxial anisotropy, which appears
usually due to the broken symmetry of crystal field acting on the interface atomic
layer, is proportional to the reciprocal thickness of the ferromagnetic layer.
Comparison of the values of 4zM,; for the samples 3 and 6 with nearly the same Fe
content (according to the same values of 7¢;.) but different thicknesses indicates that
the second-order perpendicular uniaxial anisotropy is negligible in the thickness range
studied here. Thus we have to conclude that the decrease of 4zM.q is caused by a
decrease of the saturation magnetization M.

5 T T T T
4 ©---0--0-0-0-0-00--0-----7
g 3t ’Tc 1
L e
= 5l oottt '
5 T,
.
1L ° O sample 1 ]
@ sample2
0 1 2 3 4 5

T (K)

Fig. 5 Low temperature parts of 4TM . for the samples 1 and 2. The arrows show the Tc
values at the resonance field H,

We believe that a decrease of the saturation magnetization below 7 , which is
observed for the sample 2, is caused by a transformation of the homogeneous

ferromagnetic order in the Pd;.Fe, magnetic layer due to the proximity effect with the
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superconducting layer. It is well known (see, e.g., [2]) that the superconducting order
parameter is strongly suppressed near the S/F interface. This is due to a penetration of
the Cooper pairs into the ferromagnet where they are subjected to the strong exchange
field. This leads to a Tc-suppression. The destructive influence of the exchange field
on the superconductivity can considerably be weakened, if a domain structure on a
length scale smaller than the superconducting coherence length & appears in the
ferromagnetic layer, because then the exchange field would be effectively cancelled
over the dimension of the Cooper pairs [7]. As it was mentioned in Introduction, a
possible non-homogeneous magnetic order in a system consisting of a bulk
superconductor with a thin ferromagnetic metallic film on its surface was considered
by Buzdin and Bulaevskii [10] for the first time. They obtained that the domain state
will be the ground state for a magnetic layer thickness

T2 2/3
d}curit S(T C hlsé(;/zj

Curie

®)
where 4 is the exchange field acting on the conduction electrons in the ferromagnetic
layer and & is the superconducting coherence length of the pure material

(& =0.85/&[ ). For the sample 2 we have Tc=4.2 K, Tcyie= 100 K, /s~ 5 nm, and

& =70 nm. From the Curie temperature we estimate the Fe concentration in the
Pd, Fe, layer as 3 at.% in accordance with Ref. 14. This gives 4~ 100K and

d;" ~ 0.2 nm. Since for our sample dpgr.= 1.2 nm, this estimate suggests that in our

case the decrease of the magnetization cannot be due to cryptoferromagnetism. On the
other hand, recently Bergeret et al. [12] criticized the assumptions taken in Ref. 10 and
concluded that these results can hardly be used for quantitative estimates. They
presented a microscopic derivation of the phase diagram valid for realistic parameters
of the problem involved. They considered a cryptoferromagnetic state i.e. a state in
which a magnetic moment rotates in space and concluded that in the absence of a
strong anisotropy this state is more favorable than the domain structure of Ref. 10.
Bergeret et al. [12] determined the phase diagram in the vicinity of the
superconducting transition for two variables:

ue hd,, 2 ,
n \ DT

)

which takes into account the exchange splitting 4 of conduction band in a
ferromagnet and

L Jdy,TEQ)

= (10)
Y 2TCD§ 27
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accounting for the magnetic stiffness J of the ferromagnetic layer. Here # = vey/ves is
the ratio of the Fermi velocities of the ferromagnet vy and superconductor veg, Dy is
the diffusion coefficient in the superconductor and y is the electronic density of states
for a superconductor. The obtained phase diagram is represented in Fig. 2 of Ref. 12.
The curves are plotted for different values of 7 = (Tc — T)/Tc.

In the following we make an estimate for our samples according to the phase
diagram of Bergeret ef al. [12]. The magnetic stiffness J is roughly proportional to the
Curie temperature. For Fe with Tcyie ~ 1000 K it is of the order of 600 K/nm. So, for
our sample 2 with Ty ~ 100 K it should be 60 K/nm. As we supposed above, the
exchange splitting of the conduction band of ferromagnetic Pdyo;Feq g3 is £~ 100 K,
the Fermi velocity vps=310" cm/s corresponds to the diffusion coefficient
Ds~5 cm?/s. Assuming that the Fermi velocities of conduction electrons in V and
Pd,_Fe, are close to each other we obtain @ ~ 1.2 and 1 ~ 1.3:10° for our sample 2. In
accordance to the phase diagram by Bergeret et al.[12] this implies that starting from
7~0.2 (T~3 K) a transition from the ferromagnetic to the cryptoferromagnetic state
should take place. Actually this transition is observed experimentally at 7~ 2 K which
is close to the expected transition point. For the sample 1 with dj~4.4 nm and
Tewic~250 K we have a~20 and 1~ 1.4102. With these values of parameters the
ferromagnetic state is stable at any temperatures, as it is observed experimentally.
Thus, these estimates support the conclusion concerning the observation of a phase
transition from the ferromagnetic to the cryptoferromagnetic state in our sample 2.

5. Summary

In summary, FMR measurements of V/Pd, Fe, bilayers prepared by molecular
beam epitaxy have been performed over a wide temperature range. We find a
decrease of the saturation magnetization of the Pd,_Fe, magnetic layer below the
superconducting transition temperature for the V/Pd,,Fe, bilayer system with
x~0.03 and dpgr. = 1.2 nm. We regard this as a clear indication of the formation
of the non-homogeneous cryptoferromagnetic state in the Pd,_Fe, layer due to S/F
proximity effect.
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METO/] IIPOU3BO/ISIIIETO ®YHKIIMOHAJIA
JUISI MOJIEJTA XABBAPJIA

10.A. Uztomos, H.U. Yamun, H.C. AnekceeB
Hnemumym ¢usuxu memannos YPO PAH, 620219 Examepunbype

s monemn Xa66apyia B yCIIOBHSIX CHJIBHBIX KOPPEISIMI pa3BUBACTCS METOJ
MPOM3BOAIIETO  (DYHKIMOHAJA, TO3BOJSIONMI IONYYUTh YpaBHEHUS JUIs
9NEKTPOHHOH (yHKIMKM ['puHA C BapUALMOHHBIMU IPOM3BOIHBIMU IO
¢GuykTynpyomuM moisM. Mertoa  mpexctaBiseT  o0oOImIeHME MoAxona
KapnanoBa-betima, pazpaboTaHHOTO Ui OOBIMHBIX (hEPMH-CHCTEM, K CHIIBHO
KOPPETHPOBaHHBIM CHCTEMaM, OIHCBHIBAEMBIM OmepaTtopamu (X-omeparopamu
Xabbapna), He KOMMYTHPYIOIMMU Ha C-4MCIIO. B TOYHBIX ypaBHEHWSIX IS
¢yskmii ['puna BBIIENEHB! YpaBHEHUS CPEHETO IO, YUUTHIBAIONIHME BKJIAJT
CTaTHYeCKUX (NIyKTyalliii CHHMHA M 3apsia. YCTAHABIMBAETCS CBSI3b 3THX
YpaBHEHHWIl C YpaBHEHMSMH, BO3ZHHKAIONIMMH B METOJE KOMIIO3UTHBIX
oneparopoB. [TokazaHo, 4TO JBYXNOMOCHAs (QyHKIMS ['puHa B MPUOIKEHUH
CPEJIHETO IO ONMCHIBACT CYIIECTBEHHBIE YEPThI KBA3MUACTHYHOTO CIIEKTpa U
€ro SBOJIOLMIO NPH M3MEHEHHH 3JICKTPOHHON KOHLEHTPALMU 71 U BEHYMHBI
KYJIOHOBCKOrO OTTainkuBaHus U Ha y3ie. IIpu TOMOBHHHOM 3aIlOJHEHHH C
m3MeHeHreM U BO3HHWKaeT ()a30BBI TIEPEXO] METAUI-AUANICKTPHK IpH
KkpuTHaeckoM 3HadeHnu U = 1.37W, roe W — mmpuHa 3aTpaBOYHOM 30HEL.

1. Benenue

Monens Xabbapna [1] sBasgercs omHOM M3 0a30BBIX MOJAETCH B TCOPHH CHIBHO
KOPpENMPOBAaHHEIX cucTeM. HecMOTps Ha ee mpocTOTy (TaMHIBTOHWAH MOJICITH
COJIICPKUT JIUIIG JIBA MapaMeTpa: IMUPHHY W 3aTpaBOYHON 3IEKTPOHHOU 30HBI U
KYJIOHOBCKOE OTTalKHBaHWE U DIEKTPOHOB HA OJHOM Y3Ile), TEOPETHIECKOe
HCCIICIOBAaHUE MOJICITH B YCIOBHUAX CHIIBHOW Koppelsiwu (U>W) mpencraBiset
OYCHb CJOXHYIO 33/ady. 3a COpPOK JIET HWCCICAOBAaHHWS MOJENN IPEATIOKCHO
MHOXKECTBO TOIXOMOB: MeToH pacuemenns Qyukmui [pmra  (OI) [1],
JTUHeapHU3alys ypaBHEHUH ABIKEHUS [2], METOI KOMIIO3UTHBIX oneparopoB COM
[3-5], meToq momeHTOB [6], BapualMOHHBIA Metox [7] U MHoTHe apyrue. B
MOCJIeIHUE TOABI YCIEIIHO MPUMEHSETCS MNPHOMMKEHHE TUHAMHYECKOTO
cpemnero monss (DMFT) [8], merom BcroMoratenbHBIX 0030HOB [9] U psn
BBIUMCIIUTCIILHBIX METOJOB: KBaHTOBBIA Meros; Monrte Kapno, muHeapusaius
Manbix kimactepoB. DMFT u 4uciieHHBIE METOABI BCKPBUIM OCHOBHBIC YEPTHI
KBa3WYACTHYHOTO CIEKTpa U (Pa3oBOi JUarpaMMbl MOJIENH B YCIOBHSAX CHIBHOMN
Koppersiui. B pamkax 3THX MOAXO0J0B HEKOTOPBIC PACIIMpPEHHS MpOCTEHIIeit
HEBBIPOXKJICHHONH Mopaenn Xa0O0apia YCIENIHO MPUMEHSIOTCS I OMHCAHUS
peaNbHBIX CHIIBHO KOPPEINPOBAHHBIX CHCTEM.



Memoo npouseodauiezo ynkyuonana ona mooenu Xaooapoa

Hu omuH W3 mepeuncieHHBIX AHAIMTHYECKUX METONOB He  SIBISIETCS
YHUBEPCATHHBIM, MO3TOMY CYIIECTBYET MOTPEOHOCTh B PA3BUTHM HOBBIX IIOJXO/IOB,
KOTOpBIE CMOTIH OBl OCBETUTH MPOOJIEeMy C HWHOH CTOPOHBL. Y’ke HaBHO OBLIO
TIOHATHO, 4TO Npu U>W yno6HO paboTaTh He ¢ OOBIMHBIMH (pepMHU-0TIepaToOpamMHt, HO
C HEKOTOPBIMH MX KOHCTPYKIMSIMH (KOMIIO3UTHBIMH OTIEPaTOpaMHu), ONHCHIBAIOIMHA
JBIDKCHHE KOPPEIMPOBAHHBIX JJICKTPOHOB IO permrerke. OmHAMH W3 TakKHX
ornepaTopoB sIBJIIOTC  X-omepatopbl  XaObapma. B Tepmumnax  X-omeparopos
raMWIBTOHMAH  MOJENM  3allUChIBA€TCsl TaK, 4YTO CHJIBHOE  KYyJIOHOBCKOE
B3aUMOJICHCTBUE OIMMCHIBACTCS IPOCTEHUIIMM 00pa3oM, a IEPEeCKOK JIEKTPOHOB IO
petnierke — OoJiee CIOKHBIM, HO B ycloBusiX Ul W OH MOXKET paccMaTpuBaThCs 1O
Teopuu Bo3MylIeHHi. TakuM 00pa3oM, HCIOJIb30BaHUE X-0NEepaTopoB YIOOHO st
(hopMyITHPOBKH ""TeOpHH BO3MYIIEHU BOJIM3M aTOMHOTO Npezena’.

Hcrnone3yst popmarmsm X-onepatopoB, MbI pa3BUBAEM METOJ IPOM3BOSILETO
(ynkmmoHana (generating functional approach — GFA). Mnest MeTosia COCTOUT B TOM,
9TOOBl  BBECTH  B3aMMOZCHCTBHE C  (PIYKTYHPYIOIIMMH  TIOJISIMH,  ITyTeM
COOTBETCTBYIOIIETO OOOOIICHNS CTaTUCTHYECKOH cymMbl. Torma peambapie OI°
MOZIENI BBIPAKAIOTCSI Y€pe3 BapHAIMOHHBIE MPOM3BOIHBIE OT TPOU3BOILIECIO
¢dyHkuroHama (000OMIEHHON CTATUCTHYECKONW CYMMBI) IO (UIYKTYMPYIOIIUM TIOJISIM.
B urore i @I' Mbl noityyaeM ypaBHEHHS B BapUALIMOHHBIX [TPOM3BOAHBIX, KOTOPBIE
MOXKHO pelllaTh C TIOMOIIbI0 WTepaimii 1o mapamerpy W/U. Ham mnomxon
npencrapisieT ododmeHue Merona Kamanosa-beiima [10], mpemioxkeHHOTO paHee s
OOBIYHBIX (hepMHU-CHCTEM, HA CHWIBHO KOPPEJIMPOBAaHHBIE CHCTEMBI, KOTOpPbIC
OIKCHIBAIOTCSI ONEPaToOpaMH, HE KOMMYTHPYIOIIMMH Ha c-uucio. HemaBHO Mbl
MIPUMEHWIN TakOW TMOIXOA K IIEJIOMY PsTy CIMHOBBIX M BJIEKTPOHHBIX MOJIeseit:
Monermn [ aiizeHOepra, sd-monenu, MOJETM JBOWHOrO OOMeHa, tJ-Momen,
TIePHOITIECKOi Mosien AHiepcoHa 1 Mozenu Xadoapma B nipenene U — oo [11-16].
B mHacrosmeir pabore mb1 pazBuBaeM GFA s oOmed monmemn XaGbOapma c
Npou3BOJIbHBIM U. MBI BBIBOAMM YpaBHEHUS Uil 31€KTpoHHOM PI' B TepmHHax
BapHAIMOHHBIX TPOM3BOAHBIX MO (QIYKTYHUPYIOIIMM IOJSIM. YPaBHEHHS HMEIOT
MaTpUYHYI0 CTPYKTYypy W cpasy IpeIycMaTpHBAIOT BO3MOXKHOCTb COCTOSIHUH C
pAacCIICTUICHHOW 3JIEKTPOHHOW 30HOM Ha XabOapmoBckue mnom3oHbL [lytem nByx
utepauuii o napamerpy W/U mbl hopMyIpyeM NpHOIMKEHUE CPETHEro Mot st
anekTpoHHON D', KOTOpoe HEMOCPENCTBEHHBIM OOpa3oM YYMTHIBAET CTATHYECKUC
(uyKTYyaIu 3apsijia ¥ CIvHa, OMUCHIBACT C/BHI JIEKTPOHHBIX MOA30H U MX LIUPHHY
3a npenenamu Xad06apa-1 npudmkenus. JJuHaMudeckue (IyKTyaluH 3JIEKTPOHOB C
0030HHBIMH BO30YXXIEHHMSIMU TPHBOJAT K IIONpPAaBKE B COOCTBEHHOH O3HEPIHH,
COOTBETCTBYIOIIIEH CaMOCOTIaCOBaHHOMY OopHOBckoMy mpuOmmkennio (SCBA).
UncieHHOE pelleHne YpaBHEHHWH CPEIHETro IOJs JaeT KapTHHY KBa3HYaCTUYHOTO
CIIEKTpa M €ro HBOJIOLMIO B 3aBHCHUMOCTH OT BelMWUMHBI U W 3JIEKTPOHHOU
KOHIIEHTPALIHH 1.
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2. lIpousBoasimmii pyHKIMOHAT MOJETH
PaccMoTprM cTaHmapTHYIO HEBBIPOXKIEHHYIO Mojenb XabOapma. B TepmmHax
OOBIYHBIX (hepMH-OTIIEPaTOPOB TAMIIBTOHHAH MOJENH 3aIMCHIBACTCS CIIETYIOIINM
obpazom:
— +
H = Ztijcwcja +UZ NN, 2.1

ijo
rae ¢, (c. ) — omeparop yHHYTOXEHHS (POXKICHHS) SEKTPOHA Ha y3JIe i CO CIIMHOM

o, n, = cle, OrepaTop 4Yuciia 3JICKTPOHOB Ha Y3JI€ C COOTBGTCTBy}OHICﬁ HpOGKHI/IGI\/’I

10710
CrMHA. B ycloBHSX CHIIBHOTO KYJIOHOBCKOTO OTTAJKWBAaHMS Ha OfHOM y3ie U>zt
(tme ¢t — MaTPUYHBIA 3JIEMEHT TMepecKoKa Uil OmmKalmmx cocemed M z —
KOOPAMHAIIIOHHOE YHMCJIO) YOOOHO BBHIPa3WTh TamiuibToHWAH (2.1) B TepMmmHaX

rq :
X-oneparopos. Oneparop X Uit y3ma i ONMUCBHIBAET MEPEXOIBI MEKILY YETBIPHMS

BO3MOKHBIMHU COCTOSHUSIMH p = |0),|0),| & ),|2): 6€3 3IIeKTpoHa, ¢ OTHIM SIIEKTPOHOM
C MPOEKIHEH CITMHA O W —O U COCTOSIHHE C MTapOH JIEKTPOHOB, COOTBETCTBEHHO.

X-omepaTopsl MOTYT OBITH BBIPaXKCHBI Yepe3 OOBIYHBIE (PepMH-OIIepaToOPHI C
MOMOIIBIO COOTHOIIEHUN

o0 _ + 20 _ +
X7 =c_ (1-n.), X7 =oc.n,,
oG _ + YZO _ + o+
Xi = CisCiz> i = 9C5Ck, (2 2)
oo 22 :
X7 =n,(1-nz), X7 =n,n,,

00 _
Xi - (l_nia)(l_nfa)'
o0 20
Omneparopsl X" n X;° ONHUCBHIBAIOT KOPPENUPOBAHHOE POXKICHUE JIEKTPOHA U

aBnsroTes  epMu-nofoGHbIME  f-omepaTopamu; X w X ommchiBaoT

MIEpeBOPOT CHHMHA HA y3Jie M POXIeHHE mapsl (603e-mogoOHbIe h-omeparopsl). B
NOCNEeHUX JBYX CTPOYKaX IPEACTABICHBI [HaroHalbHBIE B IPOCTPAHCTBE
y3€IbHBIX COCTOSHUI X-OmepaTophl. 3aMeTHM, YTO 3PMHTOBO-CONPSKCHHEIC

OIepaTOpsl OIpPEeNeIIIoTCs cooTHomeHneM (X/1)" = X" . Takum o6pasom,
nMeeTcs IIecTHaAaTh X-0MepaTopoB, JEUCTBYIONMX B MPOCTPAHCTBE Y3EIBHBIX
cocTosgHUH. Anrebpa X-onepaTopoB 3a1aeTCsi COOTHOLIEHHEM

XPXPM =5 X7, (2.3)

sp

a TaKKe IIePEeCTaHOBOYHBIMH COOTHOIICHHSMHM aHTHKOMMYTAaTOPHOTO THIA I
J-oriepaTtopoB M KOMMYTAaTOpHOTO Juisi b-omeparopoB. OOBIYHBIE BJIEKTPOHHBIE
OTIePaTOPHI SBIIFOTCS JTMHEHHBIMIA KOMOHHAIIMSIME (hepMU-TTO00HBIX X-0TIepaTopoB

i =X""-0X, ¢, =X"-cX. (2.4)
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JlaHHBIC BBIpOKEHHS OTPAKAIOT KOPPEIUPOBAHHEIA XapakTep JBIKCHUS
AJIEKTPOHOB B JABYX Xa00apHOBCKUX MOI30HAX.
Y 100HO BBECTH ABYXKOMITIOHEHTHbBIE CIMHOPHI U3 _f~OIIEPaTOPOB:

Oc

S”(io')z[X" J v (io)=(X7" &X77). (2.5)

— yo2
oX,

Torna ramunsronuan (2.1) npeacrasnsercs B Buge H = H, +H, , rie

Hy ZZ[Z%X{T“F%X[ZZJ, (2.6)
Hy =2 0 D o io),, (DY, (jo) . 2.7)

i ae

3mecs MBI NOOABWIIN B OIpeelieHHe TaMmibToHnaHa (2.1) wieH —yZn
ioc

M — XUMHUYECKUH TOTEHLHANl; C Y4YeTOM JTOro OOCTOATENbCTBA TOIYYHM:

&, =—ch/2—pu, & =U-2u. B xBagpatnunoii dopme (2.7) ¥, (ic) npen-

rIe

ioc >

CTaBJII€T KOMIIOHEHTY cnirHopa ¥(io), (a=1,2), KpoMe TOro Mbl BBEIH MaTpPHUILY

11
taﬂ (U) = tijsaﬂ’ S = (1 1} (28)

CHMHOPHBIA MHIEKC @ YKa3biBaeT HoMep Xxa00apJoBCKOM moa3oHbl. C MOMOIIBIO
W3BECTHOTO TMpaBmWia YyMHOXeHHs (2.3) X-omepaTropoB JIeTKO —3amucarb
NepecTaHOBOYHBIE COOTHOIIEHNS JUTS CIIMHOPHBIX f~ONEepaTopoB:

[#(0)®¥ " (jo)] =0,F°
[#o) @ (j5)] = S, X7 b, (2.9)
[¥(i0)®¥(jo)], =6,0X"(ir")

rae 7°,7",7° —Marpunsl [laynm, a F,° — IByXpsiiHas MaTpHIla, COCTaBICHHAs U3
JIMaroHaJIbHBIX X-0IEpaTopoB:

. (X +XxT 0
F":( 0 X,22+X.‘"’J' 210

[lepectaHOBOYHBIE COOTHOIIEHHS MEXIy f- W b-omepaTopaMH HMEIOT
KOMMYTaTOPHBIN XapakTep,
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y o010,

[l[f(ia1 ), X7 ] =55, ¥(i5,)
- @2.11)
[#(i0). x| =0,6%" (i5,)c"

Jpyrue BapuaHTBI MEepeCTAaHOBOYHBIX COOTHOmeHMH Thma (2.9) m (2.11) mator
HYJIb.

Takum 00pa3oM, aHTUKOMMYTAaTOpbl IBYX ¥#-0IepaTOpoB BBIPAKAOTCS
yepe3 JAWAroHaJbHBIE WM b-OmepaTopbl, a KOMMYTaTopel #- W b-omepaTtopoB
NPENCTaBIsAIOT, eCTeCTBeHHO,  F-omeparopbl. OTMETHM  TONYTHO  7Ba
COOTHOILICHUS

N
rq — ap
(xr) =xp, (2.12)
XU+ X7+ X7+ X =1, (2.13)
KOTOpBbIE JIOHOJHSIOT anredpy X-onepaTopos.

3armmreM ypaBHEHHS ABMKCHUS U f-oriepaTopoB. [l TepMOIMHAMUYECKOTrO
Bpemenu 7(-f< < f, f= 1/kT) ncxonum n3 ypasHeHus | elizenOepra
¥ (10) = -[¥ (o), 7],
KOTOpOE B CITy4yae raMiIbToHHaHa (2.6)—(2.7) MOXKHO 3anHcaTh B CICAYIOLIEM BUjIe
P(10) =¥ (10) - K i1# (1) - | 1
X (AP A'G)+a ¥ ('a)e Dir” X*

BHCCB BBCJICHA JIBYXpsJiHasA MaTpulia 110 CIMHOPHBIM UHJICKCaAM

0
B =|% . (2.15)
0 ¢ +U

[{udpoBble MHIEKCHI 37I€Ch U Jajee O3HAYAIOT YETBIPEXMEPHYIO KOOP/IUHATY,
BKJIIOYAIOLIYIO y3€l1 U BpeMs 7, T.e. 1=(j,7,),...; 0 IUTPUXOBAaHHBIM HHIEKCAM

noapaszyMeBacTCsa CyMMHUPOBAHNC (CyMMI/IpOBaHI/Ie I0 y3Jj1aM iu HUHTCTPUPOBAHUC 11O
BpEMEHU 2'). HaKOHeH, BBCCHA BCIIMYHMHA

(A1) =68(r,~ 1), I=1(11)3 (2.16)

MPECTABIISFOIIAs MATPHILY IO CIIMHOPHBIM HHICKcaM (TIOCTIEAHuUMA (HakT OTMEYeH
CHUMBOJIOM 1 ).

Takum oOpasom omepartop ¥  mpeacTaBiser JIMHEHHYIO KOMOWHAIIIO
f~omepaTopoB, K03 GHUIIMEHTaMH B KOTOPOH SABILIFOTCS 003e-TI0I00HBIE H-0TIepaTopsl,
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a TakKe Matpuipl £ U ¢ . AHAJIOTUYHOE YPaBHEHHE JIBXKSHUSI MOXKHO 3aITHCATh JIS
SPMHUTOBO-CONPSHKEHHOTO OIIepaTopa

¥ (10,)= E*¥" (I6,)+ ¥ (o)(' )F™ +

R - R . (2.17)
+71E I DX +5 X2 1112 (1'5,)

Crnenyst MeTOTy, MHOTOKPAaTHO NMPUMEHEHHOMY HaMH K Pa3HbIM KBaHTOBBIM
mozessiM [11-15], BBenem nponsBoasnii hyHKIMOHAT

Z[V]=Tr(e " Te” ), (2.18)

rae 7 — CHUMBOJI XPOHOJIOTHYECKOTO YIOPSIOUCHHUS, W Cliell OepeTcs Mo BceM
BO3MOKHBIM COCTOSTHHSIM CHCTEMBI.
s ramuieToHuana (2.6) — (2.7) onepatop V ciaenyer BBIOpaTh B BUIC

22 22 ‘o’ ‘o’ G o' 2 2 2 2
Vvl X+ X7 +v77 X7 +v77 X7 v X2+ X (2.19)

OH mpencTaBIsieT JIMHEHHYI0 KOMOWHAIIMIO BCEX IHArOHATHHBIX M b-OTepaTtopoB C
OJTHOTOUCHYHBIMU TIOJSIMH V. Takum oOpazom, muddepeHmmpys Beipakerue Z[ V] mo
Pa3HBIM V, MBI MOXKEM BBIPa3uTh pasimuyHble OI yepe3 BapHALMIOHHBIE NPOU3BOIHBIC
10 COOTBETCTRYIOMMM ToyisiM. Hamprvep, it omHogacTHIHBIX 603emofo0Hpx DI —
IJTA3MOHOB, MArHOHOB M yOJIOHOB — UIMEEM BBIPaXKEHHS:

1 S ZV
e (12) = <TX7 Xy, = - O (220)
Z[V] é‘vlo'lo'l é‘vg'szz
2
@56(12):_<TX10'5X255>V :_;ﬂ’ (221)
Z[V]8v8vy°
1 &5°Z[V]
(DOZ 12) = — TX02X20 R 2.22
( ) < 1 2 >V Z[V] 6\)1025‘)220 ( )

Beenennsie Takum o6pazoM OI sBIAIOTCS GYHKIMOHANIAMH OT (UIyKTYHPYIOIINX
nonieil. Ecnu mocie B3sTHA BapUaIlMOHHBIX MPOM3BOIHBIX YCTPEMUTH 3TH MOJS K
HYJII0, MBI TTONTy4uM peanbHble @I, onuceiBaromue Hamry cucteMy. @epMHUOHHbBIE
@I ne MoryT ObITh mosdydeHs! muddepennrpoBanneM Z[V] 1Mo 0JHOTOYEUHBIM
TIOJISIM, ¥ HEOOXO/TMMO JUTSl HUX COCTaBUTh YPaBHEHHE JBH)KCHHUS.

3. YpaBHeHHUe IBUKEHHS JIA 3JIeKTPOHHOH pyHkuuu I'puna
Bocnonp3yemcs oOmmM ypaBHEHHEM IBWKEHHS (CM. mpuioxkeHwe B [15]) u

saruieM ero st Beipaxenus (T, ¥, )) , onpeensomuero anektportyo OI':
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ai((T ¥, (0)¥,,(20,)e" ) =(T{¥,,(10,),¥,,(20,)}.e” )+
7 .G

H(TY, (10)¥,(20,)e" )~ (TH¥,,(16,).V} ¥, (20,)e))

BrraucnnM aHTUKOMMYTATOp B KOMMYTaTop OoT ¥-omepatopoB B (3.1). YuuteiBas
cootHourenust (2.9) u (2.11), momyunm:

@, (009, Qo). =6, (6,0, (A7), +6,n7 (X77), ). G2
o),V =W %1+ "¥(15)+o v ¥ (15,)r", (3.3)
3nech W — nByXpsiiHas MaTpuIia, COCTaBIeHHas 3 (DIYKTYUPYIOLIMX MOJIeH:
oo 00
v -y 0
we =1 . 3.4
: [ 0 v = "j 34

[ocne moxcTanoBkU BeIpaskeHMH (2.14) m kKoMMyTaTopoB B ypaBHeHHe (3.1) ero
MOYKHO TIPEACTAaBUTH B BUIIE:

G, (1o, (T ('a)¥* (20,)e")) =
=0, 8,0, (TF e )+, 7 (TX] e ")) |+
+o v T (TP (16)¥" (20,)e” )+

+(TEP 11 (o) (20,)e™ ) +

+ A IN(IXT P (1'5) P (20,)e” )+
+o,(TXPP (1'5) ¥ (20,)e " Vil Vit

(3.5)

311ech BBEEHA BEITHYHNHA

G(;l} (161 4 262) = {(_ai - ElaI Jéo'laz - I/VlgI 56152 - VIEIU1 TO&F&U: }512 ’ (36)

7
KOTOpasi OmNpeaesseT SJIEKTPOHHBIN Mpomararop HyJI€BOro (o OTHOUIEHHIO K
Mepeckokam) TPHOIIKEHNS BO (IYKTYHPYIOIMX OJHOTOYEYHBIX IONAX. JTa
BENIMYMHA SBISAETCS MATPHIEH 2x2 MO OTHOIIEHHIO K CITHHOPHBIM HHIEKCAM.

Beipaxasa cMemannbsle @I yepe3 BapHallMOHHBIE MIPOU3BOJIHBIE OT Z[ V], MoxkeM
MIPEICTABUTH MOJIyYEHHOE YPABHEHUE B BUJIE
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Gy (o V'a)(TP (Vo))" (20,)e ™)) =
= -8,a1(0,0,)Z[V 1+ ai (oot Y(TE 'o))¥* 20)e N—. (3.7

-0, {vfzr*(sn, —ir’E(11) J }((TYJ* (1'G)¥ " (20,)e™))

5v02

1

3mecs BBeACHA JABYXpSAAHAS MATpHIa, SBISIOmMAscs IupepeHInaIbHBIM
OIIEPaTOPOM TIO OIHOTOYEYHBIM (IIYKTYHPYIOIIUM HOJISM:

a1(0,0,) = (5” Fl-s._ o ia j (3.8)
102 192 5\/11 1
rae
é‘00 + é;'o' 0
o | OV, OV
Fr = . (3.9)
0 0
0 o0 + 22
o, oV,

OTMETUM TaKKE, UTO { SBISETCS TPAHCIIOHUPOBAHHOM MATPULEH 1 .

Kak o0praHO mepexommm oT QyHKmoHana Z[V] k ¢ynkumonany @[V] c
TIOMOIIBIO TIOICTAHOBKH:

Z[V]=e". (3.10)

Torma ypaBHeHue (3.5) HENMOCPEACTBEHHO MNPHUBOIUT K YPaBHEHUIO IS
31eKTpoHHOU DI

(Gl (10,16~ (@ (G0 @)(T) -

—ai (ool 1')}<T'{’(1’a{)5’/* (20, )=
. 3.
= -8, (a1(0,0,)®) - 0,6, (T (1'5,)0" ¥ (20, )e ™ ) - @10

de 5 +!—A/!~y+ -V
o, [W+W]<T?’ (' )i e’ ¥ (20, )e >
Ms1 BummM, uto ypaBHeHue 1t O (T We’V) BKJIFOYAeT B ce0sl aHOMAIBHYIO

DL (T ¥'e), mosTOMy HeOOXOIMMO HaIHCaTh YPABHEHHE | JUIs HEe.

Beeaem matpuny OI
T (lo,)¥ " (20,)e” T¥ (lo,))¥ (20,)e”

£(12)=- (Telo)e@aye”)  (T¥a)w o)) (.12)

<T¥”(10'])¥”(20'2)e’y> (Tyﬁ(la])av(zaz)e”)
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B neBoit wacti nn¢poBoii MOAYEPKHYTHIA WHIEKC 1 MPEACTaBIsIET COBOKYITHBIN
HMHJEKC, BKIIOYAIONIMHA MNPOCTPAHCTBEHHO-BPEMEHHYK0 TOYKy 1, cOHMH oy,
CIIMHOPHBIM MHJEKC ¢ W elle OJUH HMHAEKC V|, IPUHUMAIOUINNA ABa 3HAYEHUS,
HyMepyIoIe MaTpuuHble 3neMeHTH! (3.12), Tak uto

1={loav,}. (3.13)

Marpuna £(1 2) sBiseTcss 0 COBOKYITHOCTH JMCKPETHBIX WHIIEKCOB MaTpHUIeH
8x8. IMeHHO Takoro paHra MaTpHUIbl aBTOMAaTHYECKH BO3HUKAIOT B MOJEIH
Xab66apna. 1Ix mosiBIeHHE ONKCHIBACT HE TOJBKO COCTOSHHS C KYIEPOBCKUMHU
TapamH, HO U C IPYTUMH HapyIICHUSIMH CHMMETPHH.

CoBokymHOCTh 4eThipex ypaBHeHudd it OI' B (3.12) MoxkHO 3ammcaTh B
BUJI€ OHOTO MaTPUYHOTO YPAaBHEHUSI:

[ L (1) =(Hor)(1 1) =(An)(1L 1) | £(1'2) = (A)(1.2) (3.14)
31ech BBEIeHa OMlepaTopHasl MaTpULa
;1(0'10'2) -0,0,,,it" 5.7
A(12) =46, v, (3.15)
—0,0,,,it" 5,0 ai(o,0,)

1
B KOTOPOM KaXIbIl 3JIEMEHT NPEACTaBIseT MaTpully 2x2 MO CIUHOPHBIM

MHJEKCaM, CKPBITBIM B MaTpunax [laynu u B MaTpuie ai, IpH4eM dJIeMEHTaMH e
SBJIAIOTCA BapHAIlMOHHBIC IIPOM3BOJHBIE IO BCEM (IYKTYHPYIOLIMM IIOJISIM.
Kpowme Toro B ypaBuenue (3.14) Bxogut matpuma

(12) 0
¥(12)= . - (3.16)
0 —i(12)
Benuunna L, TpeJCTABISET ABYXPSIHYIO MATPHUILY
Gldo,20 6. 5,7 v
Ly (12)=6), or(101,202) - 007 Ot (3.17)

x .20 -1
_0-15510'2 6,7V, G,y (loy,20,)
B KoTOpoii G, maetcs BeIpakeHueM (3.6), U G, — TPAHCIIOHHPOBAHHEIM K HEMY:
D it paxeHueM (3.6), oy — TPAHCIIOHHPO eMy:

G(;;(lal,zaz):{(—ai+15ﬁ]§ + WS, +v0 'S, }512.

Tl 010, 010, 10,

VYpasaenue (3.14) Toro ke THIA, YTO YpaBHEHU Js ogHodYacTUaHOM DI,
BBIBEJICHHBIC HaMU Juis Mojenu Xabbapma B mpenene U=oo [11,15] u mogenu
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lefizenOepra. B nmepeunciaeHHBIX MOJENSX MaTpHLa A BBIPOXKIAETCS B CKaJISp,
HO B JJaHHOH paboTe 3TO MaTpHlla, OnpesenseMas AUCKPETHBIMU HHIEKCAMHU o U
V, Kak " Apyrue BenuuuHsl B (3.14). B cuiry oTMEYeHHOTO CXOICTBAa YpaBHEHHS
(3.14) ¢ cOOTBETCTBYIONMMHU YPAaBHEHUSIMU paHee PACCMOTPEHHBIX MOJENEH, Mbl
MOXEM O0XKHAATh TOW )K€ CTPYKTYpHI B PEIICHUSX ITHX ypaBHEHHH, B YaCTHOCTH
MYJIBTUILUTMKaTUBHOTO Xxapakrepa siekTpoHHOW @I'. [lpencraBum ee B Buae
MPOU3BEACHUS NpoIaraTopHoii L u koHueBon /74acreil, a MIMEHHO:

£(12)=L(L1)1(1'2). (3.18)
[IponaraTopHas 4acTb yJIOBJIETBOpsIET ypaBHEHNUIO [laiicoHa
L'(12)=L,(12)-2(12). (3.19)

HpeHCTaBI/IM BBIpAXKCHUA 1A CO6CTBCHHO-SHCpFCTHqGCKOﬁ 9acCTu B BUC CyMMBbI
JABYX YICHOB:

2(12)=2"(12)+(U1Y)(12), (3.20)
YTO MMEJO MECTO JUIs PaHee pPacCMOTPEHHbIX Mojenel. Torma mojacTaBiss

(3.18) B (3.14) u HeoOxoammbie auddGepeHIUPOBAHUS, TOCIE CPaBHCHHUS
JIeBOM U MpaBoOil 4acTei MBI MOKEM TOJYyUUTh IBa ypaBHeHusd Ha [/u 2

[1(12) = (A0)(12) + (Y4 3)A(14)11(3'2), (3:21)
T'(12)=-(L)A'3)A(14)( L, (3'2) - T'(3'2)). (3.22)

[Ipu mosy4yeHnn 3TUX ypaBHEHUH MBI YUIH TOXKIECTBO
(A)(12)=-2(1'2)[ 41 1)L (239 |L(3'D), (3.23)
SABJIAOIICCCS O606HIGHI/ICM HU3BCCTHOI'O TOXICCTBA, BbIpaXKaro1ero

(hyHKIMOHATIOBHYIO TIPOM3BOAHYIO TmpomaratropHoir PI° depe3 NPoM30IHYIO
oOpatHoii k Heit OI':
oG 5G™!
-G
ov ov
VYpasuenust (3.21) u (3.22) s KOHIEBOH U COOCTBEHHO-3HEPreTHUYECKOM
yacted PI' Mo CTPYKType aHaJOTWYHBI COOTBETCTBYIOIIUM YPaBHEHUSIM JPYTUX
MoJiesiel. DTO ypaBHEHHUS B BapHAIlMOHHBIX MPOU3BOAHBIX A //u 27 Bxmag 2B
COOCTBEHHO SHEPreTHYECKyI0 YacTh 2 HE pa3zpe3aeM M0 "JMHUU B3aUMOZCHCT-
BuA", TpencTaBisromell BenmmunHy Y. Pa3pesaemas dacte X' yKe BBHIIENEHa B
BeIpakeHuH (3.20) B BHe BTOPOTO CJIaraeMoro.
U3 coBokynHocTH ypaBHeHuit (3.18)-(3.20) BbITekaeT 0JJHO Ba)KHOE CJIEICT-
BHUE, KOTOPOE MOYKHO MPEACTaBUTh B (hopMe clienyroniero ypasHenust Ha @I L:
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L=L'+L'YC. (3.24)
3/ech BelnuMHa L' OTpeessieTCsl ABYMsI COOTHOIIICHUSIMH:
-1 -1
£'=L'11, L' =L,-2".
Pemenue ypaBaenus (3.24) MOXHO 3amucaTth B BUJE:
r-1 -1
L(12)=[c"-v] (12, (3.25)
rIe
-1 1 -1
=11 Ly, - 27). (3.26)
BenuunHa £', Kak clemyeT U3 OmpefesieHus, He pa3pe3aeMa 0 JIHHUH Y, TO3TOMY
ypasHenue (3.24) nns OI sBnsiercst ypaBHenueM Jlapkuna, BeipakatoriM @I gepes
HETpUBOAMMYIO (0 JHWHWK '"B3amMojeicTBus"') dacTh. M3 3TOro ke ypaBHEHHS
creyert "nokaropHoe" npencrasienue (3.25) ans anexrponaoi O

VYpasrenus (3.21) u (3.22) MOXHO pemraTs myTeM urepanuii. Tak B mepBBIX
NopsJKax No Y moiydaem:

11(12) = A(12)® + (YL)(4'3)A(14)A(3'2) D+ ..., (3.27)

T(12) =~ 3)| A4 (3D |+
. (3.28)
+H(YLY('3)(LY(E 1) A4 (1'2) | 12| A(3'6)51.(5'2) |+ ..

B (3.27) omepatop gi, nerictBys Ha @, naerT cpelHee 3HAUEHHE OT

JMUAarOHAJNBHBIX W  b-ONepaTopoB; TMOBTOPHOE JEHCTBHE oOlepaTopa A
MPUBEIET, OYEBHIHO, K 0030HHBIM @I pasnuuHblx THIOB. J[lelicTBHe

omeparopa Ha L' TPHBENET K BBIPAKEHHSM, COCTOANIMM W3 DPas3lHYHBIX
o-cuMBOJIOB. IIpoOmema 3akirodaercs B TIEPEMHOKEHHMM MaTpHIl B

BoipaxeHusx (3.27) m (3.28) ¢ yuerom Toro ¢akra, 4To Marpuia Y 12
COJEPHKUT IIPOU3BO/IHEIE, KOTOpBIE JIOJDKHEI JeiicTBoBaTh Ha
COOTBETCTBYIOIINE BEIMYUHBI. UTOOBI BBHIMOJHUTH MAaTPUYHOE YMHOXKEHHUE C
Y4ETOM OIepPaTOPHOrO XapaKTepa OTACIBHBIX MHOXHTEIEH MBI IepernuiieM
BeIpakenns (3.27) u (3.28) B apyro#t popme:

T1(12)=A(12)® + A(14')(YL)(4'3) A3 )P + ..., (3.29)
(12)=-A(14)(YL)(4'3) L, (3'2)+

. 3.28
+A(L4")(YL)(4'3)A(3'6)(YLY(6 1)L, (1'2)L(2'S )L, (5'2) + .. N
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B »3THX BBIpaXeHHMSX BCE MHOXHUTEIH CTOST B TIOpPAJIKE MaTPHIHOTO
YMHOXKEHHS, HO HYXHO TIIOMHHTH: Ha KaKOW MHOXHTEIb JEUCTBYIOT
NpOM3BOAHBIE, CTOsIIME B omepatope A. Takum 00pa3oM, MOXKHO
MMEPpEMHOXHTh BCE MATPHIBI, a IOTOM IIOCTAaBUTh CHMBOJ IPOU3BOJHBIX
HEMOCPE/ICTBEHHO Tepe/ dleMeHTaMu Matpull Ly, umu nepeq @, Ha KOTopble

OHH OOJIXKHBI HeﬁCTBOBaTL.

4. Ntepannn B ypaBHeHHsIX [Jsl COOCTBEHHO-IHEPreTHYeCKOi M KOHLEBOM
yacrei

CornacHo ompezgenenuio (3.12), snexrponnas @I £ ydWTBIBa€T BO3MOXHOCTH
COCTOSIHMH CO CIapHBaHHEM 3JIeKTPOHOB. B naHHOI pabote MBI OyaeM paccmart-
pUBaTh HOPMAIBHYIO CHCTEMY, TIIOJHOCTBIO ONMCBHIBAIOIIYIOCS MaTPHUYHBIM
AJIEMEHTOM TOJHOH AnekTpoHHo I £(1 2), a uMeHHO

G(6,20,) = £ (16,20,) = ~(T¥(16,)¥* (20,)e™" ). 4.1

3nech BepxHHE IM(PPOBbIE WHIEKCHI COOTBETCTBYIOT HHIEkcam Vv B (3.13) u
HYyMEpYIOT MaTpHYHBIE 3JIEMEHTHI 3JIeKTpoHHOH DI (3.12).
Jlaxke B CITydae HOPMATBHOM Basbl, B KOTOPOii aHoMaibHbie PI' £'2 1 £ paBHBI

11
HYJIO, YpaBHCHUC IJIA L 3aBs3aHO C HUMH, TIIOCKOJIbKY OIIepaTop gl COACPIKUT
BapHallMOHHBIC TPONU3BOJHBIC 1O ITOJIAM Vlo 2 n Vl2 0 , TaK 4TO UX Z[eﬁCTBPIe Ha [,12 n LZI

JIaeT He HYJIEBOM pe3ynbTar, JaKe €CIM Mbl 3aTeM IOJIOXKHUM 3TH TIOJIS PABHBIMU
Hymo. HopmaneHyto onekrpoHHyto @O G MOXHO HCKaTh B CTaHAAPTHOM
MYJIBTHIDTAKATHBHOM BHJIC

G=GA, 4.2)
npuueM G yIOBIETBOPAET ypaBHeHUIO Jlaiicona
G'=G,, -%, 4.3)

a cOOCTBEHHO-DHEPreTHYECKYIO YaCTh MOJKHO MPENICTABUTH B BUJIE HEPa3pe3aeMoro
2" pa3zpe3aeMoro BKIaJI0B:

2=3"+At. (4.4)
B cootHomeHusx (4.2)-(4.4) Bce BEIUYMHBI SIBJISIOTCS JBYXPSIHBIMA MaTPHIIAMHU
10 CIIMHOPHBIM HHJEKCaM ¢ apryMmenTamu tina G(lo,2o,) .

Ureparym B 06mux ypaBHeHUX (3.21) 1 (3.22) MO3BOISIOT MOTYIHUTH PSIBI
Juisl BennunH 2’ 1 /A, onpeaeneHHbIX ypaBHeHHsMH (4.2)-(4.4). B mepBbIx OByX
MOPSAKAX IO ¢ IIOYYUM CIISIYIOIIHE BEIPAKESHHS JUIs KOHLIEBOH YaCTH:

112



10.A. H3tomos, H.H. Yawun, JI.C. Anexcees

o170 45
A7 (k) [ . W] (45)

rac
(n%)=(X" + X,.”} ={c ¢, (4.6)

Cp€OHEE YN CIIO DJIEKTPOHOB HA y3JI€ CO CIIMHOM O, U

. A0k A7 (k)
A7 (k) = , 4.7
()er—@mJ @D
rae

A7 (k) == ek +@)[ (G + G5 (k+ N () +

q , (4.8)
+(G + Gk +9)D7 (9)+ (G5, + G5~k —9)D” (q) |

25 (k) == ek +@)[ (G + G5 )(k+ N7 (g)+

‘ (4.9)

H(G + G5k +q)D” () + (G + G~k —q)D” (q) ]

Bemmuuust N7 (k), ©7 (k) u ®”(k) mnpenctaBnsior ¢ypbe-KOMIOHEHTHI
6030HHBIX DI', onpeneneHHbIX cooTHOMEHUIMH (2.20)—(2.22) ¢ 4-UMITyJICOM ¢.
3neck £(k), Gypbe-KOMIIOHEHT £, , IPEACTABIISCT SHEPIUIO B 3aTPABOYHOM 30HE.

iyl

Biiian mepBoro mopsiika B Hepas3pe3aeMyl0 COOCTBCHHYO JHepruro X'
OIpe/ICIIETCS BBIPAXKSHUEM:

sty 17 4.10
o=l (4.10)

rIae
0" = &) G (k) -GS (k)] (4.11)

[MonpaBka BTOpOro mopsiaKa paBHa:

o7 (k) ﬁm}

4.12
—o7 (k) =5 (k) 12

2,7 (k) =[

rac
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7 (k) == 3 sk +q)a(k, +q)| Gy, (k)g” (k+ )G, (k +q)+

q9 Kk

(4.13)
+Gy (kg% (k+ )G (k, + )+ Z Gy (—k)g" (k+q)Gy, (—k, — q)}

a BEIMYHHA 7 (k) TMONY4aeTCs 3aMCHON CIMHOPHBIX HHICKCOB B BBIPA)KCHHH
(4.13) 14> 2. 3necy g°(k) mpeacTaBiseT TMHEHHYIO KOMOMHAILIMIO MAaTPUYHBIX
3JeMeHTOB nponararopuoi OI:
g° (k) = G5, (k)+ G5, (k) — G (k) — G, (k) =
U , (4.14)
liw, — E7 (K)][iw, — E7 (K)]

Hakosnern, BeIMMIEM HOMPAaBKY BTOPOro MOpsiAKAa B pa3pe3aeMyr0 4acTh 2,

~o
T.C. BBIPAKCHUEC I 2o = AUI . qu/ITBIBaH, YTO B UMITYJIbCHOM MNPCACTABJICHUN

red
~

t ecthb &(k)J, tne I — nBYXpsAgHas MaTpHIa, ompeaeicHHas B (2.8), u
BeIpakeHue (4.8) mus A’ (k) , momydmm:

57, = %’(k)s(k)(_ll _IJ , 415)
rae
27 (k) = A7 (k) + 25 (k) = = e(k + @) g7 (k + @)V ™ (q) +
g , (4.13)
+g7 (k+q)D7 (q)+ & (k+9)0" (q) |
&7 (k) = G5 (k) + G5, (=k) = Gy (k) = G (k) (4.14)
pu4yeM

~0 o
g (k) =—g° (k).
Msbl BuauM, yTto 2'° HE 3aBHCHUT HM OT HMMITYJIBCA, HU OT YacTOTHl U
> 1 ]

ONpEAENAET JMIIb SHEPreTUUECKUA CIABUT, 3aBUCSAIIMA OT crnuHa. [lompaBku
BTOporo mopsiaka X,°(k) m X7 (k) 3aBHCAT OT MMIyJbCa M 4acToThL M3

o

BeIpaxkeHus (4.16) BunHO, uTO BKIag B 27, ONpPEAEIIeTCs B3aUMOJECHCTBHEM

i

9JIEKTPOHOB ¢ 0O3E€BCKMMM BO30Y)KICHMSMM, Toraa kak JX)° ompejessercs

TOJIBKO 3JEKTpOHHBIMU DI
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5. IlpubJuzkeHue cpeIHero moJis
[IpocTeiimuM MpUONIKEHHEM THIIA CPEIHETO MOJS SABISETCS NPHOIIKEHUE

Xa606apa-1, yuutsiBaromee Bkiaj B X paBHbli A;f. K HeMy MoxxeT OBITh
nobaBieH BKNaa IEpBOro Imopsaka 2, He 3aBHUCSIIMH OT YacTOTHI MU
uMnysbsca. [onpaBka BTOporo mopsiika 2, 3aBHCHT OT YacTOTHI, OJHAKO MbI
MOIBITAEMCSl M3BIIeYh W3 HEEe CTATHUYSCKYI0 YacTh, HCIIOJB3YS CIEeAYIOIIU
aH3aIl.

OOpaTuM BHHMaHUE Ha TO, YTO B BBIPAKEHUS, OIPEACIAIONINE MaTPUYHbBIE
9JIEMEHTHl BKJIafa 2, TOA 3HAKOM CYMMHPOBAHHS MO HMITYJIBbCY ( BXOAHUT
BenmmunHa &Kk+q), koropas MoxeT ObITh (akTOpH30BaHa, M B NPHOIMKEHHN
OmmKalmmx cocener aist KyOMUecKoi perieTkd MOXeT OBITh BBIJENIeH (akTop
&Kk) m3 cratmyeckoil ee coctapisromield. TakuMm 00pa3oM, B CTaTUYECKOM
OpHOIKeHHN X, MOXET OBITh aPOKCUMUPOBAHA BBIPAKCHHEM

PP, (5.1)
iy 2 2

2k =

rae p; W p, HEKOTOpBIC KOHCTAHTHI, 3aBUCAIINE OT CIMHA. BEIpaxeHUs Ams

HUX MOTYT OBITh BBIIIMCaHBI, HO MBI 3TOrO AejaTb He OyAeM, IOCKOIBKY
MOMBITaeMCSd HE BBIUHCIATH MX COIVIACHO OINpElNeNIeHUI0, a HaUTH H3
HEKOTOPHIX ~ 0oOmHMX  TpeOOBaHWH, KOTOPHIM JOJDKHA  YAOBIETBOPSATH
anektponnas @®I'. Takoe TpeGoBanue ObUIO chOPMyIUpPOBaHO B paboTax
MaHYMHU M €ro COTPYAHUKOB (CM. CChUIKM B oOoOmaromeil cratbe [5]),
WCIONBb30BAaBIINX MeTol POoT — Meron JMHeapu3aluu ypaBHEHUWH JBIKEHUS
JUTSI. KOMIIO3UTHBIX ONEpaTopoB — B Mojenn Xabbapma. OHO COCTOHMT B TOM,
4yTr00bl OI' G, IpHU coBIAgAIOIUX IPOCTPAHCTBEHHO-BPEMEHHBIX apryMEeHTax
oOpamanace B Hynb. Hiuke MBI HCHONB3yeM 3Ty HIEI0 U ONpElesICHHS
napameTpoB p, U p; .

3anunieM COOCTBEHHO-IHEPTETUYECKYI0 4YacTh JJeKTpoHHoW O B
MpHUOIIKEHUH, YyYWTHIBaromeM IonpaBky "Xab06apna-1", mompaBky mnepBoro
nopsinka B 27 (4.10) m BTOoporo mopsaka B dopme (5.1). B cymme onum
COCTaBISIIOT ), COOTBETCTBYIOIIYIO MPUOJIMKEHHIO CpefHero moiist. Takum
o0pa3om, uMeeM

Lot (1= p0 1=+ p
-1 1 (n”y-p; (n%y—p5
SIcHO, YTO TepBBI 4YJIEH OTBETCTBEHEH 3a CIBHUI Xa00apIOBCKHX MOA30H, a
BTOPOM — 32 IEPEHOPMHUPOBKY HX IIUPUHBL.

S (k) =1 £(k). (52)
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[Mpomaratopnass ®I' B mpuOMMKEHUM CPEAHETO TIOJNS  ONpPEAEIsIeTCs
MaTpPUYHBIM yPaBHEHHEM

-1 -1
(6" =[G ] -2 (h),
PEUICHHUEC KOTOPOI'O MPECACTAaBUM B BUAC

(B7)yp (k) . (B)) (K)

o=, B @) T, ~ B2 ) G
Homoca E; (k) n Bbraets (@, ),,;(K) AarOTCS BHIPaKEHUAMMA:
S ()
(q)lﬂ)ll(k) - 2 |:l i 2Q6(k):|
o L (k)
(@1,2)22(1() :_|:1+ o :|
Lo , (5.4)
- =17 +(1=(n") + py)e(k)
Fo)p (k) =
(B2, (k) =+ 20° (%)
- =17 +(n”) = p))e(k)
B%)y (k)=
(P5)y (k) =+ 207 (k)
E7(K)=R7(K)F Q7 (k) . (5.5)

3nech
(k) =U-[1-2(n")+ p + pJ le(k),
a Beipakerns st R7(k) u Q7 (K) OynyT BeIIHCAHBI HUXE.

OnexrponHas OI' G npHOMIKEHHS CPEIHEro MOJsl HAXOAUTCS C IIOMOILBIO
obmero cootHomieHus (4.2), Tak 94To

G° (k) =G () A7 (k) ,
rae /Ay (k) ompenmensieTcss MATPHYIHBIM BBIpaXKEeHHEM (4.5).

Onexrponnas @I 3aBucur ot mapamerpos g, 1°, (n°), p/ U p; , KOTOpBIE
JOJDKHBI OTIPEIEIIATHCS CAMOCOTIACOBAHHBIM 00pa30M U3 ypaBHEHHUI

dn?y=n, n7)=Y Gy (i,;i,T+0),
o off

a Taroke ypasHeHwus (4.11), onpenemsromero mapamerp 77° . Ilapamerper p u p;
MBI OTIpE/IETINM U3 TpeOOBaHYsI, BHITEKAIOIIETO 3 CBOHCTB X-0IepaTopoB, @ IMEHHO:

116



10.A. H3tomos, H.H. Yawun, JI.C. Anexcees

Gi (@730, 7+0) =(GX7X[7) =0 (5.6)
GG, 7,7 +0) = <XI.UOX,.525> —ol" .

Takum O6p330M, MOJIHYIO CUCTEMY ypaBHeHI/Iﬁ JJI1 BCEX IATH TapaMETPOB MOKHO
3alucaTb B BUJIC

(n7)+(n%y =n, (5.7)

(n7) = ;[gﬁ(kw;;(k)]s (5.8)
7 =2 60| G (k) ~GL (k) |- (59)
k ;Gg(k)IO, (5.10)
Zle;(k)=0. (5.11)

(Ms! npeamnosaraeM 0OJHOPOAHOCTH COCTOSIHHH, ITOTOMY BCE CPEAHHE HE 3aBUCAT
OT HOMeEpa y31a).
W3 cpaBHeHHs JABYX IIOCIEIHHX YpaBHEHHH HAXOOUM CBA3b MEXIY

mapamerpamu p; U p;
pl+p; =—(1-Xn%)), (5.11)
TaK 4TO MapameTp p, MOXHO HCKIIOUUTH U3 BCEX BBIPAXKCHHUH, OMPEIEIIIOIINX

anexTpoHHyto ®I'. Takum obpazom, Beipaxkenus (5.4) mst BerderoB OI' cBomsiTCS
K CJICAYFOIIM:

@j‘z)lxk):l{w v }

2| 207(k)
oo AU
(B2)n (k)= 2|:1+—2Q0(k)i| . (5.13)

n” +(n7) - p)e(k)
207 (k)

Beipakenus s R (k) u Q° (k) , onpenensionine mokoca, OKa3bIBalOTCs TENEPh

(Q)IZ)IZ(k) = (Q)lc; )21 (k) =+

PaBHBIMHU

R (K) =—a§—n" F( 7 = (oK) + 2 s
(5.14)

0° (k) = %JUZ A+ () p2)e )T
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TakuMm oOpasoM, mociie HUCKIIOUeHHs p, nABa ypasHeHums (5.10) u (5.11)
CBOJATCSA K OJHOMY YPaBHEHHIO, KOTOPOE IO3BOJISIET ONPENEIHTh HEU3BECTHBIN
napamerp p, . BemonHuB Bo Bcex ypaBHeHusAX (5.8)-(5.11) cymmupoBanue 1o
4acToTaM, MPEJCTaBUM MOIYyYEHHYIO CHCTEMY YpaBHEHHI B BUIIE:

(7 = 0=1) =S (1= 20)), (5.15)
n° =-UF’, (5.16)
n°F +((n%) = p/)E =0, (5.17)
rae obo3HadyeHo (cM. paboty [4]):
o 1 E7 (k) E7 (k)
K7 = ZNZk:g (k){tanh(—zT ]+tanh[—2T H (5.18)
T W) (B
2N 42207 (k) 2T 2T

K ypaBuenusm (5.15)—(5.17) HeoOxomumo mnpunucath ypaBHeHue (5.7) Ha
XUMIOTEHIHA.

BbIUKCIMM 3HEPIUI0 CHCTEMBI IyT€M YCpPEIHEHHs ramuibroHHaHa (2.6)-
(2.7) o ancamb6mro 'u66ca. Jlerko BeIpa3uTh ee uepe3 MeKTpoHHbIe DI

0 = 2500365 (0) + U)o, (5.20)
ko af
rae
(X”)ED:%ZQZ"Z. (5.21)

Tloacrasnss croma BBIPpAXXECHUS IJII MAaTPUIHBIX DJIEMECHTOB g:/j , 3aIIMIIEM OTBET

B TepMuHax BenmmauH (5.18) u (5.19)
%(H)=U<X22)—yn+
! U , (5.22)
+Z[-’7“<n">—57€’ _?Tla +1°F° +(<n”>—pf)q“f}
(X*) =%Z<n5>(l—7<5’ +UT’). (5.23)
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Puc.1. 3asucumocms napamempog p, u p, om 31eKMPOHHOU KOHYeHmpayuu n (@) u om
8eUYUHBL KYIOHO8CK020 63aumoleticmeus U (b)

Hccnenyem pemeHnsi Hamed CHUCTEMBl HEIMHEHHBIX YpaBHEHWH IS
TIapaMarHUTHOTO CITydasl.

Ha puc. 1 npencraBnena 3aBUCHMOCTB ITapaMETPOB p; U P, OT KOHIIEHTPALUH 71 1
U. TlpencraBneHHbIE pe3yabTaThl TUMWYHBI W JUIT  JIPYTUX (PUKCHPOBAHHBIX
napametpoB. g Bcex n m U BeMMuuHA p; SBISIETCS MOJIOKUTENBHOM, a p, —
oTpuLaresbHOi. HUKakuX OTpHIATENBHBIX peIIeHHH JUisl p; HE OOHapy»KeHO.
[loBenenue p; BecbMa moxoxe Ha pemenne COMI1 s mapamerpa p (Tak aBTOPHI
Meroma COM [3-5] HaseBatorT pemenue a1t p>0). Ha puc.2 maercs
KOHIIEHTPALMOHHAs! 3aBUCHMOCTh XMMHUYECKOTO MOTEHIMAaNa MPU IBYX 3HaueHusix U
(3mech M jpanee Bce DHEPreTHYECKUe MapamMeTphbl MPUBOJSITCS B €IMHHIEAX IHPUHBI
3aTpaBouHOM 30HKI V). Tam >xe nprBoauTcs pemenre COM1, BIMUCIEHHOE HAMHU H3
ypaBHeHHH paboTsl [4], W11 BYyX BapUaHTOB 3aTPABOYHOM IIOTHOCTH 3JIEKTPOHHBIX
COCTOSTHMI: COOTBETCTBYIOIIEH JIByMEPHON KBaJpPAaTHOM pemeTKe (B MPHOMMKESHUH
ONMIDKANTIINX COCEIIEH) ¥ MOJICITBHON ITOTHOCTH COCTOSTHHI

a) 3,04 b) e
[T GFA {model) L, u GFA_(model) L=t
- - - coM1 (2d) v 254 | == - comi (29 L
= = COMI (model) e - = COM1 (model) v
P 20 P
o 2 15 {
- 5 |
s ‘
A 10 t u=25
A u=o. . =T
025 v . 5] .
S T=10° 05 P
o -~
e 004 P
0,504 : : - - . 0,5 =" : : . :
0.0 02 04 06 08 10 0,0 05 1.0 15 20
n n

Puc.2. Xumuueckuii nomenyuan [ Kak QyHKYusi 21eKMPOHHOU KOHYEHMpayuu Ois 08yX
unmepeanoe a) 0 <n<Ilub)0<n<2
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L |e|<w)2

. 5.24
0, |¢[>m)2 529

pe) =

Msr BuauM, uro COM u Ham noaxon GFA narot Giuskue pe3ynbTaThl, IPHYEM
pe3yaprar COMI1 npu ucnons3oBaHuu 2D ¥ MOJENBHON TNIOTHOCTEH COCTOSIHMI
KOJIMYECTBEHHO TaKXKe OJIM3KH, TIO3TOMY BO BCEX MOCIEIYIOUNIMX pacderax I
GFA wmbI OyzieM MMoJIb30BaThCs P MPOCTOTHI MOJCITBHOMN O €).

Heckonbko xye COBIaJeHUE Pe3yNbTaToB JUIsl BEHMYMHBI 77 (puUC. 3), XOTS
kadectBeHHOe coryacue pacuetoB COM1 u GFA wumeercsa. Ilapamerp
3aBHCHUMOCTH JBOWHBIX COCTOSIHMI [ CHOBa JaeT yAOBJIETBOPUTEIBHOE COIIACUE
JIBYX mojxonoB (puc. 4). Ilone3Ho mpeacTaBUTh 3aBUCHUMOCTH 77 OT 7 B IOJIHOM
HMHTEpBaJIE AIIEKTPOHHOI KOHIEHTpaLUH, pU pas3HbIX BennunHax U (puc. 5). [lpn
yMeHbIeHnH U yq4acTok KpuBoi 77(n), 1300payKEHHBII IPEPHIBUCTBIME JIMHUSMH,
npubImKkaercs K ocu abenucc, u npu U — 0 BugHO, 4to 77 — 0, KaK ¥ JOIDKHO
OBITB B CciIydae HEB3aHMMO/ICHCTBYIOIIUX 3JIEKTPOHOB.

b)

0,004

— GFA  (model)
=== COM1 (2d)
= COMT (model)

n=08
T=10*

-0.20 T T T J =010 T T T T
0.0 02 04 a8 08 1.0 a0 05 1.0 15 20

Puc.3. [Tapamemp 1 kax ynxyus nu U

Pacyersl TOKa3pIBalOT, 4YTO ¢ yMeHbIIeHWeM U BeJIMYMHA CKayka
XHMIIOTEHIIMaNa Tpu 7 =1 yMEHpIIAeTCS W TPH HEKOTOPOM 3HAYCHHU
U, =1.73W obpamaercs B HyJb. DTO COOTBETCTBYET CMbIKaHHIO Xa00apJ0BCKUX

HOJI30H U TNEPEXOMY JMBIIEKTPUK-METAJUl IPH COOTBETCTBYIOIIEM KPUTHYECKOM
U, =/2p,W . BOmOLHS NIOTHOCTH KBa3HIACTHIHBIX COCTOSIHAN C H3MCHEHHEM

U noka3zaHa Ui JBYX MOJENbHBIX IJIOTHOCTEH COCTOSIHMI B 3aTPaBOYHOH 30HE:
MOCTOSTHHOM (5.24) — puc. 6 1 MOMYIUIUITHIECKON —

4 26 Y
p(e) =1 7w 1‘(%)’ el <172
0, | >w/2

(5.25)
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b)

— GFA (mooal) |
=== COM1 [2d)
| = =« COMI [medel)

n=08
T=10"

0,20+ a) B
—— GFA (model)
D - - - cOoM1 24) 0.20
= = COMI (model) | A
0,154 L o it RS |
0,15
0,10 u=ns
" T=10% s
o 0.05
0,00 T T = 0,00 5
0.0 02 04 o0 05

Puc.4. Hapamemp D ={(n°n°) sanoanenus y3noe 06yMms s1eKmpoHaMU 6 3AGUCUMOCTIU

omnuU

0,154
0,104
0,05+

0,004

15

Puc.5. Konyenmpayuonnas 3agucumocms napamempa 1 npu pasnuunsix snavenusx U

1
] o(E) | p(E) ] P(E)
o8 u=o o8- Uu=1.0 8. Uu=15
n=1 n=1 n=1
(-1} 08 08
o4 04 04
02 0.2 0.2
E ] E E
2 1 [ 1 2 2 2 1 o 1 2 .o 3 1 o 1 7
i p(E) 1] pIE)
[ U=175 [ U=225
n=1 n=1
oe 0s.
o4 o4
(2 ; ] ] b H E 2 a3 [ 1 3 E
Puc.6.  Deomoyuss  K6A3UYACMUYHOU  NIOMHOCMU — COCMOSHULL NPU  NOJOSUHHOM

3anonHeHuu 8 3agucumocmu om eeaudunvl U 07151 MOOENbHOU NIOMHOCMU COCMOSHUL

(5.24) 6 3ampasounoui nonoce
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Ha puc. 7. B merone COM kputudeckoe 3Hauenue U, = 1.68/ [4].

Puc.7. Tooxce, umo na puc.6, HO 0151 NOTYINIURMUYECKOU NIOMHOCHU COCMOsiHULL (5.25).

6. 3axiroueHue

CpaBHUM Terepb JBa mojaxona K monenu XaOOapaa: pa3BUTHI B 3TOH craTbe
Mmeron mpousBosiiiero ¢pynkiponaita (GFA) nu MeTo KOMIIO3UTHBIX ONEPaTOpPOB
[3-5]. TIpubnmxenus: cpemHEro Mois B MpeAeiax 000MX MOAXO0I0B OYCHb OIU3KH
Kak 10 CTpyKType 3iekrporHold @I, Tak M 1Mo paccUMTaHHBIM C €€ TOMOILBIO
(usnueckuM cBoiicTBaM. B 00omx ciydasx mmeer Mecto AByxmoirocHas OI.
IMonxon COM conepUT OAWH MapaMeTp p, KOTOPBIA HaXOAUTCS U3 YCIOBHS
Gi2=0. B HameM ciyyae BO3HHUKAET JIB€ BEIUYUHBL p| U p,, ONpPEAEIieMble U3
aHAIOTUYHBIX ycloBUH G, =0 u Gy =0. brmaromapst cBsi3u Mexmy 3THUMHU
YCIOBUSIMH, OJMH W3 OTHX [apaMeTpoB HCKIIOYaeTcs, M B pe3yjbTaTe
anekTpoHHast @' comep>KUT TONBKO OIMH MTapaMeTp p;.

ITo ¢u3nyeckoMy copepkaHUIO MapameTpsl p U p; Onu3ku npyr apyry. B
moxxoae COM mapamerp p TOABISETCSA B Pe3yibTaTe CTATHUSCKUX (DIyKTyarmit
CIMHA U 3apsiga. B Hamem ciydae BBIp@XCHHE IUIS p; TAKXKE COAEPKHUT CIEIBI
craTyeckux (UIyKTyaluii cniiHa W 3apsja. [lompaBku K cOOCTBEHHOH 3HEPrHU
JJIEKTPOHOB 3a CYET IMHAMHYECKOTO B3aHMMOJIEHCTBHA ¢ 0O030HaMH B 00OMX
MOJIX0/1aX MPAKTUYECKH COBMANAIOT U COOTBETCTBYIOT SCBA.

VpaBHeHUsI TSI OTIpenesICHUs TapaMeTpoB 4, (n°), 7, pi B HAIIEM CiIydae, U
i, (n%), A, p B COM Oau3Kku Ipyr K IPyTy, HO HMEIOT, OXHAKO, Pa3INuHbIe
pemennss. B COM mpu 3amaHHBIX 3HAYCHHWSX BHEIIHUX MapamerpoB (n, U, W)
umeercs aBa pemrenus: ¢ p>0 (COM1) u p <0 (COM2), Torga kak B Hamem
cillyyae — TOJNBKO OJHO: ¢ p; >0 (BTOpoW mapamerp p, TpH STOM BCerja
OTpUIATENIFHBIM, HO OH HHYEro He ONpeAeNseT, KpoMe BBIIIOJHEHUS YCIOBHUS
Gi2=Gy =0 U1 COBHAJAIOIMX apryMEHTOB). 3aMedaTelIbHBIM BBIBOAOM,
CJICYONINM M3 PACUYETOB MPHU Pa3HBIX HA0OpaxX MCXOIHBIX MTAPAMETPOB, SIBISETCS
TO, YTO HECMOTPsl Ha Pa3IM4Msi B OYKBEHHBIX BBIPQKEHHAX UL IOJIOCOB U
BbrueToB 3ekTpoHHON @I B GFA 1 B COM, pacyeTsl pa3In4HbIX 3JIEKTPOHHBIX
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XapaKTepUCTUK MOJeNW OJM3KW Jpyr K JpYyry, ecium OpaTb TOJBKO
monoxutenbHble pemeHns p >0 B COM. Ocrtaercst mpu 3TOM HESCHBIM, KaKOH
CMBICTT TOrAa UMeIoT petreHus ¢ p < 0. Mmeercs u npyras ¢popMyIupoBKa 3TOTO
BOIIPOCa: KAKUMH KPUTEPHUSIMH PYKOBOJICTBOBATHCS MIPU BBIOOpE perieHu# ¢ p > 0
wm p<0 B COM. ABTOpHI 3TOr0 METOAa HE AAIOT YETKOTO OTBETa Ha ATOT
BOIIPOC M PYKOBOJCTBYIOTCS TIJIaBHBIM 0Opa3oM COBIAJICHHEM pacyeToB C
JTAaHHBIMH YHMCJIEHHBIX 3KCIEPHMEHTOB.

Wnest nHaxoxnenus mapamerpoB p B COM u p; B MeToze NpPOU3BOJIIETO
(yHKIIMOHAJIa BeCbMa IUIOIOTBOPHA, HO OHa, BOOOIIE TOBOPSI, HY’KIAETCsl B IPOBEPKE
TIPOLIEYPOH CamMOCOIIacoBaHus. B 00omx ciydasx p M p; NpEJCTaBISIOT BIIOJIHE
OTIpe/IeIIeHHBIE BHIPAKEHNSI, COCTABIICHHBIE N3 CTATUUECKHUX CIIMHOBBIX U 3apsIOBBIX
koppessitopoB B COM u npousBeaieHust Tpex 31ekTpoHHbIx OI' 8 GFA. B npunnumne
UX CIeoBaJ0 OBl HEMOCPENCTBEHHO KAKUM-TO OOpa3oM BBIUHCIHTH M CPaBHHUTDH C
pe3yabTaTaMy TIOATOHOYHOH mpoueaypsl. [IocKonIbKy crienaTh Takue pacdersl MoKa
TPYIHO, BOIIPOC O CAMOCOTTIACOBAHUH 00OOMX MOIXO0/I0B /10 KOHIIA HE SICEH.

Tem He MeHee, NPHOMIMKEHWE CpPEIHETO IO, BKIIOYAOIee B cels
napameTp p; B GFA nnmu p B COM, BecbMa cofiep)kaTeNIbHO, TOCKOJIBKY COAEPIKUT
a¢pdexTsl craTndeckux Quykryanuid. JByxmnosrocHas @I atoro mnpubimxeHus
MOXKET OBITH HCIIONB30BaHA Aaiee Ul BBIYUCICHHS HONPaBKU K COOCTBEHHOMN
sHepruu aekTpoHa 2 (K,w) oT nuHamuueckux (IaykTyaumid u Ui pacuera
6o3enonoOHbIX DI, onmceBarommMx camu 3T (QuuyKTyauuu. JluHamuueckue
monpaBku K 2'(K,w) MOTyT OBITh BRIYHCIICHBI B pamMKax npudmmkenuss SCBA. [l
BBIUKCIICHUS 0030HHBIX DI (MarHoHOB, IJIA3MOHOB, TyOJIOHOB) CIICAYET MHCATh
YpaBHEHHMS B BapUAIlMOHHBIX NPOM3BOIHBIX, HCMONB3ys onpeaeneHus (2.20)-
(2.22), B KOTOpBIE BXOAAT BapHalMOHHBIE NMPOU3BOIHBIE MO (DIYKTYHPYIOLINM
MOJISIM OT COOCTBEHHO-IHEPTeTHUECKOM yacTh sekTpoHa 2. Takoil moaxoxa Obut
HCIOJIb30BaH HAMU paHee I Mojienu Xabbapnaa B npenene U — oo [11,15].

JIpyriM HarpaBlieHHEM WCIOJb30BaHUsI TOUHBIX YPaBHEHWH IS SJIEKTPOHHON
@I, BbIBEICHHBIX HAMH, COCTOUT B HCCJIECIIOBAHMN CBEPXIIPOBOSILETO COCTOSHUS B
Mozemu XaOOapna. Ypasuenus (3.14) mis snexktporHoit ®I' Biimoyaer B ceds
aHoMaitbHbIe DI 0] 3HAKOM BapHAMOHHBIX TIPOM3BOHBIX 110 mosM V- 17, Kak
MBI TIOKa3aJIM, WX CJEIyeT Y4WTHIBaTh Ui HOPMAJIbHOH (asbl, B KOTOPOH O3TH
TIPOM3BO/IHBIC HE PaBHBI HYIIIO, JTaXKe €CITM camy aHoMastbHble DI paBHBI HyTIO (Kak B
HOpMarbHOU (paze). Ecimu mocrienHero MpearonoKeHuss He JenaTh, W3 OOIIEeTo
MaTpuiHOTO ypaBHEHUS (3.14) MOXXKHO TOCTPOWTH ypaBHEHUS MOJEIM CO CBEpX-
TIPOBOIAIINM MTAapaMeTpoM Hopsinka (cM. pabory [17]).

Tperse HampaBlieHHE — HCCIEAOBAHHE MarHUTOYIOPSIOYEHHBIX (a3 momend,
HarnpuMep (eppoMarHuTHOM. 3BecTHO, 4To ycToiunBas ¢eppoMarautHas dasa cy-
IIECTBYET B MoJiesi Xab0apa mpu noctatouHo oonbimux U. [IpenBapuTenbHbI aHa-
nm3 pereHus ypaBHeHuH (5.15)-(5.17) He oOHapy>XKMBaeT YCTOHYHMBBIX CITHH-TIOJISIPH-
30BaHHBIX COCTOSHMHA. JIJI1 WX BO3ZHMKHOBEHHS HEOOXOJMMO YYHTHIBATh B3aHMO-
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10.A. H3tomos, H.H. Yawun, JI.C. Anexcees
GENERATING FUNCTIONAL APPROACH TO THE HUBBARD MODEL

Yu.A. Izyumov, N.I. Chaschin, D.S. Alexeev.
Institute for Metal Physics, S.Kovalevskoi, 18, 620219 Ekaterinburg, Russia

Method of generating functional is developed for the Hubbard model in the case of strong
electron correlations. The method is a generalization of the Kadanoff-Baym approach,
suggested earlier for conventional fermi-systems, to highly correlated systems. The method
deals with equations for electron Green’s functions in terms of variational derivatives with
respect to fluctuating fields. In the exact equations a mean-field approximation is suggested
with taking into account the static fluctuations of charge and spin. Interrelation between this
method and the method of composite operators is established. It is shown that a two-poles
approximation for the electronic Green’s function describes essential features of
quasiparticle spectrum and its evolution when changing electron concentration » and on-site
Coulomb interaction U. At half-filling (n=1) at U = U, = 1.73W (W — width of the bare
electron band) a phase transition metal-insulator occurs.

125






OEPMU-KNIKOCTDH U CUJIBHBIE KOPPEJIAIIUN

M.U. Karanos', A.B. Uy6ykos®
' Benomonm, Maccauycemc 02478, CLIIA
2 Yuueepcumem wmama Buckouncun, Maoucon, Buckoucun 53706, CLLA

[poaHan3MpoBaHO MOBEIEHHE B3aMMOJCHCTBYIOIMX (PEPMIOHOB BOJIH3H
CTOHEepoBCKOH HeycToWuuBocTH. [lokasaHo, uro 3aryxanue Jlammay s
CITMHOBOW BOCIIPUMMYHBOCTY SIBIISIETCSI CYIIIECTBEHHBIM BO3MYIIIEHUEM BOIN3H
KBAHTOBOW KPUTHYECKOH TOUKHM M NPHBOAUT K 3((PEKTHBHON JIOKAIM3AUN
3amaul — (epMHOHHAas COOCTBEHHAs SHEPrus BOMM3M Iepexola CHIBHO
3aBHCHT OT YacCTOTHI, HO Cla00 3aBHCHT OT uMITynbca. OOcyxmaercs, Kak
(epMH-KUIKOCTHBI XapakTep IIOBEIECHUS CHCTEMBI IOCTETICHHO HCYe3aeT
BOmm3u mepexofa mpu D <3. IlpuBeneHbl pe3ynbTarel Ml (EPMHOHHON
COOCTBEHHOW SHEPIUH B KPUTUUIECKOH TOUKE.

BBenenue
Teopust pepMHU-KHIKOCTH Ha MPOTSHKEHUU Ooibiie 50 JIET COCTaBIIIET OCHOBY
HalIUX NpeJCTaBICHUN O MOBEJECHUH 3JIEKTPOHOB B MeTaiax [1-3]. OcHoBaHHast
Ha MUHUMAaJIbHOM YMCJIE MTOCTYJIATOB, OHA MO3BOJIIET HE TONBKO KaYECTBEHHO, HO
¥ KOJIMIECTBEHHO OMICATh MIOBEICHUE B3aNMO/ICHCTBYIOMIHNX 3JICKTPOHOB.
OCHOBHOH TIOCTyNaT TEOPHUH (PEPMHU-KUAKOCTH COCTOHT B TOM, YUTO
BKIIIOUCHHE B3aMMOJCUCTBUSI MEXIy (EepMHOHAMH KaueCTBEHHO HE MEHSET
CTPYKTYPY COCTOSIHUIA, pacriojioXKeHHbIX BOIM3U Gepmu-noBepxHoctu [1]. Ctporo
YTBEP)KICHHE COCTOUT B TOM, 4YTO (EPMHOHBI C DHEPrHSIMHU OECKOHEYHO
OmuskumMu Kk dHepruu DepMu cl1abo pacceMBalOTCA 3a CueT (PePMHOH-
(hepMHUOHHBIX B3aMMOJACHCTBHNA. MaTeMaTHYeCKU 3TO YCIOBHE (HOPMYITHPYETCS B
BHUJC TPEOOBaHUS, YTO MPH HCUE3AIOIIC MAJIBIX YacTOTaX COOCTBCHHAS 3HEPTHUS
(depMuoHa X(@) nOMKHA OBITH JCHCTBUTENBHOW (YHKIMEH, JIMHEHHON IO
4acToTe,

Y(ow)=lo. €))

MHumasi 4acTb COOCTBEHHOM JSHEPTuH, OTBETCTBEHHAs 3a pacCesiHue,
MPUBOJISIIIIEe K TMEPEeX0JaM M3 OJHOTO COCTOSHUS B Jpyrue (M, TEM CaMbIM,
MIPUBOJISIIEe K KOHEYHOCTH BPEMEHH KHM3HU (pepMHOHA B JaHHOM COCTOSHHUH),
IOJDKHA OBITh MeHbIe 4eM X'(w), T.e. JOJDKHA YOBIBaTh Kak Oojiee BBICOKas
CTEIeHb YaCTOTHI:

2(w) < 0™, a>0 . )

Ycemoeust (1) u (2) 03HAYArOT, YTO MPU MAJIBIX YaCTOTaX OCHOBHOM 3(PQeKT
B3aMMOJICHCTBHS — CJBHT YpPOBHEH, MPOIMOPIIMOHANBHBIA WX OTKJIOHCHUIO OT



Depmu-scudKOCmy U CUIbHBIE KOPPenAUUL

¢depmu-noBepxHocTH. CaMH XK€ YPOBHHM OCTAlOTCS HEM3MEHHBIMH BO BpPEMEHH,
T.e. He pacmuisBatoTcs. Ha s3pike dhyakumu ['prna yenosus (1), (2) o3HagaroT, 9to
B IIpeJieJie MaJIbIX YacTOT @ M MaJIbIX OTKJIOHEHWH mMmynbcea k ot dhepmueBckoro

kr (||k| —|k F|| 0 |k F|) ¢yukims ['puHa a1t B3aMMOAEHCTBYIONMMX (EPMUOHOB
HMeeT TaKoH ke BUJ, KaK M JUIsl HeB3aUMOACHCTBYIOIHUX (PEPMUOHOB, OTINYASICh

JWIIb TIEPEHOPMHUPOBKOI (PEPMHUEBCKOM CKOPOCTH M OOLIMM MHOXKHTENEM, TaK
HA3bIBAEMBIM zZ-(haKTOPOM:

z

ko) =
ko) o—v, (K| -k, )+idsgne’

3

rae v, =k, /m",am" ects s3pdextupHas macca [1-3].

Tak kak B mpenene Manbix dHEpruid 3G EeKT B3aUMOAEHCTBUSI CBOIUTCS K
HEePEeHOPMHUPOBKE KOI(P(UIMEHTOB, TO TEPMOAMHAMUYECKHE XapaKTEPHCTUKH
(epMu-cucTeM, OIMCHIBAIOIINE DEAKIUIO CHUCTEMbl Ha IPUWIOKEHHOE Maoe
BHEIIIHEe BO3MYyIIEeHHE (HalpuMep, TeMIepaTypa WId MarHUTHOE MOJIE), JOJDKHBI
MMETh TaKoi jxe (YHKIHOHAJIBHBIA BUJI, KaK U JUIsi CBOOOAHBIX (PepPMHUOHOB. JTO,
B UACTHOCTH, O3HAUaeT, YTO TEIUIOEMKOCTh (DepMU-CUCTEMBl JHMHEWHHa II0
TeMIeparype

C(T)=yT, 4)
a CTaTHyecKas MarHUTHas BOCHPUMMYHMBOCThH 3apshkeHHBbIX (epmuoHoB y(7) B
npeaeiie HyneBOfI TEMICPATYpPbl CBOAUTCA K KOHCTAHTEC.

1Ti£r3 x(T)= y(0)=const. %)

Koadpunmenr yp ornmyaercss OT CBOEro 3HAYeHHs /Il CBOOOJHBIX
depmuonoB ., =mk, /3 (B TpPEXMEpPHOM Cily4ae) TOJIBKO TeM, YTO BMECTO /m B

Hero BXOUT ddexTnBras Macca m [1-3]

*

m
y:yfree_' (6)
m

[ocTositHHOE 3HAa4YEHHE BOCIIPUUMYMUBOCTH TAKXKe OTIMYAETCS OT pe3yJibTara
JUIsl CBOOOJHBIX (DEPMHOHOB ITOCTOSIHHBIM MHOJKHTEJIEM, YTO TI03BOJISIET BBECTH
3¢ PEeKTUBHBII MarHUTHBII MOMEHT ()epMHOHA.

JluneiiHas 1O TemIlepaType TEIUIOEMKOCTh M IIOCTOSIHHAsh MarHWUTHas
BOCHPHHAMYHMBOCTh — JIBe (hyHIAMEHTaIbHBIC XapaKTEPUCTHKH (HEepMH-KHIKOCTH
TIpH JTF0OOM YHCIIe H3MEPCHHUH.

Teopuss epmu-xumKocTn ObIa cosfmaHa JlaHmay OISl ONMKCAHWS CBOMCTB
xuKoro “He npy Huskux Temneparypax [1]. Tlocne oTkpbiTHs cBepxTeKydectd “He
BBISICHWJIOCh, 4TO TeopHs [1] He MOXKET ObIThb HCIIONB30BaHA TMPH CBEPXHH3KUX
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(MUJITMKENTEBUHOBCKHX) TEMITEpaTypax, OAHAKO WMEETCS OTHOCHTENBHO IIMpOKast
obmacte Temmeparyp, rae Teopus JlaHmay mpumeHmMa. lcronb3oBaHWE TEOPUH
(hepMU-KUIKOCTH TIPH OIMMCAHWK CBOWCTB HOPMAIBHBIX METAIUIOB TOTPEOOBAIO
ydeTa 0COOEHHOCTEH CIIEKTPA AJIEKTPOHOB IPOBOIMOCTH.

TpaauIMOHHO 3JIEKTPOHHAS TEOPUS METAJUIOB HUCXOIIIA U3 MIPEITIOI0KEHHS
0 (epMu-Tase 3JIEKTPOHOB IPOBOAUMOCTH, OTIMYHE KOTOPOTO OT ra3a CBOOOJHBIX
AJIEKTPOHOB JIAIIh B 3aKOHE IUCTIEpCHH &= &(P). 3aBUCUMOCTH DHEPTUU & OT
KBa3MUMITyJIbCa P, KaK pe3y/lbTaT OJHOIO M3 BapUAaHTOB 30HHOM TEOPUHU, MOMKET
CTOJNb CYIIECTBEHHO OTJIMYATBCS OT p°/2m, YTO TPHBOAMT K BBIUYPHBIM
moBepxHocTsM Depmu (cM. [4a]) W JenmaeT akTyalbHOW OOpaTHYIO 3afady —
omnpexenenue Gopmel nosepxHocTu Pepmu &(p) = & U CKOPOCTEH INEKTPOHOB Vp
Ha Hel M0 3KCIIepUMEHTAIBHBIM JIAHHBIM.

B 50-e roaps! mponnioro Beka paspabatbiBasiach (B ocHOBHOM U. JIngimiiem
W €r0 YUYEHHKaMH, CM. [5]) a/eKTpoHHas TeOpHsl METaIJIOB, B KOTOPOH OCHOBHOE
BHUMaHHE YJEISUIOCh CTPYKTYPHO-UyBCTBHUTEJIBHBIM  SBJICHUSM (TaJbBaHO-
MarHuTHble siBIcHUs, G ¢ekt ne ['aaza—Ban AnbdeHa u ap.). B nampHeimem 31o
HaIlpaBJIeHNE TOJIyYHIO HaNMEHOBaHHE ()epMHOJIOTHH. 3a HPOLIENIINE MTOJIBEKA
(epMHONIOTHS TIO3BOJIMJIA OINPEACTUTh 3HEPreTHYECKUH CIIEKTP IOYTH BCEX
METaJIoB.

DopMallbHO TEOpHsl CTPYKTYPHO-UyBCTBHUTENBHBIX SIBICHUH CTPOMIIACH,
UCTIONB3YsS MpEICTaBlIeHHEe 00 3JIEKTPOHAX MPOBOIMMOCTH Kak O (epMH-rasze
3apsDKEHHBIX (hepMHOHOB. CKa3aHHOE BBIMIE O CXOICTBE CTPYKTYPHI COCTOSIHHH,
Om3kux K noBepxHoctH depmu B pepmu-raze U B (HepMH-KUAKOCTH, a TAKKE
HEMOCpPEeACTBEeHHbIN aHamu3 (cM. [5]) TOKa3bIBaeT, 4YTO MPAKTUYECKU BCE
(epMHONIOTHYECKHE PE3YNbTaThl MOXKHO TPAaKTOBaTh KaK OTHOCSIIUECS K
WUCTUHHOMY (’KHJKOCTHOMY) SHEPTeTHIECKOMY CIEKTPY METaJIOB.

B mMeramnax ecth sIBIEHHUS, KOTOphIE HE MMEIOT aHaNora B ra3e CBOOOIHBIX
JJIEKTPOHOB, T.K. OHH CBSI3aHBl C CYIIECTBOBAaHWEM (EPMH-IIOBEPXHOCTEH
CJI0KHOM TOTOIOTHH (MHOTOCBSI3HBIX, OTKPHITHIX ). Ka3zanock Obl, IpH IOCTPOCHUHU
TEOPHUN TAaKHWX SIBICHUH MOTJHM OBITh OOHAPY)KEHBI CYIIECTBEHHBIC OTIMYHS NPH
OIMUCAHUH IEKTPOHOB MPOBOJUMOCTHU Kak (epMHU-Ta3a M Kak (epMHU-KUAKOCTH.
OT10 He Tak. XapaKTepHBIH MPUMEP — AIEKTPOHHBIN TOMOIOTUYECKUN Tepexo B
HOpPMaJIbHOM MeTa/ule (WIM mepexof, 2)%2-ro poja COINIaCHO TEPMHHOJIOTHU
Opendecra), 00yCIOBICHHBIH M3MEHECHHEM CBS3HOCTH MOBepxHOCTH Depmu. B
TOYKE TIepexoia JaKe TaKoe XapaKTepPHOE CBOWCTBO (hepMH-CHCTEMBI Kak
JMHEeHas 3aBUCUMOCTh TemoeMkocTn C OT TemmepaTypbl I mperepreBaeT
m3menenue (C oc T 3/2). CreunanbHbli aHau3 [6] 0HAKO TOKa3ai, YTo XapakTep

! Cm. Ya. Blanter, M. Kaganov, A. Pantsulaya, A. Varlamov. Phys.Rep. V.245, N4,
pp. 159-257 (1994). B 0630pe — noopobnas dubnuocpaghus.
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repexo/ia 1 OCHOBHBIE 3aKOHOMEPHOCTH B (DEPMHU-KHUIKOCTH OCTAIOTCS TEMH XKe,
4TO U B (hepMu-Tase.

B Teopunm (epMH-KHIKOCTH BaXKHYIO pOJNb HIpaeT IepeHOPMHUPOBKA
3¢ (eKTUBHON Macchl, B YaCTHOCTH OOs3aHHAsl B3aMMOACUCTBHIO DJICKTPOHOB C
tdotonamu (cm. HIke). [ToapoOHEI anamm3 [6] mokazan, 4yTo yCIOKHEHHE 3aKOHA
JHCIIEPCHH DIIEKTPOHOB MPOBOJMMOCTH M (POHOHOB (HAIPHMEp, CYLIECTBOBAHHE
ONITHYECKHUX BeTBEl (JOHOHHOrO CIIEKTpa B HEOJHOATOMHBIX META/LIaX) MOXKET
MPUBECTH K KOJIMYECTBEHHBIM, HO HE KaU€CTBEHHBIM N3MEHEHHUSIM.

Kak Oyzner BuaHO, yTBEpIKIEHHSI HACTOSAIIEH CTaThH HE OUYEHb YyBCTBHTEIb-
HBl K aHU30TPOIHHU BJIEKTPOHHOTO cIieKTpa. Vcmonb3ys mpuHsThIe B (hepMHOIIO-
T TEOMETPHYECKHE TPEICTABICHHS, BCE MOIYYCHHBIC 37IECh BBIBOJBI MOTYT
ObITh 0000mmIeHBI Ha cioy4ail moBepxHocredl depMu NPONU3BOIBHON (HOPMBIL
[IpounTHpoBaHHas BhIIIE CTAThs [6] — MpuMep MoJ0OHOT0 0000IIEHUS.

BepHeMcst K ONFCaHMIO XapaKTepHBIX YepT (epMu-xkuakocTi. CTpykTypa
(epMHOHHOW COOCTBEHHOH OJHEPTMM W, COOTBETCTBEHHO, (opMa TIIOMPaBOK K
OCHOBHBIM (DOpMyJIaM, ONHCHIBAIOIINM (PEePMI-KHAIKOCTh, BOOOIIE TOBOPS, 3aBHUCHT
oT pasmepHocTd. Eciu Obl mosHOE (B CMBICIIE, TOJHOCTBIO HEPEHOPMHPOBAHHOE)
B3aUMOZEHCTBHE MeXIy (pepMIOHaMHU OBLIO KOPOTKOASHCTBYIOIIMM, TO €CTECTBEHHO
OXKHUIATh, YTO (PePMUOHHASI COOCTBEHHAs SHEPTHsl PacKIAbIBACTCs IO LEIOUHCICH-
HBIM CTENeHsIM 4acToThl. Tak Kak cOOCTBEHHasl dHeprusi 00si3aHa ObITh MHUMOW Ha
MHHMOH (Mairy0apoBCKOii) OCH, TAKOE Pa3JIoKeHHE JOJDKHO UMETh B

D (w)=Ao+aw’ +bo’ +...

7
Z"(a)):ca)z—i-da)“—i-... @

Ipu Taxoii coOCTBEHHOW SHEPrHM, TEIUIOEMKOCTh M MAarHWTHAs BOCTIPUMMYH-
BOCTh — aHAIUTHYECKHE (GYHKIMH TI0 Temmeparype 7 W 1O HMIynscy (O, T.e.
TIPEJICTABIISFOTCS B BUAE PSA/IOB!

C(T)=yT+a,T +a,T° +...
20,T)= 7(0,0)+ &, T* +2,0% +...

B peifictButenbHOCTH 3TO He Tak. Jledo B TOM, 4TO 3(QQeKTUBHOE
B3aUMOJEHCTBHE MEXay (EepMHOHAMH BCErlla HMEET JAalbHOJCHCTBYIONIYIO
KOMITOHEHTY, YOBIBAIOIIYI0 C pacCTOSHHEM 7 CTENeHHBIM o00pa3oM, a He
9KCTIOHEHIIMAIBHO. [IpoWcXxomutr 3TO W3-32 CHHTYJSIPHOTO (aHOMAJIBHOTO)
XapakTepa YaCTHIHO-IBIPOYHOTO TOJIAPU3AIMOHHOTO OIEpaTopa, OTBEYAOUIETO
32 SKPAaHUPOBKY B3aUMOACHCTBUS MexX Iy depmuonamu [4]. IToT 3¢hpexT xopomo
m3BecTeH B Teopun (pepmu-xuakoctu [3]. JampHomeiicTBHe BO3HUKACT 1O JABYM
NpUYUHAM. Bo-nepevix, CTaTUYECKUM YaCTHUYHO-IBIPOYHBIA MOJSIPU3ALMOHHBII
omeparop [[(k) cunrymsapen mpu p =2pr (koHOBCKas anomanms [8]), U 3TO

®)
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MPUBOANUT K (DPHUIEIEBCKUM OCIHILIAINAM S((EKTHUBHOTO B3aMMOJCHUCTBHS Ha
OONBIINX pacCTOSHUAX. B TpexmepHOM cirydae

cos(2k,.r) ©)

Lo (r) o
3aMeTHM, YTO STH OCUWIISIIUE TPUBOAAT K 3()(HEKTHBHOMY NPHUTSHKEHHIO MEXITY
(epMHOHaMH B KaHajlax ¢ HEHYJIEBBIM opOuTanbHbIM MoMeHTOM (3ddexT Kona-
Jlartumxepa [9]) u urparoT pois B cBepxTekydects “He [10].

Bo-smopwbix, nuHaMUYecKuii YaCTHYHO-BIPOYHBIA OIepaTop HEaHATNTHYECH
10 UMIYJbCY MPHU MaNbIX g [2,3]:

,
H(q,a)m)ocl (quD a)m) (10)

l4]
(w,, — Marry0apoBCKasi 4acToTa). ITO TOXKE MPUBOAUT K CTCIICHHOMY MOBEIICHUIO
JUHAMHUYECKOT'O B3aHMOH€ﬁCTBHH B TpeXMepHOM cnyqae

Fcff(a),r)ock:—ﬂ. (11)

06a >ddexra BIUAIOT Ha COOCTBEHHYIO YHEPTUIO0 (PEPMHOHOB M TIPUBOIAT K
TOMY, YTO pa3jioKeHHE X 0 YacTOTEe OKa3bIBAeTCS HEaHAIMTHYHBIM: Kpome (7),
TOSBJISIOTCS TaKoke wieHbl Buaa o [11]. TIpu HpOU3BONEHOM HE I1eI0M 3HAYeHHH
pasMepHocTH D TakuWe UICHbl MPUCYTCTBYIOT Kak B X', Tak u B X". Ilpu
LEIOYHUCIIEHHBIX Pa3MEPHOCTSX €CTh JOMOJHHUTENbHBIE JIorapudMbl. Tak mpu
D =3 cunrynsapHbIe BKIAJIBI BEAYT ceOs, Kak

Yowlogw, T (12)
HpuD =2

Yo, Xoeco’logo. (13)
IpuD=1

Yoewlogw, X'co. (14)

Just X' cuHTYJSIpHBIA BKIam Tpu Bcex D> 1 ecTh Mmarnas TOmMpaBKa K
IJIABHOMY WieHY. B COOTBETCTBHMHM € OOIIMMH TMOJOKEHUSIMH 3TO O3HAYAET, YTO
Teopust (hepMU-KUAKOCTH CrpaBeuiuBa rnpu Bcex D > 1. B ogqHOMepHOM cityuae
CHHTYJISIpHAs TIOIIpaBKa MPeBOcXoauT "ocHOBHON" O(w) uneH. DTO — HHAUKATOP
Toro, yto npu D = 1 Teopust pepMHU-KUAKOCTH HEBEPHA.

B 10 K¢ Bpemst, s X (@), peryiaspubii wien O(’) TOMHHHPYET TOJBKO,
ecmt D> 2, a ecnu 1 <D <2, TO IJIaBHBIA BKIIaA B X" BHOCHT aHOMAJbHBII o”
wieH. B WacTHOCTH, 3TO O3HAa4yaeT, 4TO HEMPABIIBHO OTOXKAECTBISITH TEOPHIO
dbepMu-KuaAKOCTH ¢ HanmuuueM X" oc @ (M, KaK CIEICTBUE, C COMPOTHBICHHEM
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p(T)oc T?). Takoe MOBEAEHHE OCYMIECTBISETCS TONbKO mpu D >2, a Teopus
(hepMu-XUAKOCTH cripaBeumBa 10 D = 1.

CuHTyISipHBIE TONPaBKH K X(®) NPUBOAAT K TOSBICHHIO CHHTYISPHBIX
HONPaBOK K BOCIIPUMMYUBOCTH U TEIUIOEMKOCTH. )1 TEIII0eMKOCTH

Cope (1) = T (15)
C JIOTIOJTHUTEIILHOM JIorapu(h)MUUECKOM 3aBUCUMOCTBIO Tipu D = 3, rae
C,.(T)ocT logT . (16)
st BOCIpUMMYKBOCTH
Lo (T.0Q) o T, 07 (17)

C JIOTIOJIHUTENBHOM JTorapudmudeckod 3aBUCUMOCTBIO 110 O (He 110 7) B TpeXMEpHOM
clydae

Kown € O’ l0g O . (18)

AHanu3 CHHTYJSPHBIX TONPAaBOK K (DEPMHU-KHUAKOCTH HMEET JUTHHHYIO
ncropuio. [lo-BuauMoMy, BIEpBBIE HEAHAJIWTHYHAS IONPAaBKA K TEIUIOEMKOCTH

suna T log7 mpu D=3 Gbuta momyuena Dnmambeprom B 1963 r. [12]. Kro

nepBbli momyunn  mompasky 1°log7T K 3IEKTPOHHOH TEMIOEMKOCTH 3a CUeT
3JIEKTPOH-3JIEKTPOHHOTO B3aMMOJEHCTBHS, aBTOopaM HeusBecTHo. Ho yxke c
cepearHbl 60-X TOMOB 3TOT PE3yNIbTaT CTAN OOIIEH3BECTHBIM.

JanmpHeiimee pa3BUTHE WCTOPHS TONyYMia IPH aHAIW3C JaHHBIX I10
Teroemkocty B “He. B 1966 roxy JIx. Butnu u ero coaBropsl ycranoBuiu [13],

2
4T aHaIMTHYecKoe pasnoxenne C/T no crenersim (7/E, )  HECOBMECTHMO € HX

JnaHHbIMUA. Ha ocHOBaHMUM MX NaHHBIX AHIIEpCOH [14] BeIcKazan mpeanosioKeHue,
YTO IOIPaBKU K (PEPMHU-KUIKOCTH MOTYT OBITh HEAHATUTHYHBI 110 TEMIEpaType.
Jonnak n DHremscOepr [15] BRUHCIMIN MOMPABKY K TEIUIOEMKOCTH B paMKax
napaMarHUTHOH Mogenu s “He n omsits ke momyunan T° logT. TTosxe 3ToT e
Bompoc o0cyxknancs B padorax [16-19].

B nBymepuoM ciydae SC(T) oc T Gbi10 momydeno B padorax [20-21]. dus

3NIEKTPOH-3IIEKTPOHHOTO B3aMMOJIEHCTBHS UiIeH, MPOMNOPLHOHATbHBI 17, OblT
BBIUHUCIICH C COOTBETCTBYIONIMM KO3 PHIIIEHTOM B padoTte [22].

C mompaBKamMH K CIIMHOBOH BOCIPUHUMYHMBOCTH JIeJI0 OOCTOHMT emie
nHTEepecHee. BriepBbie 3TH MonpaBKU ObUTM BBIYUCIICHBI B pabote [18] Oe3 yuera
2pr — ohdexToB. ABTOpH [18] mMOMyUYMIM aHaTUTHYECKHE IIOTPABKU II0
TeMIIepaType W 10 HMITyJibcy. [locie 3Toro, B T€4EHHE HEKOTOPOTO BPEMEHH
MIPUHATO OBIIO CYUTATh, UTO CHHTYJSIPHBIC IONPABKHA K (DEPMHU-KUIKOCTHBIM
(hopMysIaM CyIIECTBYIOT TOJNBKO ISl TEINIOEMKOCTH.
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Cutyanust w3MeHWsIach Tocie pabotel [23], B KOTOpOW IONMpaBKU K
CIIMHOBOM BOCIIPUUMYHMBOCTH OBIIM BBIYHMCIEHBI aKKypaTHO, C Y4YETOM JABYX
CHHTYJISIPHOCTEH B MOJSIPH3ALMOHHOM olepatope (TpH HyJIeBOH Iepenade
UMIOyJdbca W TpH Iiepeade, paBHOH 2prp ). Astopel [23] momydmmn
Sy (T)OT?, Sy (Q)ocQ’logQ — aHATUTHYECKYIO TIONPABKY MO TEMIEPaType U

HEaHAJUTUYECKYI0 TMOMpaBKy Ho ummynscy. bapanos, Karan, Mapenko [24] u,
noxe, YuroB u Muuc [25] BRIYUCIWIN TeMIEpaTypHYIO MTONPaBKy K CIIMHOBOM
BOCIPMUMYHMBOCTH B JByMepHOM ciydae. Onu mnomyumnu Oy, (T)o«c T, uto

cootBetrcTByeT (17). MacnoB u UyOykoB [11] BbIUMCIAMIM B IByMEPHOM Clly4ae
0y, (Q)u nomy4unu 5;(3(Q)oc|Q| , 4TO TOke Haxomurcsi B coryacuu ¢ (17). B

9TOH ke paboTe OBUIO YCTAHOBIEHO, NOYEMY OXHAaeMas Jorapupmuueckas
3aBHCHUMOCTh OT TEMIIEpaTypbl HE BO3HUKAeT B TPEXMEPHOM ciyuae. AuneiiHep,
3ana u Hapoxsbii [26] moka3anu, YTO CHHTYJISPHOCTH IOJSIPHU3ALMOHHOTO
oreparopa IMPUBOAUT K HEAHAIUTHUYHOCTH TEMIEPAaTypHOH 3aBUCHUMOCTH
IIPOBOAMMOCTH B TPSI3HON (hepMH-KUAKOCTH B OAIMCTHYECKOM peskimMe. Bompoc
0 HEaHAJMTHUYECKUX IIONpaBKaX K (PEepMHU-KHUIKOCTH JaJleK0 HE HCYeprnaH M
MIPOAOIDKAET 00pacTaTh HOBBIMHE MOIPOOHOCTIMU [27].

WHTEepecHO OTMETHTb, YTO, KaK MOKa3bIBACT ACTAIBHBIN PACUET, CHHTYIISIPHBIC
TIONPABKH K (epPMHU-KUAKOCTHBIM (hOpMyJIaM IIPOUCXOIAT BCETO OT JIBYX BEPIIHH C
HyJIEBBIM CYMMapHBIM HMITYJILCOM H IIepeIaHHbBIM UMITYJIbcoM Jnb0 0, 160 2py:

p p p P

—_— —_—
| |
N o N .
u .

C ¢QopmanbHOM TOYKM 3peHHsl 00e 3TH BEPUIMHBI OTBEYAIOT PACCESIHHIO Ha3aj
(BepILMHA, OTBEYAOIIAS PACCESHUIO BIIEpE, MMesa Obl 4 OJAMHAKOBBIX MMITYJIbCA).
Hanbornee cymniecTBeHHO, 0/JHAKO, 9TO 00€ BEPIIMHBI OJHOMEPHBIE B TOM CMBICIIE, YTO
BCE UMITYJIBCHI PACIIONOMKEHBI BJIOJIb OAHOM OcH. DTOT (akT JOCTATOYHO 3HAMEHaTe-
JIEH, TaK KaK MIMEHHO TTOPaBKH, 00S3aHHBIC CHHTYIISIPHOCTH MOJISIPU3ALIMOHHOTO OTe-
paropa pa3pymaroT GepMUA-KHIKOCTH B OJHOMEPHOM cirydae. Kak Me1 BUmiM, "oHO-
MepHbIe" B3anMOICHCTBHS MPOSIBISIFOTCS U B CHCTEMAaX 0oJiee BRICOKOH Pa3sMepHOCTH,
1 OTBEYAIOT 32 HEAHATUTHYHBIC TIONPABKH K (pepMU->KHAKOCTHBIM (hOpMyJIaMm.
CopeprxaTenbHas YacTh HACTOSIIEH ITyOIMKAMK B TOCIEAYIOMUX naparpagax.
O 4em onu? byzer mokazaHo, KakuM 00pa3oM HeaHAIUTHUYHBIC MONPAaBKU K (hepmu-
KUJKOCTHBIM (popMyJiaM MOTYT JIOMUHHpPOBAaTh B CpPaBHEHHH C pErYJSIPHBIMH
YjJeHaMM, Jlake KOrJa pa3sMepHOCTh npocTpaHcTBa D >1 (ocoOblii MHTEpeC
MPENICTABIIIOT, €CTECTBEHHO, pasMepHocT D =2 u D = 3). Korma 310 mpoucXoauT,
TO OOBIYHO TOBOPST, YTO B CHUCTEME pa3BUBAIOTCSI CHIIBHBIE Koppemsiuuu. byner
ToKasaHo, yto npu D < 3 3TO MPOUCXOIUT TOT/Ia, KOTJa CUCTeMa MPUOIMKAeTCs K TaK
Ha3blBaeMol HeycToiunBocTH [lomepaHdyka, pu KOTOpPOW OJWH W3 IapaMeTpoB
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Jlanpay craHoButcs paBHBIM -1 [3]. IIponcxoaut 3T0, €M B CHCTEME BO3HHMKAET
HEYCTOMYMBOCTb MO OTHOLIEHHWIO K BOJIHAM 3apsAf0BOil WM CIHMHOBOI IUIOTHOCTH.
Jns  ompemeneHHOCTH OyAeT pPacCMOTPEHO TIOBeACHWE (PepMU-CHCTEMBI B
OKPECTHOCTH (PeppOMATHUTHON HEYCTOWYMBOCTH, TPHUBOJIAIICH K BOJNHE CIIMHOBOM
wioTHoctH ¢ ¢ =0. Byner BUAHO, 4TO HEaHAIUTHYECKHUE HWIEHBI B COOCTBEHHON
SHepruu "B3phIBaloTCA" BOMM3M HEycToiumBocTH mpu pasMepHocTH D < 3. Bymer
Pa3bACHEHO, IOUEMY 3TO TIPOUCXOJIHT, M KAK MOXHO ONUCATh BO3HUKAIOIINE CHUIIbHBIE
Koppemsiiuu B cucteMe. KOHTponmpyemoe TeopeTHYeCKoe ONUCAHHE BO3MOXKHO B
CHUTyallMd, KOTJA CUJbHBIE KOPPEIIMH IIEIHKOM OO0f3aHBl NPUOKEHHIO K
HeycroiurBocTy [lomepaHuyka, a BIalM OT Iepexo/ia KOppeJsILiuU cliadble.

Ha coBpemenHoM si3bike HeycToitunBocTh IlomepaHuyka NpPUHATO Ha3bIBATH
KBaHTOBbIM (ha3oBbIM TiepexonoM [28]. HccnemoBaHue KBaHTOBBIX —(a30BBIX
MIepPEXO0I0B B IMOCIIEAHNE TOJIBI ObICTpO pa3BuBaercsi. C OJHOM CTOPOHBI, €CTh OYEHb
CYILIECTBEHHBIN TIPOrpecc B MOHUMAaHWH TOTO, KaK YCTPOEHBI KBAaHTOBBIE MIEPEXO/IbI B
YUCTO MarHWTHBIX CHUCTeMax (T.€. B CHCTeMaxX JIOKaJIM30BaHHBIX crmHOB [29]). C
JPYTOH CTOPOHBI, €CTh CYIIECTBEHHBIH MPOTPECC U B 3KCIIEPHIMEHTAIBHOM H3ydIEeHUN
OTKJIIOHCHHH OT (DEepPMH-KUIKOCTHONH TEOPHH TpPH TNPHUOMMKEHHH K KBAaHTOBOH
KPUTHYECKOH TOUYKE B 30HHBIX MarHeTukax. Hambomee xapakTepHO Takoe MOBEACHHE
MPOSIBJISIETCS B COSAMHEHMSIX C TSHKENbIMU (hepmuoHamu, Takux kak CeCug,Au, [30],
YbRh,Si, [31], Ce(Co,Rb,Ir)Ins [32], CePd,Si, [33], Celn; [34], UPL; [35] u mpyrux.
JocraTouno mompoOHbBIi 0030p COBPEMEHHBIX IPEJICTABICHNH O KBAHTOBO-KPHUTH-
YECKOM IOBEJICHUH B COSIMHEHMSIX C TSDKENBIMU (pepMUOHAMU coziepsKHTCs B [36].

Bepremcst k Hamemy paccMotpenuto. KonmuecTBeHHO, crabocth (uyKTyarmit
BIIM OT MEpexoja BBIPAKACTCS B MaJOCTH OTHOLICHWS B3aMMOJICHCTBHS g M
saeprun Pepmu E,. o< v, /a (B cTaThe NPUHATO, UTO /i = 1)

£ 0. (19)
v./a

OnHOBpeMeHHO, BOJIM3M TMepexo/ia, MarHuTHasi KOPPEISIIMOHHAs JUTHHA ¢ BEJIUKa 110
CPaBHEHHUIO C MEKaTOMHBIM PAacCTOSHUEM a. Byner nokasaHo, 4To B Takoi cUTyarmu
CHHTYJISIpHbIC (HEaHATUTUYECKHE) TONPaBKH K (pepMU-KUIKOCTHBIM (opMynam
OIIPENIEIISIOTCS TAPAMETPOM

(4 o)
ve.la \a

s D<3[37]m
g -log(éj @1
v./a a

npu D =3 [38].
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W3 (20) u (21) BuaHO, uTO TIpH & —> 00 CHHTYJISIPHBIE MTONPABKU OKa3bIBAIOTCS
BEINKH, T.e. CHCTEMa HE MOXXET paccMaTpuBaThCsl KaK CHCTeMa ci1abo
B3aUMOICHCTBYIONMX KBa3udacTHl. [Ipu D > 3 CHHTYNSpHBIE TIONPaBKH MaJbl B
Mmepy (19) naxe ecnu & = oo,

CrpykTypa majpHeWIIeit 9acti cratbu crienyromas. CHagana oocymM dhdek-
THBHYIO CIMH-(DEpMHUOHHYIO MOJIENb, MPHUMEHIEMYIO BOIM3H MarHUTHOTO IIEPEXO0/a,
Y TTOKa)KEM, KaK YCTpOeHa COOCTBEHHAsI SHEPTHsI, Korna & ~ a, T.¢. ycnosus (19) u (20-
(21) He pasmruatotcs. Byner mokasaHo, YTO WIEH, OTBETCTBEHHBIN 33 IEPEHOPMH-
POBKY 3(p(EKTHBHON Macchl, IPECTABISIET cOO0H aHOMANBHBINA BKJIAJ B COOCTBEH-
HyI0O DSHEPIHI0 M 00f3aH CBOMM IIPOMCXOXKACHHEM TOHW K€ CHHTYIIPHOCTH B
JaCTHYHO-JBIPOYHON NETJIE, YTO MPUBOIUT K HEAHATUTUYECKOI MONpPaBKe K TEILIOEM-
KOCTH (hepMH-KHAKOCTH. Byner mokaszaHo, 4To CHHIYJIAPHBIN BKJIAI B COOCTBEHHYIO
sHepruro "mpuBszaH” K  (epMU-TIOBEpXHOCTH. bByzner mpoaeMoHCTpupoBaHa
SKBUBAJIEHTHOCTh AMArPaMMHOTO TNozixoja Teopun (epmu-xunkoctu Jlannay. 3arem
OyJeT MoKa3aHo, YTO CTPYKTYpa CHHTYJISPHOTO WIEHA MEHSETCS, Korja ¢ HaunHaeT
Bo3pactath. [Ipy &~ a, CUHTYISpHBIA WieH B COOCTBEHHOH SHEPrHH 3aBUCUT OT
HMITYJIbCa, HO HE OT YacToThl, T.¢. X(k,w) ~ X(k). [To Mepe yBenmdeHus ¢ 3aBUCUMOCTh
OT MMITYJIbCa YCTYNAeT MECTO YacTOTHOW 3aBHCHMOCTH, M, KOTJ[a CHCTEMA BXOJHT B

3-D
PEeXNM CHIIBHOW CBSI3H L(éj > 1, CHHTYJISIpHas COOCTBEHHasl SHEPTHUs yxKe
v./la \a
3aBHCHT TOJBKO OT YacTOTHI, T.e. X(k,w)= X(w). PerynspHas dacte coOCTBEHHOMU
SHEPTHU MO-TIPEKHEMY COJCPKHUT 3aBUCHUMOCTH OT MMITyJIbCA, HO 3Ta 3aBUCHMOCTD
Marna 1o mapametpy (19). Byner BumHO, 9TO 3aga9a ¢ Oonbmmoi X(w) u Mauoi X(k)
pemiaercs TOYHO (B TIPEHEOPESKEHWM PETYSPHBIMU IONpaBKaMM), TaK Kak
BEpIIMHHBIC TIONPAaBKH TOXKE OKasbIBaloTCd MajbiMu 1o mapamerpy (19). Ilo
CYILECTBY 3ajaya OKa3blBaeTCsi MAaTEMaTHYECKH IOYTH SKBHBAJICHTHOH 3ajade 00
9NIEKTPOH-POHOHHOM ~ B3aHMOJICHCTBHH, paccMOTpeHHoW Murnaiom [40] wu
Omuaideprom [36]. B ciyuae, KOTOPBIil pacCMOTPEH 3/1€Ch, POJIb KOHCTAHTBI CBS3U A

3-D 1/2 3-D
g 9 my a T
urpaer — = .| =2 , a4 pOJIb MAJIOTO MmapamMerpa | <l urpaer | — . 1aKum
VF /a a mion
3-D 1/2
g a M
O6pa30M, =1 — [] 1 WUrpaceT Ty XK€ pojib YTO U 4| —<L [1 1 BcCiIydaec
Vi /a § Mion

3NEKTPOH-(POHOHHOTO B3aUMOCHCTBHS.

1. CoGeTBeHHAs JHEPIHUsl B TEOPUH (PePMH-KHIKOCTH
To, 4TO TEmIOEMKOCTh M BOCIHPHUMMYHBOCTH CHCTEMBI B3aMMOJCHCTBYIOIINX
(epMHOHOB COXPAHSIOT TaKylo e (GOopMy KakK M JUis CBOOOIHBIX (PEepPMHUOHOB, HE

? Maparpadsi 1 u 2 Harmcans! A.B.UyGykoBbIM
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BBI3BIBAECT OCOOBIX BOIPOCOB, ITOCKOJIBKY BIIOJIHE €CTECTBEHHO OXKHAATh, YTO 32
peaKmyio Ha TPHIOKEHWE MajlorT0 MAarHUTHOTO TOJS WM Ha W3MEHEHHE
TEeMIIepaTypbl OTBETCTBEHHBI (PEPMHUOHBI, HAXOMSIIMECS B HEIOCPEACTBEHHOMH
Oomm3ocTd K (hepMHU-TIOBEPXHOCTH, IJIS KOTOPHIX BBIpakeHHWE (3) CIpaBemjIHBO.
OnHako, Teopust pepMU-KUIKOCTH STHM HE OTPAHUYUBACTCS. Y TBEPIKIACTCS, YTO
NEPEHOPMHUPOBKA MAacCChl ONPEEISIeTCs] B3aMMOACHCTBUEM MeEXay (hepMHOHAMHU
U3 HENOCPENCTBEHHOH OKpecTHOCTH (epmu-noBepxHoctu [1-3]. Ha mnepssiit
B3rjida, 3TO KaXCTCA YIAMBUTCIIbHBIM, I/l60 nomnpaskKka K MacC€ IMPOUCXOAUT U3
JCUCTBUTEIILHOM YacTH COOCTBEHHOH JHEpPIrHH, JUIS BBIYMCICHUS KOTOPOH He
HYKEH 3aKOH COXpaHEHHUs.

BeBox Qopmynsl s 3QQEeKTUBHON Macchl Ha OCHOBAaHHMHU TaIMIIEEBCKOM
nHBapuaHTHOCTH mpuBeneH B [1-3]. TlokaxkeMm, kak 3Ty QopMyry MOXHO
MOJYYNTh C TIOMOIIBIO TEOPHM BO3MymIeHHH. [IpuBeneHHBI HWKE BBIBOA —
MEPBBIN LIar K paCCMOTPEHUIO CUIILHOM CBSI3H.

1a. Cnun-gpepmuonnasn mooens

PaccmotpumM cructeMy (epMHOHOB, B3aMMOIEHCTBYIOIIHMX IOCPEICTBOM 0OMEHa
GuyKTyaIusMu HEKOTOporo 6030HHOTO Moiist. bozoHaMu MOTyT ObITh MO0 (POHOHBI,
100 KOJJIEKTHBHBIE MOJIBI 3JIEKTPOHOB [41]. JIiis orpeeieHHOCTH, MBI PAaCCMOTPUM
B3aUMOJICHCTBHS C KOJUIEKTHBHBIMH (DeppOMarHUTHBIMH (QIIyKTyalusiMH (TIapamarHo-
HamM). 3aJaya O B3aUMOJCHCTBUM C aHTU(QEPPOMATHUTHBIMH (QIyKTyalUsIMH
paccmotpena B [41]. BzaumopelicTBre (hepMHOHOB € KOJUIEKTHBHBIMH CHMHOBBIMH
(ITyKTyaIrsiMi OTIMCHIBAETCS CIIMH-(EPMHOHHBIM T'aMUJIBTOHHAHOM [41].

H=H o +H i + H ot - (1.1)

erm spin
B aroit hopmyie Herm OMUCHIBACT CBOOOIHBIE (PEPMUOHEL:

‘(]{fen'n = ZVF (k - kF )C;acka > (12)

k.a

O — CIIMHOBBIA MHIEKC. Hypin OIUCHIBACT HU3KOIHEPIeTHYECKHE CIIMHOBBIC CTENCHH
CBOOOIBI:

Hoi = 2 X(@)S,S_, . (1.3)
q

rne y(g) — cTaTuuecKas CIIMHOBAsi BOCTIPHUMYHBOCTb.

IMockonbky Hac B majpHeiieM OyjieM UHTepecoBaTh (eppOMAarHUTHBIN mepe-
XOJl, MbI MPEJTIONOXKHUM, UYTO CTATUYECKAsh BOCHPUUMYUBOCTh UMEET MAKCHMYM MpH
g =0. Jlaiee IPEATIONOKIM, UTO ¥ (¢) — aHAIHTHYeCKas DYHKIMS PH MATIBIX ¢, T.C.

N 1 N 1.3'
Z(Q) q2 +§,2 +O(q4) ( )
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B TakoM ompeneneHMM ¢ €CTh MarHMTHAS KOPPENAIMOHHAs JUTMHA
(x(r)= J 2(q)e” oce'?). Crporo rosops, dpopmyna (1.3') BepHa TOMBEKO mpH

Ooubinx &, HO KAYECTBEHHO €€ MOXKHO, pa3yMeeTcs, IPUMEHSTh BILIOTh /10 & ~ a
(a — MeXaTOMHOE PacCTOSIHUE).

Hakonen, i, onucelBaeT B3aUMOJEICTBUS MEXIy HM3KOIHEPreTUUECKUMU
(bepMHOHAMH ¥ KOJUIEKTUBHBIMH CIIMHOBBIMH ()IyKTYyalUsIMU.

Hiw = gzsqc;,aca,ﬂck,+q,ﬂ . (1.4)
k.q

O6ocHoBanue crnuH-QPEepMHUOHHOW Monmenn TpeOyeT  aKKypaTHOCTH.
CnrHOBBIE KOJUIEKTHBHBIE NEPEMEHHBIE, KOHEUHO, HE SBIISIIOTCA HE3aBUCHUMBIMU
(0T hepMHOHOB) cTETIEHSIMHU CBOOOIBI, & TIPEJICTABISIIOT COOOW PSABI U3 YACTUYHO-
JBIPOYHBIX Tap. B mpocreiimem npubmmkennn ciaydaiiubix ¢gasz (RPA) BBenenue
KOJUIEKTHBHBIX CTENeHeH CBOOOJBI KaK IOMOJHHUTENbHBIX OO30HHBIX MOJ Ha
JIMarpaMMHOM SI3BIKE BBITJISIINUT CICIYIOINM 00pa3oM:

KX

+

rac

J'U'U'U'U'U'U"=<>+ +

B siBHOM BHzE:

Z,(q, ) (1.5)

x(q,0) = ,
1- uy, (qs 6())
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TJIe ¥ €CTh 3aTPaBOYHOE 3JIEKTPOH-3JICKTPOHHOE B3ammozeiicteue. Kak BUIHO U3
pucynka, B RPA-npubmmkennn g = u. 3a npegenamu RPA-npubamkeHns Takoro
PaBEHCTBA yXKe HET.

MarauTHas BOCIIpUAMYHABOCTD (1.5) comep KuUT Kak MPOCTPAHCTBEHHYIO, TaK
U YacTOTHYIO Jucriepcuu. BeeneHne cnuH-GepMHOHHON Mozenu (OMUCHIBaeMOit
ramuiabToHHaHoOM (1.1)) MokeT OBITH ONpaBAaHO, €CAM IPOCTPAHCTBCHHAS U
YacTOTHAs MOWCIEpCHH B y(¢,w) TPHUXONIT W3 pa3HBIX dYacTedl ¢a3oBoro
npocTtpadcTBa ¢pepmuonoB [41]. YHacToTHas yacTh TpeOyeT 3aKOHOB COXpaHEHHS,
u ompexpensercs (EpMHOHAMH C DHEPTUsIMH OMM3KUMH K . CraTtmueckas
BOCIPUHMYHBOCTB, C PYTrOH CTOPOHBI, 3aKOHOB COXpaHEHHUs! HE TpeOyeT, W 1O
ceMy ompezaensercs (epMuOHaAMH C SHEpPrusiMuA mopsinka Ep, i, Oosee
aKKypaTHO, MOpsIJIKa IIMPUHBI (pepMUOHHOM 30HBI WW. MBI yBUIIMM NO3/IHEE, YTO B
CHJILHOW CBSI3M XapakTepHble 0030HHBIE YaCTOTHI, JAIONIIE MaKCUMAJIbHBIM BKJIaJ B
(epMHOHHYIO COOCTBEHHYIO OHEPrHIO, OKa3bIBAIOTCS TIOPSAKAa KOHCTAHTHI
B3ammozelictBust g. COOCTBEHHO, KOTZla g Malo IO CPAaBHEHWIO ¢ W, pasierneHue
SHEPTeTHYECKUX MacITabOB MO3BOJSIET NMPOMHTEIPUPOBATH BHICOKOIHEPTETHIECKUC
(epMHOHHBIE MOABI, TpeHeOperas MpPH 3TOM YaCTOTHOM  3aBHCHMOCTBHIO
BOCIPUUMYHUBOCTHU. JIMHAMUUYECKash 4acTb BOCHPHUMYMBOCTH 3aTEM JIOJKHA BBIYHC-
JSIThCSL M3 A(P(EeKTUBHOrO TaMUIBTOHMAHA HapaBHE ¢ (DEPMHUOHHOI COOCTBEHHOM
sHepruei. B 3ToM ocHOBa BeIBOAA Y dexTrBHOro rammibTornana (1.1) — (1.3).

OtzenbHBI BOIIPOC — KaK ClieIaTh TaK, YTOObI C OJHOM CTOPOHBI g OBLIO OB
3HAYMTENILHO MEHblIe W, a ¢ Jpyrodl CTOpoHBI cucreMa Obuta Obl OnM3ka K
MarHuTHOMY Tepexony. Jlis kopoTkozeicTus, B npudmmkeHnd RPA MarHUTHbINA
Nepexoy] MPOUCXOMUT Ipu u =g~ W, T.., YIOBICTBOPUTH OOOMM YCIIOBHSIM
OJIHOBpEMEHHO Henmb3s. OfHaKo, KOTJa XapaKTepHBIH paIiyC B3aMMOJCHCTBHS
3HAYNUTENBHO OOJIbIe MeXaTOMHOTO (3eKkTHBHOE NanbHONEHCTBHE), ManoCTh g/ W
MPUOIIDKEHNIO K TOYKE IMEPEXoa HE MEIIACT, TaK KaK MarHUTHAas HEYCTOMYMBOCTD
ompenensiercs ycnosueM go/W=1, tne a (alll) ectb oTHOueHHWE paauyca
B3aMMOJICHCTBHS K MEKATOMHOMY PACCTOSTHUIO.

CoBmecTHTh ManlocTh g/W n & — 0o MOXHO TakKe, BBIH/ 3a mpeaensl RPA
1 paccMaTpuBasl CHTYaIMIO, KOTJa B3aMMOJICHCTBHE 3aBHCUT OT YacTOTHI, T.C.
g=g(®w). B aTOM cityuae, MarHuTHasi HEYCTOMYMBOCTh OIPECIISIETCS] YCIOBHEM
glo~ W)~ W, torna Kak pasjeieHue IMHAMUYECKUX M CTaTHYECKUX BKIJIAJ0B
TpeOyeT, 4ToObI Ha MaJIbIX PHEpTrHsx g(w W) W.

HeGomnpmoii KOMMEHTapuii — yTBEpXKIEHHE, 4YTO WHTETPHUPOBAHUE IIO
SHEPrUsiM Topsiika W maet TOJbKO y(g) He BIIOJNHE TOYHO. MHTEerpupoBaHHe HO
BBICOKOPHEPIeTHUECKMM ()EPMHOHAM B YACTHYHO-IBIPOYHOM IeTiae B oOmeM
cllydyae J1aeT 4aCTOTHO 3aBHCAIIME WICHBI B ¥(¢,) B BUJIE aHATUTUYECKOTO psijia
10 cTeneHsaM o’. Takhe WiEHbI, OJHAKO, OKA3IBAIOTCS TIPEHEOPEKIMO MaTBIMU
[0 CPAaBHEHHUIO C JIMHEHHBIM II0 YacTOTE WICHOM, HMPOUCXOSIIMM OT MajbIX
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gactot (3aTyxanue Jlannay). Jist mpocTOTHI MBI IPEHEOPEIKEM aHATUTUICCKUMHU
IO YacToTe BKJIagaMu B y(g,m).

[IpuBeneHHOE paccyXICHHE O03HAYACT: BO-TIEPBBIX, OMHCAHHE Ha S3BIKE
B3aUMOJICHCTBUS Yepe3 KOJICKTUBHBIC OO30HHBIC MO/IbI CIIPABEIUBO, €CITH

g/ W o 01 (1.6)

vela
(a — MexaToOMHOE pacCTOSHHE); BO-BTOPBIX, MOJENb CIIPABEATMBA TOJNBKO Ha
SHEPIHsiX, MCHBIINX HEKOTOPOH BEIHYMHBI SHEpreTHUecKoro odpezanus A < W.
Bribop A B mocTaTOYHOW CTEIEHH MPOU3BOJICH. BaKHO JHUING, YTO HA YACTOTAX,

MEHBUIMX A M, COOTBETCTBEHHO NPH HMIIYIbCax ||k|—|k F” £|A/ vF| (bepMHUOHBI

JNOJDKHBI PAcCMaTpUBATBCS KaK HH3KO HSHEPreTHYECKHe. IIpaKTHYeCKH 3TO
03HAYaeT, YTO MX JHCIEPCHSI MOXET OBITh JIMHCAPH30BaHa MO OTKIOHEHHUSIM OT
(bepMH-TIOBEPXHOCTH.

16. @epmuonnan coocmeeHnan InepUs

Tenepb MbI MOXKEM 3aHSTHCS BBIYMCICHUEM (EPMUOHHON COOCTBEHHOW SHEPIUHU.
W3 Hee B pmanpHelileM OyAeT MojydeHa INEPEHOPMHMPOBKa Macchl. B Hu3mIeM
(BTOpOM) TIOpsIAKE IO B3aUMOJEHCTBHIO, TUarpamMMa Uil COOCTBEHHOW 3HEPTUU
HMEET BUJ

q,Q
Ko /M\\

(ko) = k+q,0tQ)
B AHAJIUTUYCCKOM BUJIC

S0 =3¢ -2 Y @6 (1.7)

e’ 4 *
rac
e S (1.8)

L iw—v(k—ky)

Hanomuanm, uro momHas ¢yHkiws ['puHa cBs3aHa ¢ COOCTBEHHOW dHEPTUEH
CIEIYIONIM 00pa3oM:

G (k,0) = (6 (k,0))" +Z(k, w) (1.9)

[TockonbKy HaC MHTEPECYIOT KOHEUHbBIE YacTOThI M KOHEUHBIE OTKIOHEHHS
oT  (epMHU-TIOBEPXHOCTH, BBbIYMCIEHHE COOCTBEHHOH OSHEpruM  ymo0HO
MPOU3BOUTh, NPEIABAPUTEIBHO BbIUTA u3 Hee X(kp,0). Ilocrosuuas X(kr0)

obecneynBaer NEPCHOPMUPOBKY XHUMHUYECKOI'0 IOTCHIMAIA, WU CaMa IO cebe
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unrepeca He npejcrapnser. Iloacrasnsas (1.8) B (1.7) n packnaneiBas &, Kak
Erg = VR(Ak + gcosB), roe Ak =k - kr, a 6 ectb yron mexay K u q, momydaem:

(k,w)=-3g"-
dPqdQ io—v,Ak
L5 @) . : . =, (L10)
2r) [@+Q+iv,(Ak+gcosO][Q+iv,qcos O]
= (io—v.Ak)I(Ak, w)
e
I(Ak,w)=-3g"-
d’qdQ 1
f qm] x(q)- : , ) (1.11)
(27) [@+Q+iv,(Ak+qcosO][Q+iv,qcosb]

W3 (1.10) BumHO, 9TO COOCTBEHHAs SHEPrHs MPONOPIMOHAIIBFHA IIEPBBIM
CTeneHsM cBOOOIBI @ W Ak. DTO, €CTECTBEHHO O3HAYACT, YTO IIOTIPABKH MEHSIOT
k03 dunments B Gpynkimu ['puHa, HO He ee (DYHKIHOHAIBHYIO (OpPMY, B MOJIHOM
COOTBETCTBHU C OCHOBHOW HJeel (epMH-KHAKOCTH. KaxkeTcsi ecTeCTBEHHBIM TI0JI0-
xuth Ak=w=0 B I(5,w) B popmysne (1.10). Onnako u3 Beipaxenust (1.11) BuaHO,
yro npu Ak =0 mHTErpan mo yactore oOpamaercs B HyJIb HM3-3a HAJIWYUSA JBYX
MOJIOCOB B OIHOW M Tol ke momyruiockoctd (2. [losromy Bermcmmm (1.11) me

obpamas B Hyms Ak. Yno6HO 0603Haunth gcos@=gq,. Torma Jd ‘q =jd’“q dq, .

Wurerpupyst 1o yacrote npu KOHEYHOM Ak, MBI 3aMe4aeM, YTO CYILECTBYET Y3KHI
WHTEpBaJl 3HAYEHUH ¢, T/IE ¢ U ¢ + Ak UIMEIOT pa3Hble 3HAKH, COOTBETCTBEHHO MO-
JIFOCa MOJBIHTETPAIbHOIO BBIPAXKEHMS 110 YaCTOTaM HaXOJITCSl B Pa3HBIX IMOJYILIOC-
koctsix. ITycts utst onpenenenHoctu Ak > 0. Torna HyXHBIH U1t HAC UHTEPBAJ 3TO

-Ak < g <0. (1.12)
[pu Takux ¢ UHTErpa Mo YacToTe AaeT
dQ 1 1 B
Ew—i—Q+ivF(Ak+ql)Q+iqu1 _. (1.13)
27 1 B 1
_E(o-f-l'VFAk - _ia)—vFAk

HuTerpupys 3aTeM 10 ¢ U IO g, ¥ 3aMevasi, 4TO, ITIOCKOIBKY |q1 | < Ak, 3HaueHme

2(q, ,g1) MOXeT OBbITb 3aMeHEHO Ha ¥( ¢, ,0), Mbl IOTyUUM
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3g2 d-1 Ak
I(Ak, @) =+ d S 1.14
(Mh0) =+ 25 JECA) qi]iw_vFAk (1.14)
O0603HauNB
3g2 d-1
_5_ d"q =1, 1.15
T, [xta)dq, (1.15)
[OJIy4aeM
Ak, )= 2Bk (1.16)
io—v.Ak
H, COOTBETCTBECHHO,
S(k, @) = Av, Ak . (1.17)

IMoxacrasmnss (1.17) B (1.9) umeem
o' (k,w) =iw—v, Ak + Av, Ak = io— v, Ak ,

rae vy :p—i,n
m

LoTaoa. (1.18)
m m

Amnam3upys BbiBoJ BeipaxkeHus (1.18), BUIMM, 94TO MHTErpaJl, TAfONIni BKIas B
MIEPEHOPMHUPOBKY (PEPMHUOHHON MacChl, JACHCTBUTEIBLHO CBSI3aH C MHTEIPUPOBAHUEM
mo oOnacTi ONMM3KoN K (hepMH-TIOBEPXHOCTH, (IIPH O|~wu |q1 | < Ak). O6nact,
Jlaekre oT (hepMU-TIOBEPXHOCTH, BKJIan HE BHOcAT. C MareMaTH4ecKOW TOYKH
3peHns] HMHTEerpaj Uil IIePeHOPMHUPOBKH S(QEKTUBHON MacChl €CTb THIMYIHBIA
npumep aHomammu [42]: 1(0,0)=0, HO TOIBIHTETPATHHOE BBHIPAKEHHE COICPIKHT
JIBOMHOMW MOJIOC BIUIOTH A0 MPOU3BONBHO MalbIX 3HaueHuil Ag u Q. IIpu xoHeuHOM
Ak ITBOMHOM TOMIOC pacHIEIUIAeTCS, M MaIOCTh OOJIACTH WHTETPUPOBAHMS I10
UMITYIIsCy ( |q| |< Ak) KOMIIeHCHpYeTCsl MaIOCThIO 3HAMEHATENsI B 9TOH 00JI1acTH, T.K.
OH (3HAMEHATEIb) ECTh Pa3HOCTh MEK/LY ABYMS MOJIFOCAMH, PACIIETUICHHBIMH 32 CUET

Ak
io—v,Ak’
XOpOIIO 3HAaKOMasi KaK BBIPAKECHHWE ISl YACTHMYHO-ABIPOYHON IETIIM MPH MANBIX
nepeJaHHbIX 4YacToTax W mmmynscax [3]. Takum oOpasom, mompaBka K Macce
MPOUCXOAUT UCKIIIOUUTENBHO 32 CUET aHOMAIBHOTO BKJIAJa B CBOOOJHYIO 3HEPIHUIO.
AHaJIOTUYHOE PacCMOTPEHHE MOYKHO TPOBECTH IS CIIMHOBOM BOCIPUMMYHBOCTU H
yoemuthcs, uto nepeHopmupoBka y(Q = 0,7 = 0) 1o cpaBHESHHIO C pe3yIIbTaTOM IS

Tex ke Ak m @ B pesynbrare BozHuMKaer komOmHammsa [(Ak,w)oc

CBOOOIHBIX (DEPMHOHOB MPOHCXOIUT 32 CUET "aHOMAJIBHBIX" WICHOB, CBA3aHHBIX C
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Pa3IBIKKOH 1TOIOCOB BONMIM3M (hepMU-TIoBepXHOCTH. C 3TOM TOYKM 3pEHHs TEOpHs
(hepmu-xuaKocTH JlaHmay — 3TO y9eT aHOMAaJIHH.

Janprre obpatiM BHUMaHWE, 9To opmyrna (1.17) — 3To monmHbIi (BO BTOpOM
TIOPSIIIKE TEOPHH BO3MYILCHUI) pe3ynbTaT sl (pepMIOHHON COOCTBEHHOW SHEPTHUM.
Ho B 31011 hopMyIIe MOTHOCTBIO OTCYTCTBYET 3aBHCHMOCTh OT YacTOTEL, T.€.

S(k, ) ~ 2(k) . (1.19)

IIpu Takoit coOcTBeHHOH SHepruu (epMUOHHAs Macca MEePEeHOPMHUPYETCs, HO
z - pakTop ocraercsi paBHbIM z = 1. IHbIMU ci10BamMu

1

Gk,o)=—7F—.
io—v,(k—k.)

(1.20)
Orkyna Gepercsi iepeHOpMEpOBKa z — (hakTopa? [l oTBeTa Ha 3TOT BONPOC HAIO
BepHyThCsl K hopmyrnie (1.10). Beuio BeisicHeHo, uto /(Ak, w)=0 wn3-3a nBOIHHOrO
nonroca. [IpeacraBum cebe Terepb, YTO MarHUTHAsI BOCIIPHUMYHBOCTD CONCPIKUT He-
KYI0 YaCTOTHYIO 3aBHCUMOCTb, HAIIPHMED, B BUJIE PETYISIPHBIX YWICHOB B PA3JI0KECHUH
10 yacrote. JIist POCTOTHI M3IOXKEHHUS [IPEACTABUM HEHAIONTO, YTO

2@) > 2(q,Q)=—FH (1.21)
et 2
VS

Torma muTerpan mo wacrtore () Hapsmy C IOIIOCAMH IIPH MajbIX 3HAYCHUIX
QUiv, Ak, uMeer Te e MOIIOCAa INPHU TIOpa3lo OOJBIIMX 3HAYECHMAX

Q=+iv\/q" +E7 . CylecTBEHHO, YTO TH JIOMONHUTENbHBIE MOMOCA MPHCYTC-

TBYIOT B 000MX MOJYIIIOCKOCTSIX, TAK YTO JlaXke IIPH CTPOTr0 PaBHBIX HYJIO0 Ak U o,
1(0,0) oxa3pIBacTCS KOHCYHBIM.

IMockonbKy peub He WAET O pa3aBrKKe momocos, /(0,0) onpenensiercs: obnac-
TSIMU B OOLIEM cllydae AaleKuMmu oT (epMu-rioBepxHocTH. B wactHoctn, npu &= 0
TOMIOC B CIMHOBOI BOCTIPHMMYHBOCTH pacrionoxker Ha [Q| ~ v&' ~ ved ' visa ~ Ep,
T.e. HA O4YECHb OoybIMX dHeprusix. [Ipu koHeuHoit Bemmumue [(0,0), coOcTBeHHAs
SHEprusi CONEp)KUT 1Ba BKiaza. IlepBbli, perymspHeii X =2, MPOUCXOAUT OT
obnacreii BHe (pepMHU-TIOBEPXHOCTH, U JAET

2, =(iw—v.Ak)I1(0,0). (1.22)

Bropoii, anomampHbIl X =X, "mpuBa3aH" K (EpMHU-TIOBEPXHOCTH, W HACTCH
BeIpakeHueMm (1.17):

Zan = AVpAk. (1.229

[oncrasmas oba wieHa B ypaBHenue mit G(k, @), MbI HaXOAUM, 4TO (opMyna Ui

3¢ PEeKTHBHOI MacChl HE MEHSETCS, HO MOSBISETCS IOMpaBKa K z-(hakTopy:
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Lo14100). (123)
z

B pesynprare, nepeHopmupoBaHHas (yHKIus [puHa mnpuoOperaeT BuUA,
3amaBaeMblil popmynoii (3). [IpuBenerHOE paccMOTpeHNE HETPYAHO 000OIINTH Ha
ciIydail TPOW3BONFHOTO B3aMMOACHCTBHSL. [IpW TPOW3BOJIBHOM 3HAUYCHUH A
JarpamMma Juis COOCTBEHHON SHEPTUH NMEET BHII:

z=m

b
rAe )KUupHas JUHHA €CThb IOJIHad (byHKIJ,l/ISI Fpl/IHa, JKUpHas BOJIHUCTAasA JIMHUA €CTh
MOJHAs JUHAMHYECKash CIMHOBAas BOCIPHUMYMBOCTH, a 3alITPHUXOBAHHBIC
TPEYTOJIbHUKN TIPEJCTABISIOT CcO00M moyHble BepmuHBL Kazamock  Obl,
paccCMOTPEHHE CHIIBHO YCIIOXKHSETCS, HO 3TO He Tak. J[o Tex mop, moka monHas
¢ynakaus ['pura BOm3n hepMu-noBepxHOCTH UMeeT BH (3), T.€. KAUeCTBEHHO HE
OTJIMYAeTCs OT BBIPAKCHUS IS CBOOOIHBIX (PEPMHOHOB, COOCTBEHHAs DHEPTHS
HO-TIPESKHEMY UMEET aHOMAJIbHBII YiIeH, KOTOPBIH CBS3aH C HHTETPUPOBAHUEM II0

YyacToTaM, OJIM3KMM K HYJIIO, U |k+q| ~ k.. Jlus BBIMUCICHUs 3TOr0 BKJIaja
BEpIIUHBl MOXKHO Opath mpu w=0, k=kr u g, =0. 3aBUCUMOCTb OT ¢, B
BepIIMHAX B OOIIEM Cilyuae ocTaeTcs, Ho uHTerpain o d‘”'g, omnpesenser numb

00mmuit kKoah(pUIMEeHT, KOTOPBIH MBI MO-TpeKHEMY OyieM 0003HadaTh A:

d-1 2
27v, (2r)
EHHHCTBCHHOG pCajibHOC pa3jInviue C (I)OpMyJ'IaMI/I, NOJYUYCHHBIMU BO BTOPOM

TIOPSAAKE TEOPHUU BOSMymCHHﬁ, COCTOUT B IOABJICHUH NIEPET aHOMAJIBHBIM WICHOM
MHOXHUTECIIA Z:

=, (k) = zAv, Ak . (1.25)

O6paTuM BHHMaHKE, uTo m B ypasHeruu (1.15) He BxoauT. HopMaibHbIil BKIa
B X(k,w) MOXeT OBITH JIOCTATOYHO CJOXHBIM, HOO B OOLIEM Cily4ae 4acTOTHas
3aBHCHUMOCTh IIPUCYTCTBYET Kak B y(q,®), Tak U B BepimHax g(q,Q,m). OqHako, u
B 00I1IeM cllyyae

3. (k,0) = z(io—v,AK)1(0,0) , (1.26)

rae 1(0,0) ects HekoTOpOE umcio. [logcTaBiss MOMHYIO COOCTBCHHYIO SHEPTHUIO B
ypaBHenue 1 GpyHknun ['prHa, momydaeM /Ba BBIPAKEHHS:

l=1+1(0,0)-z, (1.27)
z
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L_La-y. (1.28)

—=—
m m

VYpasrenue (1.27) onpenensier z, ypasaerue (1.28) onpenenser dpdexTuBHyIO
Maccy depe3 z W APQPEKTHBHOE B3aUMOICHUCTBHE MEKAY YacTHIIAMH Ha (QepMu-
MIOBEPXHOCTH oIpesenieHHoe hopmyioii (1.24)

16. DKeusanenmuocms OUAZPAMMHOI MEXHUKU U meopuu (epmu-HcuoKocmu

VYpaBHeHue st 3P(EKTUBHON Macchl SKBUBAJICHTHO BBIPAKECHHIO IS TIepe-
HOpMHUPOBKH 3(deKxTuBHOI Macchl B TepMmuHax (¢yHkuvoHana Jlangay. B stom
MOXKHO YOEIUThCS pasiMYHbIMU criocobamu. CaMblii TIpSIMOI TyTh — BBIYUCIIUTH
AQHOMAITFHBIN BKJIAM, HE TpeAroiaras Majocts ¢ [43]. Ucmone3ys ToT dakr, 9To Uit
AQHOMAITFHOTO BKJIAJIAa BEPIIHHBI ¥ CIIMHOBYIO BOCTIPHUMYHBOCTD MOYKHO 3aMCHHTH Ha
WX Tpe/ieibHbIe 3HaYeHNs Ha HYJIEBOH YacTOTe, MbI IIOJTydaeM:

dQd’q 1

T (k,w)=-3g" . 1.29
(k) =387z e @) 2(9) (1.29)
HHrerpupoBaHue 10 4acTOTE AAET:
_ _ 3, ddq
2 (k@) =3, (0) =2 ¢’ 2y 1@ (1.30)

Beorunras u3 (1.30) 2, (k) u packiajbiBasi 10 CTEHIEHAM |k| -k, , HaxoaUM

an

3. (k)-2, (k,)=zv, Ak ,

rae
- 3¢’ . diq O|sgng,,, | O¢g,.,
i=E [ (8 0) i, . (1.31)
v, Y 2n)! dg,.,, Olk+q]
o[sgne, | ;
Hockoneky ————==+6(&;,,) , IPOMEKYTOUHBIH (PEPMHOH C MOMEHTOM

k+q
k+ (q pPacIioJIOKEH B TOYHOCTU Ha q)epMI/I-HOBerHOCTI/I. 3aMeHss TCIICPh ( Ha
P= k+ ( U UHTETPpUPYS 11O de, T10JIy4aeM B CiIy4dac TpEX HBMCPCHHﬁZ

2
1 :ﬁjd—gcosﬁg(ﬁ), (1.32)
drv, 7 4r

roe y(0)= ;((|p+k), npudeM u k u p, HaxomaTcs Ha (EPMHU-TIOBEPXHOCTH

(8- yron mexny k u p).
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Perynapuseiit Bkiaa B X mo-npexHeMy umeeT Bua (1.26), Tak 4To ypaBHEHHUS

(1.27) — (1.28) mo-npexxHEMY CIIpaBEUTHBEL, TIPaBa, ¢ 3aMeHOi A Ha A . Toxcrasusis
(1.32) B (1.28), umeem

11 dQ
- 47r2j oppa(O)c0S0, (133)
rac
fa/},/ia (0)= Zgzl(a)caﬁcﬁa . (1.34)

VYpasHenue (1.33) SKBUBaJICHTHO BBIpaykKeHUIO Uit 3(G(PEKTUBHON Macchl B
teopun Jlannay, u f{6) B aToil Teopun ectb pyHKuMS B3aumojeicTBusa Jlanaay.
JIi1st CIUH-CITUHOBOTO B3auMoIeicTBUs f{6) cBsizaHa ¢ BepunHHON (yHKImer [
COOTHOUIEHHEM

foppa(0)=2'T°(O)0 40, . (1.35)

Hanomuum, uro I'(6) ectb BepiunHHas QyHKIHS
k.o p,o

(11i_)mo ktq,0 % ptq,o

0e3 aHOMaJIbHOIO BKJIaja 3a CYEeT YaCTUYHO-AbIpouHOW meriu. Hama dopmyna
(1.34) moutu coBmamaer ¢ (1.35), oTnWYascCh JIMIIbL OJHOW CTENMEHBIO z. DTO
OTJIUYHE JICTKO OOBACHHUTH, TAaK KaK B paMKaX Hallleil MOJIENIA TUATPAMMHBINA P
s I' umeer Bux:

I“a)

I
A= Y=

p
Ecnm 651 y He 3aBHCENIO OT YaCTOTHI, BCE JUarpaMMBbl, HAYWHAs CO 2-0i, 0OpaIiairich
Obl B HOJIb, KOO aHOMAJILHBIN BKIa OT neTiau B [ orcyrcrByer. Ho B 3TOM cityyae,

Kak MBI yxe 3HaeM, z = 1. Korma jy 3aBHCHT OT 9acTOThI, IHarpamMmsbl ¢ GepMHOHHBIMA
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METISIME YK€ HE OOpalaroTcss B HOJIb 3@ CYET IOJIOCOB B BOCHPHUMYHBOCTH.
CxeMaTHuecKH, TMarpaMMHBIH psi uist [ cBouTes K

2 2
r”=g3{1+f G +2* ([ 4G +m}:——§¥L——, (1.36)
J. (-[ ) 1— ZZJ.;{/GZ
HO I yG*ue uto wmHoe, kak [(0,0). Wcrmomesys Temepb paBeHctBO (1.27),
TIOJTy4aeM:
1—z=1mmplssz2€ (1.37)
Ioncranoska (1.37) B (1.36) maet npocToe COOTHOLICHUE:

F‘”:gzl wm g’y =2z, (1.38)
z

U, naxonen, moxacraBuB (1.38) B (1.34), ecrectBenHo BocmpousBeaem (1.35)
- pe3yabTatT Teopuu Gpepmu-xuakoctu Jlanmay.

2. CuibHas cBSI3b
2a. Koncmanma ceéazu
Paccmorpum Temepp ypaBHeHus (1.27)-(1.28) Oomee nerampHO. Haunem co
BTOPOI'O MOpsIJIKAa TEOPUH BO3MYIUEHUH. B aTom nopsinke z =1, a
* m

m =—:
1-2

Koncranta cBssu A 3amana Qopmynoit (1.24). Hcmonw3ys dopmyny mis

@.1)

BocnpuumunsocTy (1.3') u unrerpupys o d”'q, momyuaewm:
2 D-2
d
%mEJ&}gijn 2.2)
Ve Tq+¢

B mpoctpanctBe pasmepHocTH D >3 WHTErpal MO ¢ CXOAWTCS HAa HIDKHEM
TIpeziese 1 ONpeeIsIeTCsl TapaMeTPOM O0PE3aHUS Gy ~ 1/a. COOTBETCTBEHHO,

2
g X
Apy 0 =50 (2.3)
Vea
X
Benmmunna £ =) MMeeT pa3sMepHOCTh B3auMoseiicTeus. O6o3naunm ee g . Torna
a
g
Aps 1 —=—. 2.4
D>3 EF ( )
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B pamkax RPA, cronepoBckoe ycioBue (eppoMaraernsMa (GpopMyIupyeTcs: Kak
obOpamenne B HOmb 1 —-gy(g=0,0=0), rme y(¢w) — MarHuTHas
BOCIIPUUMYHMBOCTE CBOOOJHBIX (DepMHOHOB. Ecim M3 3TOro yciioBHsi BBIBOJIUTH
dopmyy st y(g) BOIM3M nepexo/ia, HCHOIb3ysl PABEHCTBO

Zo

Z(q):—s
l1-gx,

to (1.3") BoctipomsBoauTcs, eciiu g = g. B o0mem cirydae, Takoro ycioBHS HET,

HO M0 MOPSAAKY BepUIMHbIL, g ~ g. Torna npu D > 3,

A

D>3

n&£pf.

E. E,
Kak MBI jxe TOBOpHMIIM, OTHOIIEHHE g K Er IOJDKHO OBITH Majo JUIS TOTO, YTOOBI
caMo MOHATHE KOJUIEKTHBHBIX MOA MMeso cMblici. COOTBETCTBEHHO, npu D > 3,
Hallle OTIMCAaHUE JOIYCKaeT TOJIBKO caldyio CBSI3b.

Paccmotpum Teneppr D <3. Haynem c¢ D =3. B TpexmepHOM ciyuae
uHTerpan B (2.2) norapupMHYECKH 3aBUCHT OT HIKHero mpenena. Cobupas
KOX(PHUIHUEHTHI, TOTydaeM

3g S

g 1.8
=——>—1Ilog=l =log=. 2.5
% 47’ (v,a) ga E. ga (@3)

BuaHO, 4TO HECMOTps Ha HaJIMYKE OOLIETO Maloro MHOXUTENS g /Er KOHCTaHTa

CBS3U A3 B JCHCTBUTENBHOCTH DPACXOMUTCS B TOYKE MArHUTHOTO IEPexXojia.
OueBnaHO TOTHA, dYTO BONM3M Tepexoga NPUOMIDKEHHE caaboil  CBA3H
HenpuMeHnMo. Cutyarms ycyryOmsercss B mpocTpaHcTBax ¢ D < 3. Bwraumcmss
uHTerpai B (2.2), npu pasMepHOCTH D monydaem:

-3+D
ar (2.52)

g

A

‘D<3

0

5oy

MpuD =2

3g
=—°= . 2.6
o 4pity e 26)

20. Ilepexoo om (k) k 2(w)

Bepuemcst Teneps k dopmye (2.1). Ecmu yBemumBate ¢ ipu D < 3, TO B KOHEYHOM
utore A craner Oompmie 1. Cormacao (2.1), mpu A=1 »ddexruBHAT Macca
oOpamaercss B OECKOHEYHOCTh, a TPH OONBIINX A MEHSET 3HaK, T.e. B CHCTEME
BO3HHKAET HEYCTOMYMBOCTH. DTOT 3 deKT ObLT 3aMeueH B [44] u mpyrux paborax Tex
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e aBTopoB. COINacHO WX MHTEPHPETAIMH, HEYCTOHYMBOCTL (DEpMHU-KUIKOCTH TPH
A=1 o3HayaeT BO3HMKHOBEHHWE B CHCTEME HOBOH (baspl, KOTOpyro aBTOpbI [44]
omnpenen Kak ¢azy ¢ "(hepMHOHHBEIM KoHAeHcaroM". Bompoc, Ha KOTOPBIA MBI
XOTHM OTBETHThH B HACTOSIICH CTaThe, 3TO MpuMeHnMa Jin hopmyna (2.1) mpu 4= 1.
HaromumM, 4to stoit opmyse coorBercTByeT X = X(k). Byner mokasaHo, 4rto mpu
A=1 nmnpeneOperath MNEPCHOPMHUPOBKON z-pakTopa HENMb3s, a Y4eTr 3TOH
IIEPEHOPMHUPOBKH COXpaHseT HPPEKTUBHYIO MACCy /7 KOHEUHOH BILIOTH [0 TOUKH
MAarHUTHOTO MEPEX0/1A, T/IE OHA ICHCTBUTEIILHO PACXOANTCHL.

YToOBI MOHSTB, YTO MPOUCXOHUT, BEPHEMCS K YPAaBHEHHIO VIS IEPEHOPMHUPOBKA
z-(hakTopa. HamomHIM, OHa BO3ZHHMKAeT OT YAaCTOTHBIX 3aBUCHMOCTEH B3aMMOJEic-
TBUS U TIOHBIX BEPIINH. MOKHO MOKa3aTh, XOTSI IIPOJIETIBIBATE 3TO B SIBHOM BHJE MBI
He OyzeM, 4To ePEHOPMUPOBKA BEPILIMH MEHee BayKHa, YeM 4acTOTHAs 3aBUCHMOCTb
B3aUMOJICHUCTBUS (T.€. MATHUTHON BOCHPHUAMYHMBOCTH). COOTBETCTBEHHO, COCPENOTO-
gnmcs Ha y(g,€2). Kak MBI y)ke cka3and, perysipHOH 9aCTOTHOW 3aBUCHMOCTBIO MBI
nperedpexeM. ¥(¢,{)) TPOMCXOMUT OT BBHICOKOIHEPTETUYHBIX ()EPMUOHOB, W MBI
OyoeM paccMarpuBaTh TOJBKO IIPOLECCHl, KOTOPbIE HPOHMCXOAST MPH HHU3KHX
SHEPTUSAX W T[I03TOMY BIIOJHE ONMCHIBAIOTCS HAIIUM  CNUH-(DEPMHUOHHBIM
raMIWIbTOHHAHOM. B HHU3IIEM TOpsiAKe [0  B3aUMOJICHCTBUIO  CITMHOBBIM
TOJISIPU3AIIMOHHBIH onepatop (0030HHAs COOCTBEHHAs SHEPTHs) AACTCs JUarpaMMOon

q.Q2
I(q.Q2) =

3Ta JuarpaMma TakKKe HMCECT HOPMAJIbHYIO MU aHOMAaJIbHYIO 4YacCTH. YacrorHas
3aBHCHUMOCTH OIpeeNsieTcs aHOMaIbHBIM (HeaHATUTHYeCKUM) BKJIa1oM B 11(g,Q2),
KOTOPBIN €CTh HU UTO MHOE, Kak 3aTyxaHue Jlanmay. B ssBHOM BUzIE

2

S-S s 2.7)

-1 per

Mg, o 122

’ D
Vi q| v.a

[oncraBnsass 3TO0  BBIpaXeHWE B  (GOPMYJIy [UIA IIONHOM  CIIMHOBOM
BOCIIPUUMYHBOCTH, ITOTY4acM:

Tk (@) = 17 (¢, ) + (g, Q) = #lﬂl , 2.8)
HETH Ty
q
&

2
via

rje y o

Tenepp ucnonb3yem 3Ty Qopmysiy, 4robsl Beruucautb 1(0,0). 3uas 1(0,0),
BBIYUCITUM MHOXHUTENb z. CormacHo (1.11)
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1
. 2
(Q +iv F‘h) .

d"qdQ
1(0,0)=-3g"- .
(0,0) gf@mwl@
IMoacrasnss BMecTo y(g) 3HaueHue y,..(g,<Q2), umeem:

d’qdQ 1 1
(2m)" (Q +iv.q, )2

10.0=-3¢"%,"| q
gz +§’2 +J . (2.9)
q

Hanomumm, uwro 1(0,0)=0 mpm y=0, Tak Kak HHTErpaJl IO YacTOTE
oOparaercsi B HOJb. [IpH KOHEUHBIX 3HAYCHUSIX ¥ HEAHAIMTHYECKAas YacTOTHAs
3aBUCUMOCTh, CBSI3aHHasi ¢ 3aryxaHueM Jlanmay, mpuBoguT k tomy, uto 1(0,0)

CTaHOBUTCSI KOHEUHBIM. VIHTErpupys 1o 4acToTe, a 3aTeM 110 UMITYJIbCY, U BBOJISL
-2
MIEPEMEHHYI0 O =

, TIOJTyJaeM U3 BeIpakeHus (2.9)

vF
1(0,0) = Apfla), (2.10)
rae f{0) =1, a o)1) npeacrapisier co0oii yObIBaOIIYI0 (yHKIIMIO 4acTOThL. B
logx

yactHocTH, npu D =2 f(a ] 1) = ,anpu MabiX @, f(a)=1-0.847a"”.

Teneps mnpoaHaTU3UpyeM NOIYYEHHBIH pe3ynsTar. To, 4ro mpu ol
Inea
1(0,0) [l — wmaJ0, He BBI3BIBACT YAMBICHHS, TAK KaK IpU & = oo (T.e. ipu y = 0)
a

1(0,0)=0. T'opa3zno Oonee yauBuTeneH ¢akr, 4To B oOpaTHOM mpexaene ol
1(0,0) = Ap, T.e. BenMUMHA PETYIAPHOTO WieHa B (HEPMUOHHOW COOCTBEHHOM
SHEPriM OKa3bIBACTCS TOTO K€ MOPsI/IKA, YTO M CUHTYJIIpHBIN BKiaa. bonee Toro,
uHTerpan (2.9) B mpenmene MaimbIX « TaKKe OKAa3bIBAeTCA 'TIPHUBS3aHHBIM' K
(hepMH-TIOBEPXHOCTH, YTO BUIHO HEMOCPEACTBEHHO M3 OTBETA: MOCKOIBKY Ap < 3
pacxomutcs mipu & = oo, To BenmuuHa uHTerpana st /(0,0) B OCHOBHOM 3aBUCHT
ot Maieix g u Q. Bonee toro, moacrasisist (2.10) ¢ ) = 1 B monHOE ypaBHEHHE
i X(k,0) =2 (k,0)+Z_ (k,0) (cM.(1.22) u (1.22")), nomyyaem:

S(k, @) = (iw—v,Ak) A, +v,AkA, = i, . (2.11)

BupgHo, 9TO cHTyanms M3MEHWIACH MOJTHOCTHIO: paHbine (pu ol 1) X = X(k),
tereps (ipu @ 1) = Z(w). [Ipu TakoM X(w) OnpenemnsaTs MOMpaBKy K (epMUOHHON
Macce 0T EPEHOPMUPOBKH z-(haKTopa, eCTECTBEHHO HENB3sL.
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EcrecTBeHHBIN BOIPOC, HA KOTOPBIA MBI TEIEph JOJDKHBI OTBETUTH: Te (TO
€CTh NP KakoM A) MPOMUCXOIUT mepexof (KpoccoBep) OT OJHOTO peXHMa K
Jpyromy. HamoMmHuM, 4TO Bce BBIIENPUBEACHHBIE PACCYXKIEHHS OCHOBAaHBI Ha
BTOPOM TIOpSIAKE TEOPHH BO3MYIICHHH, KOTOPBIH, ECTECTBEHHO, HPHUMEHHM
TOJBKO TIpH MaJbIX A. [IpocThIe OIIEHKH ITOKa3bIBAIOT, YTO KPOCCOBEP MPOUCXOTUT

npu a=0(1), To ectb npu yv, 1 £, Panee Mbl oumeHwtn y [ ;L Taxum

Ved

obpazom
— 2 —1+D
o' =2 L[ij 0, (% . 2.12)
¢ v./a\a a
CooTBeTCTBEHHO, Nepexo/] oT (k) K X(w) NPOUCXOIUT TIPH
a D-1
A, E 01. (2.13)

310 — OoAMH W3 HauOoyiee BaXHBIX PE3YJTATOB CTaTbu. BHJIHO, YTO CMeHa
MOBCACHUSA CUCTEMbI IPOUCXOAUT YIKE IMPU MAJIbIX 3HAYCHUAX KOHCTAHTBI CBA3U
Ap, KOTrJia BTOPOH HOPSJIOK TEOPUH BO3MYIIECHHH ellle NpUMeHuM. B dactHOCTH,
3TO 03Hauaet, 4to dopmyna (2.1) mis 3¢hGeKTUBHON MacChl MPUMEHUMA TOJBKO
npu Apll 1, ¥ ee Henb3si SKCTPANOIUPOBaTh K Ap > 1.

Ha mnepBbiii B3rusi, TOT (akT, 4To X, U X, CPaBHUMBI MEXIy COOO,
O3HaYaeT, 4YTO HJesl O pa3[elieHWH BKJIAJOB B COOCTBEHHYIO OSHEPrui0 Ha
HOPMAaJIbHBIM M aHOMAJIBHBIH YK€ He BepHa. B 1efiCTBUTENBHOCTH, OJJHAKO, 3TO HE
tak. Oxa3bIBaercsi, pHu o.[1 | CHOBa MOXXHO Pa3[eNUTh BKJIAJbl B COOCTBEHHYIO
9HEPIHI0 HAa HOPMAJbHBIA M aHOMAJIBHBINA, TOJBKO PACUeT aHOMAJIbHOIO YJICHA
JOJDKeH TMpoucxoauts uHade. OOpatmMcst cHoBa K (opmyne (1.11), 3ameHuB B
Hel y(q) Ha Yuom(g,Q2). AHOMAJBbHBIA BKJIa] B COOCTBEHHYIO SHEPrUIO CBSI3aH C
Pa3IBIKKOM MOOCOB B PyHKIMAX ['prUHA U ONpeessieTcss HHTErpaioM

1 dq,dQ

I:_ .
27 [(0+Q+i"p(Ak+‘]1)][Q+iq1VF]

2.14)

B npenpinymux BRIYMCICHHUAX CHayala MHTErPHPOBaiH 1o yactote. [locie
9TOr0 HMHTErpajll 1O ¢; OrpaHuuuBaics obmacteio -Ak <q;<0. IIpousBoxas
WHTETPUPOBAHUE IO HMITYJIbCY, UMEIIH:

iAk Ak

I=1=- =+ .
w+iv. Ak iw—v,.Ak

(2.15)

Onnaxo, Kak Jierko BuzaeTh w3 (2.14), n1ByMepHBIH MHTErpai 1o ¢, {2 pacxomurcs
Jorapu(MUYECKH Ha BEPXHEM Mperene, TaK YTO PE3yIbTaT HHTEIPUPOBAHMS MOXKET
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3aBUCETh OT TOrO, B KaKOW IOCIENOBATEIBHOCTU MPOU3BOAUTCS HUHTETPHUPOBAHUE.
[posepum ato. [IponHTEerprpyem cHavaia 1o dg;, a TotoM 1o dC). larerpupoBanue
MIPOU3BOJMTCS TAK K€ KaK paHblie. OHaKO Terneph UMeeM (Veg; = X):

1 1

I=- [aQfdr— : .
27V, (x—iQ)(x +v Ak —i(w+Q))

(2.16)

Wurerpain 1o dx KOHEUYEH, KOrjia MOJF0Ca PACIIONOKEHbI B Pa3HBIX MOJIYILIOCKOCTSIX,
T.e. Korma -0 <Q<0 (W1 ompeneneHHOCTH MBI TONOXUM @ > 0). IlpomsBoas
HHTETPUPOBaHKE, TOTydaeM

1 2rio L iw

I=1,= (2.17)

272, VA —iw v, io-v. Ak
CpaBHuBast BeipaxxeHus (2.15) u (2.17) Buaum, 4to JBa oTBeTa /1jIst [ OTIMYAIOTCS
Ha KOHCTAHTY.

Kakoii u3 3THX IBYyX pe3ynbTaTOB IPaBUIbHBINA?

Jnist oTBeTa Ha 3TOT BONPOC 3aMETUM, UTO paziaudus Mexay I u /1, cBSI3aHO
(opManbHON pPaccXOJMMOCTBIO JABYMEpPHOro HHTerpaia B (2.14) Ha BepxHeM
npexene. B nedcTBUTENBHOCTH, pPAacXOOMMOCTh (DUKTHBHA, HMOO CIHHOBAs
BOCTIIPHIIMYHBOCTB, KOTOPYIO MBI HE BKIFOUMIH B (2.14), oOpamaercsi B HOJNb IpU
q1, Q — . Ha maremaTHueckoM S3bIKE 3TO O3HAYAET, YTO BOCIPUUMYHBOCTb
27(q,QQ) perymspuzyer unterpan (2.14). Korma mbl mpeneOperaeM 4acTOTHOM
3aBHCUMOCTBIO B }(q,Q2) [uTo cooTBeTcTBYyeT ¢ 1], mHTErpan mo dQ Obu1 HIYEM
HE OrpaHWYeH, a MHTErpail o dg;, cxoawics 3a cueT y(q). B sroii curyarmmn
€CTECTBEHHO HHTEIPHpOBaTh CHAdajla I0 4YacToTe, a IOTOM II0 HMITYJIbCY.
Pesynbrar u ectb /. Ongnako, mpu ol 1, curyanus okasbiBaeTcsi oOpaTHOM —
perymsapuzanus uHTerpana (2.14) obecreunBaeTcsi YaCTOTHBIM WIEHOM, T.K. IUIS
XapakKTepHBIX Vpg ~ (), JuHaMudeckuii wien B y'(¢,Q)) Buga 7|Q|/qD YV

TPEBOCXOJUT CTATHUECKYI0 4acTh, KOTOpas mopsiika ¢-. B oToit curyarmm,
€CTECTBEHHO, MEPBbIM JIOJKHO MPOU3BOAUTCS WHTEIPHPOBAHHE IO MMILYJIBCY, a
IIOTOM II0 4YacToTe. Pe3ynpTaT Takoro MHTErpUPOBAaHUS €CThb [, 3aMETHM TaKXKe,
4TO pa3HULA MEXNTy [, U [, B TOYHOCTH COOTBETCTBYET "peryisipHoMy" BKJIaLy
mpu 0 1.

BbiBOon W3 NPUBEICHHOTO BBINIE PACCMOTPEHHUs TakoB: W mpu oll 1
coOcTBeHHass 3Heprus X(k,0) MOXeT OBITh pa3/ieleHa Ha pErYSIPHYI0 |
aHOMAJIbHYIO 9acCTH, HO TETIEPb

X (ko)=X(w)=ilw,

2, (k,w) = (io—v,Ak)I(0,0),
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rae
1(0,0)=1(0,0)—1(0,0)|__, -

Hanmomunm, uro [(0,0) mano npu a0 1. B wuactaoctw, npu D=2,
1(0,0) oc 1,0 .

26. Cnyuaii 421
[locne Toro, xak ObUIO ycTaHOBIEHO, 4TO NpuU A< 1 coOCTBeHHas 3Heprus
3aBHCUT B OCHOBHOM OT YacCTOThl, MOXHO IONBITaTbCA OIMCAaThb IIOBEICHUE
cucTeMbl TIpH A > 1, T.e. IpU HAIMYUKM CHJIBHOW CBs3u. {1 omnpeseneHHOCTH
Oynem paccMarpuBatrh ciydaili D =2. IloBenenue cucrembl npu Apyrux D u3
uHTepBana 1 <D < 3 kauyecTBEHHO He OTJINYAeTCs OT MOoBeNeHus npu D = 2.

B o0mem ciyyae pacCMOTpeHHE IMOBEIEHHS CHCTEMBI TpU Ap-_,=A>1
TpebyeT yuera OeckOHe4HO OonblIoro uucia nuarpamm. OmHako, npu X = X(w)

CHUTyallMs CYLUIECTBEHHO YIPOIIAETCs o TpeM npuunHam [37,45]:

1) BepuUIMHHBIC IONPABKYA Mallbl 110 napamerpy (g/E, )

2) 06o30HHAs CcOOCTBEHHAss SHEPrust (YaCTHYHO-ABIPOYHBIA MOISIPU3ALHUOHHBINA
oIIepaTop) Takas ke, Kak /Il CBOOOIHBIX (PEepPMHUOHOB, TO €CTh IO MPEKHEMY

ompezensercs popmyioi (2.7); monpaBKH K 3TOi (HopMyIie Mabl 0 TOMY K€
1/2

napamerpy (g/E,) ;
3) perymspHas 4acTb cOOCTBeHHOW oSHeprum Xu(k,w) Tak xe Mama B Mepy
— 1/2
manoctu (g/E,) .
B rmocnenHem sierko yOeAMTBCS HENOCPEICTBEHHBIM BbIUKMCIEHHEM. Kax
7 12 g(¢ z ) -
wssectro 1(0,0)0 Aa"? . Toxeramas A0 -2-( = | u o, 8| (£) | naxomm
E;\a E, a
RN
1(0,0)0 £ | 1. Mbl He OygeM NpHBOAWTH B SBHOM BHAC BBIYHCICHHI
-
BEPIIMHHBIX IIOIPAaBOK M IONPABOK K MHOJAPU3AaLMOHHOMY omeparopy. OTMeTum
TONIBKO, YTO OHM IIPOUCXOASAT OT PEryJsApHOM 4acTH (PepMUOHHON COOCTBEHHOM
SHepruu (aHOMalbHAs YacTh BKJIAJa HE BHOCHT), U IOTOMY Majlbl B Mepy TOIO XKe

— 1/2 v
rapamerpa ( g/E F) . 3amMeTnM, YTO NPH HPOM3BOIBHON pa3MepHOCTH D, BEMYINHA

— 1/2 — (D-1)/2
( g/E F) 3aMEHSIETCS] Ha ( g/E F) . DTO, B YaCTHOCTH, TOKa3bIBACT, YTO B

OJIHOMEpHOM city4yae D = 1 Halia TeopHsi HeClpaBe IuBa.
Be3 BepUIMHHBIX IMOMPABOK TOJHAsS COOCTBEHHAs JHEPTHUS MO-TIPEKHEMY
o *
ompenensercs popmyoit (1.10) ToIBEKO ¢ 0OIIMM MHOXKHUTEIEM Z, V ;, BMECTO Vi H
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Zoona(q,€2) BMeCTO ¥(q); TPH 3TOM  Yuom(q,€2) 3amaercs BeipakeHueM (2.8).
OrpanuuuBasicb B wuHTerpasie i 2(k,w) TOJBKO aHOMAJBHBIM BKJIAIIOM,
moJryyaem

Z(kgv):iwﬁ(zlgq. (2.18)
m

IMoncrasnss sToT pesynstar B G(k,w), ModydaeM CHCTEMY IBYX CBSI3aHHBIX
. .
YpaBHEHUH 1St m/m W z:

1 m* Az =1,
zom (2.19)
Lo Laoan,
m m
PEHICHUSAMHU KOTOPBIX ABJIAIOTCH
m=m(+A); z=—) (2.20)
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®opmyisl (2.20) — OCHOBHOH pe3ynbTaT (epMU—IKHIKOCTHOTO paccMOTpe-
Hust ipu A > 1. Bunso, uto 3¢ dexTrBHAsT Macca BO3pacTaeT IpH NMPUOIIDKEHUH K
Touke (eppomarHuTHOrO nepexona (rae A= o), a z—pakTop HEepMHOHOB YMEHB-
nraeTcst B Mepy Toro e napamerpa (1+4), KOTopblid 3a1aeT yBEIHMYSHUE MaCChI.
BuHO Takoke, uTo 3(QEKTHBHAS Macca m He 00paliaeTcs B GECKOHEUHOCTh [0
Touku Tepexozna. bomee Toro, cpaBHUBas ¢Gopmyny (2.1) ¢ TOUHBIM ypaBHEHH-
em (2.20), Bugmm, uto (2.1) MOXHO paccMaTpuBaTh KaK NEPBBIA WIEH pasio-
skeHust (2.20) o creneHsiM A.

YBemmuenne 3¢ GeKTHBHON Macchl IPH BO3pacTaHWH A 03HAYAET, YTO TEIUIOEM-
KOCTb CHUCTEMBI BO3pACTaeT NMpH NPHOMMKEHNH K TOYKE Ilepexoja, a npu A= oo (1o
ectb ¢ =0), Teopus (PePME-KHIKOCTH HepecTaeT paborarh. CrpalkBaeTcs, uTo ee
3amensieT? Termepb MbI TOTOBBI OTBETUTh HA 3TOT BOIIPOC.

22, Hegpepmu-sicudxocmnoe nogeoenue 6 Kpumuueckoil mouke eppomazHumnon
Heycmonuueocmu

B mpeapinymmx maparpagax Mbl OTBEYaId Ha BOIPOC O MOBEACHHU (DEPMHUOHHOM
CHCTEMBI Ha CaMbIX MaJIbIX YacTOTaX BOJIM3M (peppoOMarHuTHOro mepexona. OTBET,
KOTOPBIA MBI MOJYYWIM — CHCTEMa BeleT cels Kak (hepMU-)KHIKOCTh BIUIOTH IO
TOYKHM TIepexofia, HO 3a CYeT aHOMAJbHOIO WieHa B COOCTBCHHOH 3HEpPruH
a¢dekTrBHAS Macca PacXOJWTCS B TOYKE Mepexona. Temepb Hamo OTBETHTH Ha
Jpyroii Borpoc. J[o Kakux 3HEpruil (4acToT) CHCTeMa COXpaHseT (pepMU-KHUIKOCTHOES
noBenieane mpu A > 1? TlokaxkeM, 9TO BEpXHsS TpaHHIA CIPABEIIMBOCTA TCOPHU
(hepMU-)KUIKOCTH YMEHBIIIACTCSI TT0 MEepe YBEIUUCHUS A, OT Ef 110 EA, Tax uto npu
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z .
A01 depmu-xunxocts (¢ G = —————) CyIIECTBYET TOJIBKO BILIOTh 10 EpAd ’a
iw—v.Ak
Mexny ExA” n Ep B CHCTeMe BO3HHKAET HOBOE YHHBEPCAITHHOE HH3KOIHEPTETHIECKOE
MOBE/ICHHE, OTJINYHOE OT (epMu-KuaKocTHoro. Korma A=oo, BepxHss TpaHHLA
bepmu-xuaKocTy obpamaercs B 0, a HeepPMU-KUIKOCTHOE MOBEICHHE PacIpoC-

TpaHsIeTCs JI0 CaMbIX MaJIbIX HEPTUH.
B naHHOM citydae BaKHO TO OOCTOSITENBCTBO, YTO MAJIOCTh BEPIIMHHBIX MOTIpa-

v — 1/2
BOK U X(k) HUKaK He CBsi3aHa ¢ OJM30CTBIO K repexony. JeicTBUTeNBHO, ( g/E F)
0CTaeTcs MaJIbIM ITapaMeTpoM Jiaxke korma A — co. COOTBETCTBEHHO B 000X (pazax, u
B (hepMHU-KUIKOCTHOM, U B HOBOM (paze MKy BepxXHel rpaHulieil GepMu-KuIKocTH
u Ep, ¢epMuoHHas COOCTBEHHas SHEPIUs C TOYHOCTHIO [O WICHOB IOpSIKA
— 1/2
(g/E.) " onpexemsiercst HCKIIOUUTEILHO AHOMATBHBIM BKIAZIOM H 3aBHCHT TOIBKO

oT yactoThl. C 3TOif ske TOYHOCTBIO B 000HX (pa3zax MOKHO HCIIOJIB30BaTh BRIPaXKEHUE
(2.8) I BOCHPHMMYHMBOCTH  Yiom(q,(2). Mcmomp3ys 3T oOcTosTeNnscTBA U
TIOZICTABIISIA ONHYIO (yHKIMIo ['prHa

G (k,w)=iw—v,. Ak +2(®) (2.21)
B BBIPAKCHUC JJI CO6CTB€HHOI7[ OHEPIruu, nNojrydacm:
2k, )= 2(k,,w) =
=_3_j deqlc}lq2 1 . 1 .
(27) lold  i(0+Q)+Z(0+Q)-v,q,

2, 2
q; T4,

HOCKOHBKY HAaC MUHTEPECYCT TOJBKO aHOMaﬂBHLIﬁ BKJIaJ, MOXXHO CHayaja
HPOMHTErPUPOBATH IO ¢, MIONOKHB ¢; = 0 B BRIPAXKECHHHU IS BOCIIPUMMYHABOCTH.
VIHTErpHpOBaHKE TI0 dg, IPHBOIUT K CICAYIOIEMY PE3yIbTaTy:

(2.22)
4 +q; +&7+

1 17 dx
Jda (0 Q)+2(@+Q)—v = - [i(@+ Q)+ H@+Q)]
P V- . 23)
:—isgn(a)+Q)
VF

Bruto MCTONB30BaHO TO OOCTOSATENBCTBO, UTO sgn X(w+Q) = sgn (w+C2). Bunsxo,
YTO pe3yNbTaT MHTETPHPOBAHUS IO ¢, HE 3aBHUCHT OT BEIMUYUHBI X(w + Q), T.c.
ypaBHeHHE (2.22) B IeHCTBUTENEHOCTH HE SBISETCS HHTETPATBHBIM YPAaBHCHHEM.
310 mpsAMoe crencTeue (akTOpU3alUKM HHTETpaja MO0 MMITyJbcy. [lompaBku 3a
CYET 3aBHCHMOCTH OT ¢1 B }(¢,0) KOHEYHO K€ NMPUBOAAT K WICHAM B NPaBOM
gactu (2.22), xoTtopeie 3aBUCAT OT X(k), HO, KaK MBI YK€ CKa3alH, dTU WICHBI
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— 1/2
Maibl 110 napamerpy (g/E.) . 3aMeTHM, YTO Hall IOJIXOJ HE YKBHBAJICHTCH

YacTO HCHOJb3yeMOW BBIUMCIMTENBHOM mpouenype, HaspiBaemMod FLEX
(fluctuation exchange approximation [46]). B Takoii npouexype dieHBI,
MIPOUCXOSIINE OT He—(haKTOpU3aIUU MHTETpaia 10 MMILYJIbCY YYUTHIBAIOTCS, a
BEPUIMHHBIMH TIOTPaBKaMHU TO-TIpekHeMy mpeHeOperatoT. Ilockonbky oba Tuma
YWICHOB MaJIbl IT0 OJTHOMY M TOMY K€ ITapaMeTpy, y4eT OJJHUX MOIPABOK U HE yUeT
JPYTHX €Ba JIN MOKET OBITh OIpaB/aH.

Bepremcs k mHTerpamy mns cooctBeHHod sHepruu. Iloxcrasmss (2.23) B
(2.22) u uHTETPHUPYH 110 dg,, TOTYIaEeM

xd
= mj ao= j W . (2.24)
&

HpI/I KOHEYHOM KOppCJIHIII/IOHH()ﬁ JJIMHC, Ha CaMbIX MaJlbIX 4aCTOTaX, YWICHOM

X +x+

|Q|7(§2 MOXKHO TMpeHeOpedb W TOr/a MojydaeM X = idw,,, TO ecTh (opMyIly TEOpHU
bepmu-xuakocTy. B o6paTH0M TPEZIENTBHOM Citydae ¢ = 00, Mbl IMEEM

dg,-q, _ 98 @, (2.25)
_47zv J JAql+|Q|;/ 87%v, ¥ -

0
CoGCTBeHHAs SHEpTHs HA MallyOapoBCKOil ocu BeleT cebst Kak X o i @)
[pu peanbubix yactotax ReX(w)[l I, X(w)[ @*’. CrnenosarensHo, BILIOTH J0

CaMBIX MaJbIX YaCTOT MHUMOH YacTh0 COOCTBEHHOM 3HEPTUH NMPEHEOPEYb HENb3s
[0 CPaBHEHUIO C JIEUCTBUTENBHON 4YacThio X(w). Takoe MoOBeNEeHUE OYEBUIHO
MPOTHBOPECYUT OCHOBHOMY MOCTYJaTy Teopuu (hepMu-KuaxocTd. CyIIeCTBCHHO

TaKXKe, 4TO Ha HU3KUX yacTotax g @™’ [ @, Tak uro X(w) [ w.
I[ns{ KOJIMYECTBEHHOTO aHAIIM3a IPUBENIEM TOYHBIN pe3ysbTat il y pu D = 2:
. [Toncrasisis 310 3HaUeHue B popmyaty (2.25), npu & = oo momydaeM:

}/:
7Z'VFa
T=iow)”s (2.26)
rac
9)' 1 z )
%:(_j —E,- L 10E,. (2.27)
8) 7 E,

HepaBeHncTBo @) EF TOJHOCTBIO COTJIACYETCSl C UAEEH O TOM, YTO CHJIbHBIE
KOppesiyK BONMM3U niepexoja B (eppoOMarHUTHOE COCTOSTHUE 3aTParkBaroT TOJBKO
HU3KO3HEPTeTUUECKOE TTOBEICHNE CHUCTEMBL. JeHCTBUTENBHO, TP @ > ) X(w) < @,
TO €CTh CHCTEMA BeJIeT ce0sl Kak Cl1ab0 B3aMMOICHCTBYIOIIMIA ra3 KBa3UYACTHII.
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IIpn koHeuHbIX 3HayeHUsIX ¢ COOCTBEHHas JHEpPrusi () HCHBITHIBAET
KpoccoBep OT (pepMHU-KHIKOCTHOTO K He(PEepMHU-KHIKOCTHOMY HMOBEIECHHIO. JTO

IPOUCXOIUT pU —7/ [11, TO ecTh, KOTJ1a
&’

-3 2 3
ol %:5_5@(1] 1A g, (2.28)
r g \&) 4
[Tpu IPOU3BOIBHBIX @, BBIpAXKEHHE IS () MOXKHO 3aIMCaTh B BUJIC
T=ilof (2.29)
a)s/'
rae
1 0
x)= (2.30)
S ;[ -([ z(z° +1)+xy

f(x0 D= ;
B mpenenax Manbix u 6oipmux x, f0) = 1, 27r(x”3) .

I'paduk dpysaximm f{x) npusenex Ha puc.la. Ha puc.16 npuBeneHa 3aBUCHIMOCTB
MHHMOW 4acTH COOCTBEHHOH 3HEpruH Kak (pyHKIMH 4acToThl. [Ipy ManbIx yacrorax
¥ oc ’, HO MPU @ > Wy MHUMAS YaCTh COOCTBEHHOI SHEPruM X" OTKIOHSETCS OT

2
KBaZ[paTI/I‘{HOI/I 3aBUCUMOCTH U IJIABHO NEPEXOAUT HA 3aBUCUMOCTL /3

S (a)
X
2"
(0)
()
Puc. 1 (a) — nogedenue ¢ynxyuu f(x) (cm. ypasuenue (2.29)); (6) —cobcmeennas snepeus
Kak @yuxkyua uacmomwi. Ha manvix uwacmomax — (@) oc &, na Gonvuiux

yacmomax — () < &’
CxeMaTH4eCcKH TIOBEJCHUE CHCTeMbl Hpu Alll Ha pasHBIX dYacTOTax
MIPEICTaBICHO Ha pHC. 2.
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REGIEPAIE-ICUOROCINOE, HAIROIEPCTLE-
hepne- REGHAIOBO-KEREIIHCCKOe eRpho pesdeaTnrnl  MOCRARE OO
FCHOROCAD ' Rosedene . theprine-eaz s HE RPUASCHEMA
L 3
. 3
0~ S ®, £

Puc.2 Cxemamuueckoe nosedenue cucmemvl Ha PAa3HblX Yacmomax

[ToBeneHne CHCTEMBI MEXIY (g U (W9 HE 3aBHCHT OT JUIMHBI KOPPEJILHH £,
T.e. TAKOE K€, KaK eciH Obl chcTeMa Obula B KPUTHYECKOH Touke rie, &=oo, a
wy="0. Ilo >Toif mpuunHe HedepMU-KUIKOCTHOE TOBEIACHHE HA3BIBAIOT TaKKE
KBaHTOBO-KPUTHYECKUM.

Pazymeercs, HepepMu-kuaKocTHAs GopMa COOCTBEHHOW SHEPIUH X(w) TPH-
BOAUT K He()EPMH-KUIKOCTHOMY IMOBEACHHUIO TEPMOIMHAMUYECKUX XapaKTEPHUCTHK
cucteMsl. B actHocTH, Terutoemkocts C(7) Bexet cedst Tak

C(T)0 T, 2.31)

IMpu npownsBonbHO# pasmepHocTH (1 <D < 3) KBaHTOBO-KPUTHYECKOE IOBETIC-
HHE XapaKTepHU3yeTCs CIENYIONMEl 3aBUCHMOCTBIO0 COOCTBEHHON SHEPTUH OT YacCTOTHI:

S(w)0 o™, (2.32)

B TtpexmeproM ciydae (D = 3) moBeaeHHE OKa3bIBACTCS MOYTH TAaKUM JKe,
KaK U MoBeJieHne (pepMU-KUKOCTH, HO OTJIMYAETCS] HAUIMYUEM JIOTapu(pMUIECKON
3aBHCUMOCTH:

2(w,)], , *o,logn, . (2.33)

XoTa ormnmume OT (GEepMH-KHUAKOCTH X(®, )] @, KaxeTcs MUHHMAIBHBIM,

JUTSL peaibHBIX 9acToT A popmyna (2.33) mpuHUMaeT BH]T
Y(w) wlogw, X' () w. (2.34)
OYHKIMOHATBHAS 3aBUCHMOCTh X'(®) JIOBOJBHO CYIIECTBEHHO OTINYACTCS OT
depmu-xunxoctHoit X"(w) [ @ . Tem He MeHee, ToT (akT, uto cornacHo (2.34) Ha
Hm3nmx vacrotax X'(@)[] X"(w) o3Havaer, 9To TEOpUs (PEPMU-KHIAKOCTH B STOM
ciy4yae '"mouTd 4To" CIpaBejyinBa, XOTs, Harpumep, TerioeMkocts C(7) [ T'logT

JIorapu(pMHUYECK! OTIIMYACTCS OT OOBIMHOTO (hepMH-KUIKOCTHOTO roBeaeHus. 1o otoit
NPUYUHE CHCTEMY, MOBeleHHe KoTopol ompenensiercst (opmynamu (2.33)—(2.34),
Ha3bIBAIOT MaprUHAILHON (PepPMU-KHIKOCTBIO [47].

3akJjouenue
Kak Ham mipencraBisieTcs, MPOBEICHHOE PACCMOTPCHHUE MTO3BOJISICT TIOHAT MPUYHHBL,
3aCTaBIIIONIME ONUCHIBATH HEKOTOPBIC (PEPMHU-CHCTEMBI, BBIXOJS 3a IPEICIIBI

157



Depmu-xcudKocms u cunbHble KOPPenAUUU

CTaHAAPTHOI Teopuu GepMu-xkuaKkocTy. Hamo umeTh B BUITY, YTO BCE PacCMOTpPEHHE
HOCUT TPUHUMIMAIBHBIN xapakrep. Ilpu mnepexone K HCCIENOBAHUIO CBOMCTB
KOHKPETHBIX METAUIOB WM JAPYIrHX OOBEKTOB HEOOXOIrMa KOHKPETH3AIMS
SHEPTeTHYECKOTO CIEKTpa HcciexyeMoit cucreMbl. Hanbomee Opocarormeecs B ri1asa
OTIIMYHE MEXTY aOCTPAKTHBIM METAJLIOM CO ChepryecKoi MoBepxXHOCThI0 Depmu 1
KOHKPETHBIM METAJUIOM CBSA3aHO C TEM, YTO B TEOPHHU (PEePMHU-KHAKOCTH (M OCOOEHHO
B (OpMYIHMPOBKE TPaHUI] €€ NPUMEHUMOCTH) BAXKHYIO POJb HIPAIOT HMITYJIbCHI,
Omm3kue Kk auamerpy (epmu-cdepsl. Y MHOTOCBS3HBIX IMOBepxHOCTed Depmu, a
Takke y mosepxHocTell depmu ¢ mepeMbldKaMH, JUAMETPhl MOTYT CYIIECTBEHHO

otmyathest ot 2p,. = 2h(37°n)"" , T1e n — MI0THOCTE 571EKTPOHOB MPOBOTUMOCTH.

Ham mpustHO, 4rOo 3Ta CTaThs myOnmKyeTrcs B COOpHMKE B 4YeCTb
B.U. KoyenmaeBa. DTO — CBHIETEIHCTBO WHTEpECAa HAIINX Jpy3eH — Ka3aHCKHUX
(U3MKOB-TEOPETHKOB H, Tpexne Bcero, bopuca VBaHOBHYa K COBPEMEHHBIM
npobieMaM 3IEKTPOHHON TEOpHUH HOPMAIBHBIX METAJLIOB.
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We present the analysis of the behavior of interacting fermions near the Stoner instability in
a Fermi liquid. We show that the Landau damping of the spin susceptibility is a relevant
perturbation near the quantum critical point, and it gives rise to the effective locality of the
problem — fermionic self-energy near the transition strongly depends on frequency, but
weakly depends on momentum. We discuss how Fermi liquid behavior gradually
disappears near the transition in D < 3, and present the results for the fermionic self-energy
at the critical point.
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ISOTROPIC PHASE OF NEMATICS IN POROUS MEDIA

B.M. Khasanov
Kazan State University, Kazan 420008, Russia

We study the effect of random porous matrices on the isotropic- nematic
phase transition. Sufficiently close to the cleaning temperature, both
random field and thermal fluctuations are important as disordering agents.
A novel random field fixed point of renormalization group equation was
found that controls the transition from isotropic to the replica symmetric
phase. Explicit evaluation of the exponents in d = 6 — £ dimensions yields to
a dimensional reduction and three-exponent scaling.

Liquid crystalline ordering in a confined geometry has been the subject of considerable
investigation during the past decade. The study of liquid crystals constrained to a
random network of porous silica aerogel has been an area of current interest due to
their importance in technological applications and from a fundamental point of view.
Such liquid crystal porous matrix systems emerge in many natural and technological
processes, giving rise to scientific activity. One of the fundamental questions is the
effect of finite size and quenched disorder on the phase transitions. Liquid crystals
exhibit a variety of experimentally accessible phase transitions involving orientational
and translational ordering. Most of the studies are focused on the nematic-isotropic or
nematic-smectic phase transitions. For example, the first has been investigated using
various experimental techniques [1]. The main results could be summarized as
follows: (a) the bulk isotropic-nematic (I-N) phase transition temperature is shifted
down and the character of the transition changes; (b) even for above the bulk I-N phase
transition temperature, there exists a weak residual nematic ordering; and (c) Monte
Carlo simulations show that in some cases the nematic order is replaced by a quasi-
long-range nematic phase.

Theoretical modeling of such phenomena is difficult. The porous matrix not
only geometrically confines the liquid crystal, but also induces a random orienting
field that fixes the direction of the order parameter near the surface of the matrix.
Some experiments with liquid crystals in random porous media [2] showed that
the random preferential orientation of the liquid crystal along the pore surface
(whose normal changes direction randomly) profoundly influences the dynamics
of an I-N phase transition in such a system, and fluctuations of the orientation
order parameter relax at a much slower rate than in bulk liquid crystals. These
experiments have stimulated theoretical work [3], and a random-field (RF) model
for nematic liquid crystal has been proposed that qualitatively explains the
glasslike behavior seen in experiments for liquid crystal-aerogel systems [2,4,5,6].



Isotropic Phase of Nematics in Porous Media

The nematic phase within the pores could be modeled as an Ising-like system
with an imposed random field coupled directly to the orientational order parameter
to account for the random confinement. Such a model uses a random uniaxial
anisotropy on a spin system [3,7], including a symmetric coupling between the
anisotropy vector and order parameter in order to account for the “up-down”
nematic symmetry. This RF term in the Hamiltonian of the nematic liquid crystal
is linear coupled to the order parameter. The strength of the random field in this
model should directly depend on the anchoring strength of the molecules to the
surface of the gel and indirectly on the porosity. This model may be described as
an RF Ising model.

However, the experimentally obtained functional form for the scaled
autocorrelation function is quite different from that obtained in a simulation of the
RF Ising model. Really, the liquid crystal is a system with many degrees of
freedom (the order parameter tensor has five independent components) and has a
different symmetry from the Ising model.

The basic point in discussing the effect of RF on ordered nematic phases
follows from the Imry-Ma argument [8,9], which suggests that this continuous
symmetry system does not have nematic long-range order for dimensions less than
four (d <4). The possibility for the nematic phase to be replaced by a glassy state
characterized by quasi-long-range order was discussed by Radzihovsky and Toner
[10], and also predicted by numerical simulations [11], and by Feldman [12] using
a renormalization group (RG) approach.

The theory [12] is the first one that extends beyond the mean field
approximation for the low-temperature phase of disordered nematics. In this low-
temperature phase, uniaxial nematics in random porous media can be mapped onto
the RF O(N) model. However, mapping becomes invalid near the phase transition
to the isotropic phase. In this paper, we focus on the effects of quenched disorder
that are introduced by the host silica aerogel at the high-temperature phase, i.e.,
above the I-N phase transition temperature. An appropriate model would require a
full Landau-de Gennes type Hamiltonian incorporating a random orienting field.
We carry out the mean field analysis and RG treatment as well.

The order parameter for a nematic liquid crystal is a three-dimensional
symmetric traceless second rank tensor Qs The effective Landau-de Gennes free-
energy functional appropriate to the RF nematic model near the I-N phase
transition can be written as

d 1 2 1 2 1 3
F:jd x{zro Tr(Q )+E(VQ) —ngr(Q )+ N
ese[(0")] —Tr(h<x>Q<x>)}
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where ry=T-T,, Ty is the second order transition temperature if 5 =0 (bulk
supercooled temperature limit), and b, ¢ are temperature independent constants.
The quenched RF £,4(x) is a symmetric, traceless, Gaussian random tensor with
vanishing quenched average [/,43(x)] ., = 0 and with variance [13]

1 1
[hm’? (q)hﬁyﬁ (_q)]m' = hs (5 (dm 63(5 + 6&(‘5 63*,' ) - E 6{1;7 6*?» )7 (2)

n is the dimensionality of the tensor /4.
Ground state configurations of the longitudinal component of the field Q(z) (we

consider here only the uniaxial nematic) are defined by the saddle-point equation
~AQ+1,Q—bQ* +cQ’ = h(z). ?3)
It will be useful to recall first what behavior is expected for a nematic placed in a
non-random field, i.e., a homogeneous field in a uniform direction. The isotropic phase
acquires some order and is transformed into a paranematic phase. The paranematic-
nematic phase transition occurs at o = (26*/9¢) (1 + h/2h.). Here h.=(b*/27¢%) is a
uniform critical field that determines the nematic-paranematic critical point,
n(h) =10 /30. For h < h, the paranematic supercooling temperature 7 and the

c

nematic overheating temperature 7" both have field dependence

B T T T+—T]3/2

—=1-3 +2
h, T+_To [T+_T[’1

“4)

where (+) correspond to Ty and T, respectively. All three temperatures 7, 7, and
7" merge at the nematic-paranematic critical point 7,". For &> h,, the order
parameter () will increase smoothly as temperature is decreased.

Apparently, the solutions of Eq.(3) with non-homogeneous A(x) may
essentially depend on a particular configuration of the quenched fields. The effect
of RF is averaged over a length scale L, over which the orientation is correlated.
The mean magnitude of the sum of the random fields is given by the sum of the
squares of the random fields. Using the central limit theorem, the effective RF
which couples to the local order parameter is approximately /&, L “*. Now, because
the order parameter is changing on a length scale, the elastic energy term is of the

form (Q/L)2 . Combining the ideas of Landau and those of Imry and Ma, it was

shown, that for low order parameters () < ch, / b®, the correlation length L is

about a molecular length scale [7]. The free energy advantage is as though there
were fixed nematic fields on the molecules, and it is negatively linear in @) . There

is an energy cost in changing molecular orientation from point to point, but this is
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negligible because it is proportional to @”. Thus, for the isotropic phase the effect
in this mean field consideration is roughly the same whether the imposed field is
random or fixed.

Let us estimate under which conditions random fields are relevant and are
getting a dominant contribution for the ground state configurations. We divide the
system into blocks of linear size L. As we have seen, the characteristic value of the
—d/Q

RF in this block (averaged over realization) could be defined by h = hL In
the case when the fields can be considered as the dominant factor, the order
parameter does not depend on the temperature and it happens for A > 7. Now it
is easy to estimate the characteristic size of the block up to which the RF can
dominate: L < hs/ "%/ _On the other hand, the approximation we are using is

v

correct only on length scales much larger than the fluctuation region £ oc 7 " .
Thus, we have another bound for L: L > £ . Therefore, the temperature region
where RF effects cannot be ignored is,
1/(285—dv)
Il < (chg) =7,. 4)

Such a region of temperatures near 7. exists only if 236 > dv . This value of 7,
can be interpreted as the estimate for the temperature interval around 7, in which the
order parameter configurations are essentially defined by the random fields.

In the mean field theory, using Landau critical exponents, the above nontrivial
temperature interval 7, exists only at dimensions d < 6 and equals 7, = (ch; )2/ o0,
These simple arguments hold only in the approximation where critical fluctuations can
be neglected. Thus, the temperature region 7, where disorder induces a finite

correlation length &(h,) o ( Chg)fl/mﬂz)

It is easy to estimate the Ginzburg criterion of the applicability of this

is correct in this regime only.

approximation. For our model (1), one can get 7, o max[b4/ @ <4_d)] , and the
above result is valid only for 7> 7,. On the other hand, the Ginzburg
temperature region is larger than the metastable interval of the first order I-N
phase transition 7, > bz/c. For weak RF such that 7, <7 <7, critical

exponents get renormalized by thermal fluctuations, and in the region 7 < 7, , RF

fluctuations are important as well.
The following qualitative arguments may be constructed. Actually, multiple
global solutions of the saddle point Eq. (3) can appear due to the double-well local

potential. This potential has two local minima for 7, < 7 < T and for the values
of the field h < h,. At temperatures above 7", the disordered local minima
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solution is unique. Just below T, however, multiple local minima solutions
appear. The energy of the nematic solution is higher than typical energy of the
disordered solutions. At further temperature lowering, the interaction of the local
minima solutions is getting not small, and we may expect the nontrivial behavior.
Like in spin-glasses [15], there is a large number of the disorder dependent local
energy minima. In contrast to the usual spin-glass phase, these minima probably
are separated by finite energy barriers. Therefore, it is possible to expect the
existence of a finite temperature interval between isotropic and nematic phases
where the glassy-type behavior occurs. In this state the standard nematic order

parameter equals zero, [(Q)],, = 0, but the bilinear average [(Q)’],, is different

from zero at all temperatures and plays the role of the order parameter of the
nematic glass. At the same time, the application of external magnetic field H
restores the long-range orientational order, and the magnetic field threshold is

determined from the condition that the nematic coherence length &, o (x,H?)
is less than the disorder induced correlation length &(h,). Here, ¥, is the

anisotropy of the diamagnetic susceptibility of the nematic.

In the glass-type phase, thermodynamics is defined by numerous disorder
dependent local energy minima. In such a situation the perturbation theory and the
usual RG approach in its traditional form that gives the correct result for the
Hamiltonian with only one minimum cannot be used. The most developed
technique in this case is the Parisi replica symmetry breaking method [16]. Using
this technique, it has been proven that for the N-component (N >> 1) spin systems
with RF, the usual scaling replica-symmetry solution is unstable with respect to
the replica symmetry breaking in the phase transition point. Moreover, it turns out
that the spin-glass transition, which is believed to take place at replica symmetry
breaking temperature, always precedes the low temperature phase and obeys the

equation 7, oc(h§)4/((j7d) [17]. If we compare 7, with a RF controlled
temperature region 7,, we see that 7, > 7,.;. It is not clear whether replica
symmetry breaking occurs in the whole RF critical region 7,, or is restricted to

the much smaller temperature interval.

Now we consider the disordered I-N model, defined by Eq.(1) within the
high-temperature, i.c., isotropic phase. A direct analysis of the Landau-de Gennes
model written in terms of the order parameter is often superior in understanding
the critical properties of the transition and the high-temperature phase. We assume
the existence of rather strong fluctuations of the order parameter in the isotropic
phase near the I-N transition, for which experimental evidence exists [18]. It is
easy to show that all five independent tensor components are allowed to fluctuate
in the isotropic phase in the same manner. This has considerably simplified the
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calculations in comparison with the nematic phase. On the other hand, the Landau-
de Gennes Hamiltonian has cubic and quartic interaction terms, and one more is
the RF term. Really, there are three length scales in the fluctuation theory.

Namely, & occ /"™, ¢ oc 0*) " and ¢, o (ch2) """

Let one remove the fast modes and rewrite the Hamiltonian in terms of the
block order parameter, corresponding to the scale L = al. Here a is the ultraviolet
cutoff, and [ > 1. Then we make rescaling such a way that the Hamiltonian would

restore its initial form with new constants b(L), c¢(L), and h¢(L). Dimensional
analysis provides estimations

(L) =1"""ba), (L) = 1""c(a), hy(L) = lhy(a). (6)

If one considers the combination A = ch’ as a new parameter, we immediately
get

AL) =1""Aa) . (6a)

Iteration until A(L,) =1 yields L, = ¢, , i.e., the length scale beyond which the

RF fluctuations are significant. The same arguments are true for the order
parameter fluctuations coming from cubic term in (1). The quartic term is an
irrelevant variable in the RG sense. Hence, the two length scales are important for
I-N phase transition near d = 6. Thus we interpret this result physically by noting
that sufficiently close to 7, the dominant disordering agent is not the RF only,

but the thermal fluctuations caused by cubic interaction also. Of course, egs. (6)
are not exact, and corrections to the renormalization due to the interaction are
necessary. The leading corrections to equations (6) and (6a) are proportional to
quadratic forms of A and b°. Using the RG method for disordered systems,
recursion relations are established for the parameters of the effective replica
Hamiltonian. Then replica symmetry is assumed and the RG equations become
simple functions of replica number. In that respect, the use of replica is a trick of
diagram counting. One can generally establish identical RG equations directly by
considering disorder correlation functions, a method which is usually called a
replica symmetry perturbation theory. After standard RG transformations, the one-
loop equations in differential form are the following

dr 7
— (2 — L1 —2r) + TA(L—27), 7a
@y — TH - 20+ TAQ-20) (72
dlnd®
—e—3n—0b" —24A , b
dinz = (70)
dnd g 22 6. (7¢)
din I, 3
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Here we put n = 3 for a nematic liquid crystal.
The exponent 7 determines the behavior of the two-point correlation function
G(q), which is defined by means of the relation

G(q) = [(Q(@R(=9))]., — (Q@))( Q). - (8)

At the critical point, G(q) diverges as ¢”?, and to the lowest order in the
perturbation expansion,

=70 /18 . 9)

Inserting this expression into (7),
we find that the fixed points z(b*,A)
of the RG equations are given by
10(0,0), 1,(6£/13,0), 1a(0,£/26), and )
1(66/613,256/613). The RG flow 7
diagram in the (b°,A) plane is
illustrated in figure. ~

In addition to the trivial Gaussian T 1
fixed point 14, these equations possess =
three nontrivial fixed points. The fixed
point 4, describes the critical behavior

Phase diagram of the RG equations

of the pure nematic and the coefficient » (7b) and (7c). The arrows show the
at this point is greater than zero. Thus direction of the renormalization
fixed-point Hamiltonian has a minima group flows. Points 1, 2, 3, and 4
at Q = 0 and at Q~ b/ ¢ . The first- stand for the fixed points Ly, Uy L,
order transition occurs if the order and ,u*, respectively

parameter falls into the later deep

minimum. It is likely that the z4, fixed point corresponds to the critical fluctuations
about the metastable minimum at @) = 0 [19]. The fixed point x, is exactly the
RF Heisenberg fixed point for the five component O(N) model and it describes the
RF behavior at the isolated Landau point on the phase diagram, where b = 0 [20].
All the above fixed points are unstable.

The only stable fixed point is 4, that controls the behavior of the relevant
parameters of the Hamiltonian below six dimensions, and corresponds to the
replica symmetric phase with an infinite correlation length. The fixed point value
of r is less than zero, i.e., the transition temperature is renormalized upward.
Unfortunately, there is no unique energy extremum in this case. If the RG flows
are smooth in the neighborhood of » =0, as is usually assumed, then it should be
reasonable to extrapolate the flows from »>0 (where the RG equations are
presumably valid) to the desired region near the fixed point.

167



Isotropic Phase of Nematics in Porous Media
Let us now determine the critical exponents associated with the fixed point
4 . The correlation length exponent v follows directly from Eq. (7a)
v :2+§62 —14A. (10)
18
To obtain an expression for the critical exponent for the susceptibility v, we recall
that under the RG iterations the two-point correlation function behaves like [21]

l
G= exp(%—fn(ﬁ )de )G, ¢=1InL.
0

Using the perturbation expansion for G, one can obtain

vzlf%b“r?A. (11)

The specific heat exponent « can be calculated from a singular part of the free
energy
F x f In(1 + #(€))e " de,
0

where 7(¢) is the coefficient of the @* term in Hamiltonian averaged over the
distribution of the RF, and ¢ = In¢. Evaluating the above integral to leading

>~ where

a=9"0 Ty _yn. (12)
2 4

order we find F, o< 7

Equations (9)-(12) yield the usual “thermodynamic” scaling law v = v(2 — 1),
and modified hyperscaling law 2—a =wv(d—6) with the “violation of
hyperscaling” exponent § = 2 — 7. This result is valid at first orderin ¢ =6 —d .

In the presence of the RF, the quantity [(Q(0))(Q(x))],, is non-zero even in
phases where [(Q(z))]

functions to consider. The first is the analog of the usual connected correlation
function G (8), and the second is the disconnected function and is specific for random
systems. It measures the fluctuations in the local quenched order parameter

C,(q) = (Q@)){(Q(=)., — (Q)]..(Q(=a)).. (13)

and diverges at small ¢ as C, oc ¢" .

vanishes. There are therefore two distinct correlation

av
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To compute the exponents describing the behavior of the disconnected
correlation function near 7., we can write C.(q) = G*(q)D(q) [22]. Here D(q) is

related to a dressed spectral function h(q) of the RF fluctuations. If
h2(q) oc ¢ ™ for g€ >> 1, then one obtains C,(q) < ¢ *™ and 7 =2n— ), .
Note that the choice A\, = 0 yields 7 = 27, a value which is on the limit of the
exact inequality 7 <2n, due to [23]. Another relation was suggested by
consideration of the RF contribution to the free energy in a correlation volume
which scales as ¢’. In contrast, for the pure system the characteristic scale of

variation of the effective free energy is simply set by the thermal fluctuations, i.e.,
o T'. On the other hand, if the local order parameter was uncorrelated with the

RF this would scale as ¢/ . Here the factor ¢/° is coming from the scaling of

the total RF. The relation for £ is easy to find from scaling the disconnected
correlation function in a real space 203 = (d —4 + 7)v . Since the correlations

could be included by additional factor e, corresponding to k. (q) oc & for
g€ <1, we expect that § =2 —n+ A,. The case A\, =0 yields § =2—1n,
which is on the limit of another inequality # > 2 —n [24]. Thus for the violation
of hyperscaling exponent we recover the result 6§ = 2 +n —7n [14,17,24,25].

In our one-loop calculations, the critical exponent 7 is determined by the
coupling b (9), and 77 = 27 . The A dependent term appears in Cs(q) only in the

two-loop diagrams, as does the cross term b°A. Using the diagrammatic expansion
for D(q) we find

D(q) = hi(1+ g A(b* —6A)Ing), 14)

and now the particular value A, = (7/3)A(6A — b%) is non-zero to the second order
in £=6 —d. All diagrams in (14) must be disconnected before averaging over the
RF distribution.

The value for 7 is coming from the diagrams contributing to two-point
correlation function G(g). There are three types of terms in the perturbation
expansion. The first and second terms are a double power in »° and A,
respectively. The third term is a double product 5°A contribution. In contrast to the
disconnected correlation function, all diagrams here are connected before
configuration averaging. Note that not all of them are tree-like diagrams, as it is
the case for the O(N) model. Formally we can divide all these contributions and
write 7 =n,(b°,0*) +n,(A*,b°A) . In the one-loop approximation, 7, = 0 and
7, is the critical exponent to linear order in ¢ (9). A straightforward evaluation of
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the RF depended diagrams leads to expression 7, = A, . This means that for the
hyperscaling violation exponent we get § =2 — 1, .

More generally, in the vicinity of the fixed point 4 the random correlation
function is proportional to ¢ ' for small ¢. Therefore, in the critical region one expects
that the random correlation function will scale as

C.(g,&,¢)=c e "M C (e'qe '), where ), is the scaling exponent of the
irrelevant parameter c¢. For ¢ =0 one has the behavior C (0,7)oc7 7 with
¥ =v(2—n—X). Using the relation § = v(4 — 1) that follows from the scaling at
small ¢ and 7 = 0 we can write A\, =7 —n —2 . We see that A\, = —0 . This result
is quite obvious. Really, on the other hand, the perturbation expansion for free energy
is a double power series in b”, ¢, and h_. The first terms in this series behave like
b°h; and ch, , or for large h they both are proportional to h_ as well. Thus, for the

free energy density we have F(h),7)= 7" f(hi7 *), where ¢ is the crossover
exponent. If we conclude that f is a linear function of its argument for small 7, as it

follows from the perturbation expansion, one can get F(h},7) o 7 "), hence
0= e The crossover exponent is related to the scaling of the RF near the fixed

point z2”: h increases as exp({yp /1/) . Writing the recursion relation for h; up to two-
loop order, as we have done, Eq.(14), we again find o = 2—-n+A =2-—1n,.

All our results for critical exponents suggest that 7 = 27, in agreement with
the three-exponent scaling picture [24,25]. For example, the exponent scaling
gives for the ratio C, (O)/ G*(0) o< £, which would diverge unless 27 = 7j is

valid. However, this divergence is too weak to be detected, and thus this ratio may
be concerned as a constant, and the concept of no self-averaging in RF systems is
expected [26].

We have considered the effects of a RF (field conjugate to the order
parameter) on an [-N phase transition using the £= 6 — d expansion method. We
have found the novel RF fixed point that proceeds from the existence of two
relevant variables in the RG approach, namely, RF and quartic interaction product,
A, and the cubic interaction, b, which is special to a nematic liquid crystal. The
first involves the effects of the RF, while the latter involves those of thermal
disorder. These two agents of disorder give comparable contributions to the
problem. In the pure nematic, when %, =0, the zero cubic term means that the
system is located at an isolated Landau point at the phase diagram. This point is
unstable with respect to . The interpretation of this instability depends on the
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existence of a stable 4, fixed point. As was mentioned, this fixed point
corresponds to critical fluctuations about the metastable minimum at @ =0.

When non-zero 4, is switched on, A scales as exp(50&//13) near the pure fixed

point. Then A is renormalized toward a fixed point £, and all critical exponents
are changed. As we believe, this fixed point governs the critical behavior at the
transition from isotropic to the replica symmetric phase, that precedes the replica
symmetry breaking phase. Such kind of two step scenario is likely to take place in
the Ising spin glass in an external magnetic field [27]. The location of this
nontrivial random fixed point on a phase diagram is quite close to the fixed point
1 with zero cubic term (we may call this point a random isolated Landau point).
This indicates that the critical behavior of the isotropic nematic in RF is like the
behavior of the RF Heisenberg model for the five component order parameter. The
independent calculation of the critical exponents shows that the dimensional
reduction in the hyperscaling relations for the RF isotropic nematic contains the
shifted value d —2 —n + 7 instead of d. The so-called “three exponent scaling”

appears in the second order in & The model for studing the replica symmetry
breaking transition from the replica symmetric phase is clearly necessary to
perform further investigations.

I would like to thank Professor Boris Kochelaev for stimulating my interest
in the problem of disorder in the soft condensed matter systems, and for
acquainting me with the mysterious liquid crystals.
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HEOJHOPOJIHBIE CBEPXITPOBO/JAIIUE COCTOSHUA "
IMPOLHECCHI IIEPEBPOCA B HAHOCTPYKTYPAX
OEPPOMATHETHUK-CBEPXITPOBO/JHUK

M.I'. XycanHoB
Kasanckuii ecocyoapcmeennwiil ynusepcumem, Kazano
Kaszancxuii 2ocyoapcmeennvitl mexnuveckuil ynusepcumem, gunuan « Bocmoxy,
Yucmononw

Jnst cmoucThIX CTpYKTYp (heppOMarHUTHBIN MeTayuy/cBepxmpoBoaHuk (FM/S)
pasButa Teopus d(dexra ONMM3OCTH, YUNTHIBAIOMIAS KOHKYPEHIMIO MEKITY
omHomepHsiME  (1D) u  TpexmepHbiMu (3D) peammzanmsMH  COCTOSHUS
Jlapxuaa-OBunaaNKOBa-Dynpae-Deppemta (JIODD). CeepxnpoBoxuMocTs B
FM/S-cucremax oxaseiBaercsi cynepnosunmeii BKII-ciapuBanus co 3Hako-
TIOCTOSHHOI NapHON aMIUIMTYJIOM B S-CJIOSX U CHApUBAaHUS 110 MEXaHU3MY
JIOD® ¢ ocummmmpyromeit BonHoBo# GyHKme B FM-cnosix. [lokasaHo, uro
HEMOHOTOHHOE TIOBEACHHE KPUTHYECKOM TeMmmepaTrypsl 7. B IBYXCIOMHBIX
koHTakTax FM/S 00ycnoBneHo kojaeOaHMsIMH TIOTOKA KYTIEPOBCKHX T1ap depes
S/FM-TpaHuily, BBI3BaHHBIMH KackajoM (a3oBeIX mepexonoB 3D-1D-3D.
IlosBnenue HOBbIX 3D cocrosHuit JIOD® cBsa3aHo ¢ BrIoueHueM 2D
MPOLIECCOB Tiepedpoca UMITyIIbca Tap Baoib FM/S-rpanunsl. [lapras amrum-
TyJa TaKMX HEOIHOPOJIHBIX COCTOSIHMII ocIpyumpyer Baoib FM/S-rpaHuupr,
YTO TMPUBOJUT K CHJIBHOMY 3aTyXaHHIO ee morepedHslx 1D-ocipumsimuii u K
CYILECTBEHHOMY CIVIQKUBAHHUIO 3aBUCUMOCTH T, OT Toymunbl FM-cros dy Jlns
cBepxpererok FM/S npenckazansl HOBbIe TT-MarHUTHbIE 0T M 7T COCTOSTHUS
JIODD, obnanaronye, MpH ONpEeieNeHHBIX YCIOBUSX, Ooee BRICOKOH T, ueM
panee m3BectHble 0-marautHble 00 U M0 cocrosiHus JIODD. Ilokazano, uto
TIPH TOJIIUHE S-CIIOEB dy, MEHBILEH MOPOrOBOTO 3HAYEHUS d,” HEMOHOTOHHOE
noBezieHue 7, CBEpXpemIETOK O0s3aHO Kackady (ha3oBBIX IIEPEXOJI0B
3D(0n)-1D(nrr)-1D(0m). Tpu d > d,” npupona ocummisiuwii 7, ces3ana ¢ apy-
roit rienoukoit nepexonos 3D(00)-1D(10)-3D(n0). [omydyeHo xopoiiiee KO-
YECTBEHHOE OIMHMCAHNE N3BECTHBIX SKCTIEPUMEHTAIBHBIX (PA30BBIX JUArPaMM.

1. Begenue

KoHKypeHIms CBEpXIPOBOLIIIMX W MAarHUTHBIX COCTOSIHHM B CIIOMCTBIX CTPYKTYpax
¢deppomaruuTHbld  MeTamt/cBepxnpoBogHuk  (FM/S)  mopokmaer psig HOBBIX
HETPUBHAIBHBIX SBJICHUH, COBMECTHOE HAONIOJEHHWE KOTOPHIX B OTHOPOIHBIX
Marepuasax 3a4acTyro MOIPOCTY HEBO3MOXKHO. Kak CBUIETENBCTBYIOT 3KCIIEPHMEH-
ThI [1-5], cocyliecTBOBaHME CBEPXIPOBOAMMOCTH M (heppoMarHeTh3mMa B MYyJIBTH-
cnosix FM/S mposiBisieTcss B Ka4eCTBEHHO Ppa3iIM4HOM ITOBEJICHHH 3aBHCHMOCTH
KPUTHYECKOH TemmepaTypbl 7, OT TOMIMHBI (DePPOMArHUTHBIX MPOCIOEK dy IS
OHMX M TeX e Mo cocraBy crpykryp FM/S. B wactHocTH, ecnu B OmHHX
IKcTiepruMeHTax co cBepxpemrerkamu Fe/V [1] m Gd/Nb [2] Opictpoe HauambHOE
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HOHMKeHNHE T, C POCTOM dy CMEHsETCs MOCIEAYIOIMM BBIXOJIOM Ha IIato, TO B
JPYTUX SKCIEepUMEHTaxX Ha 3ThX ke cucteMax ([3] u [4,5] COOTBETCTBEHHO) BBIXOIY
Ha TIJIaTo MpeuecTBYeT ocLyLpyromee nosenenue 7,(dy). Ilepble TeopeTnyeckue
MHTEPHPETAMY HEMOHOTOHHOIO NoBEAEHHs T,(dy) OCHOBBIBAIIMCE HA TPEJCKA3aHHON
B paborax [6,7] cMeHe THIA CBEpXHPOBOAMMOCTH ¢ TpaauimonHoro 0-(aszHoro Ha
m-(a3HBIA, TOe 3HAaK MapaMerpa TMopsaka A Mmpu mepexone depes mpocioiikn FM
MEHSeTCsl Ha TPOTHUBOMONOXKHBINA. OnmHako Teopuu [6,7], orpaHHMYEHHBIE CIydaeM
BBICOKO#1 TIpo3padyHocTi FM/S-rpanuiibl 1 KpaiiHe TpS3HBIM MpeesioM GpeppoMarHuT-
HOTO MeTajjia, He TO3BOJLSUIM C CIMHBIX TO3WIMM ONMMCaTh J(Ba PA3IMYHBIX THIIA
nosefieHst 3aBucuMoctH T.(dy). Bomee Toro, HemaBHO OBLIO OOHAPYXKEHO, YTO
HEMOHOTOHHOE MoBefieHne T,(d;) MMeeT MECTO TakkKe B TPEXCIOMHBIX CTPYKTypax
Fe/Nb/Fe [8,9] u Fe/Pb/Fe [10], rne m-a3nasi cBEpXIIPOBOJUMOCTh B IPUHIIHIIC
HeBo3MoykHa. [locnenHee mpearnonarano Haluyue HOBOTO MEXaHM3Ma OCLMJUISLIMNA
KPUTHUYECKOH TEeMIIepaTyphl, HE CBSI3aHHOTO C Inepexofamu Mexay 0- u m-hasHpIMU
CBEPXIPOBOSIMMH COCTOSIHMAMH. [loaTomy Hamu [11-13] Obuta pasButa Teopwust
sddexra Om30cTH, CBOOOIHAS OT MEPEUHCIICHHBIX BbIIIE OTPaHUYCHUN Ha Mpo3pad-
HOCTB Tpanuns! pasznena FM/S u uncrory meramoB FM u S. [pupony ocrmimsimmii
TAd)) MBI CBA3BIBANIM C KOJIEOAHHAMM TIOTOKA KYNEPOBCKMX Nap Ha FM/S-rpanune,
BO3HUKAOIIAMH B CHITY oHOMepHBIX (1 D) ocrmmisimii mapHO# aMIUTHTY OBl TONEepeK
FM-cros1, mprBOIAIINX K KBAHTOBOH CBSI3M MEXIY €T0 TPaHUIIAMH. JTO TIO3BOJIMIIO
HE TONBKO OOBSICHUTH MPHUYMHY KAadeCTBEHHOTO pa3inuus B IoBeAeHHH 1. B
sKkcriepuMenTax [1-5,8-10], Ho 1 mpeackas3aTh psx HOBBIX 3(P(EKTOB, TAKUX KaK SIPKO
BBIP&KEHHBIE OCUMILIALMK T.(dy) ¥ NEPHOAUYIECKH BO3BPATHAs CBEPXIPOBOAMMOCT.
Onnaxo, 3a MCKIJIFOYEHHEM JIBYX cooOuieHuii [14,15] o 3aTyxaronmx OCLLIAIMsIX
T(d) B cBepxpemmerkax Co/Nb u Co/V, naHHbIe SBIEHHs NMOKAa HE HAIUIA CBOETO
OTILITHOTO TIOATBEPXKJCHUS B MOCHEAHUX dKcrmepuMeHTax [16-21]. B To ke Bpemst
Pe3yIBTaThl 3THX OKCIIEPHUMEHTOB CBHUJIETEILCTBYIOT O BO3MO)KHOCTH IIHMPOKOTO
CIIEKTpA JAPYTHX BapHAHTOB HEMOHOTOHHOTO MOBENEHHs T, C POCTOM dj: OT OBICTPOro
cTpemiieHus K Hyro B Tpuciosx Fe/Pb/Fe [16] u cBepxpemierkax Ni/Nb [17], mnas-
HOTO BBIXO/Ia HAa KOHCTaHTY B cBepxpermrerkax VFe,/V [18] no crynenuaroro cpeiBa
Ha 1ato B Ouciosx Fe/Nb [19] u mymerucnosx Fe/Nb [20] mwm BeIXOma Ha HETO
yepe3 IIyOookuii MEHUMYM B npyrux Tpuciosx Fe/Pb/Fe [10]. Kpome Toro, ormerrm
niepBOe HaOJIIOZIEHNE SIBICHHS BO3BPATHON CBEPXIIPOBOAMMOCTH B TpHciosax Fe/V/Fe
[21], BO3BMOKHOCTB KOTOPOT'O TAKXKe MPEACKa3bIBaIach B Hamx padorax [11-13].

3aMeTHM UTO, Ha OMBITE U IS JBYXCIOMHBIX U JUIsI MYJIbTUCTIOWHBIX CTPYKTYP
FM/S dacto oka3pIBacTCsi BO3MOXKHBIM JIMIIb OJWH JIOKATBHBI MaKCMMyM B 3a-
BucumocTy T,(dy). [lprunna, Ha HaII B3IV B TOM, 4TO IpexHHE TeopuH [6,7,11-13],
NPEJICKa3bIBAIOIINE MHOXKECTBEHHbIE OCUMIIALMH T(d)), NPUTOIHBI JIMIIb [
KBa3HoJHOMepHbIX FM/S-cucremM, rie mpoCTpaHCTBEHHBIMH W3MEHEHUSMH HapHOM
aMIUTUTY B! BIoTe FM/S-rpanun MoxkHO nipeHeOpedus. Peanbhbie ke FM/S-cuctemsl,
takre Kak Fe/V mwm Gd/Nb, KOTOpple HCCIEmyIOTCS B TICPEUNCICHHBIX BBIIIIE
174



M.T'. Xycaunos

SKCHEPUMEHTAX, SBIISIIOTCs TpexMepHbIME (3D). [TosToMy B HUX HEOOXOIMMO YUHUTHI-
BaTh IMPOCTPAHCTBEHHBIC BapHallMK BOJHOBOM (YHKIMM Map HE TOJBKO MOIEpEK
cioeB FM u S, HO w1 Bons rpanu pasnena FM/S.

Kaptuna cBepXImpoBOASIIEr0 COCTOSAHUSA B KOHTAKTe€ YUCTBIX MeTamuioB FM
u S TakoBa, 4TO B S-CI0€ UMEET MECTO CHHIJIETHOE CIIapUBAHUE KBA3UYaCTHII IO
Mexanusmy BKIII u3 cocrosHuit (pT, —pJ«) C HYJIEBbIM CYMMAapHBIM HUMILYJIbCOM.
U3-3a a¢ddexra 6au3octu u B Mepy npo3pauHocTu rpanuisl S/FM npoucxomur
HMIOPT CIIapUBATEILHOTO B3aUMOACHUCTBHS U3 S-citost B FM-cioit Ha paccTOSHUS
Hops/IKa TeMIepaTypHOH JUIMHBI KOTepeHTHOCTH &y = v/27l. OnHako Gonblioe
obMenHoe pacmemieane ®epmu-noBepxHOoCcTH 2/ w7, W3MEHSET YCIOBHUS
cnapuBanus B ¢eppomaraernke. B FM-cnoe cnapuBaThes OymyT KBa3UYaCTHIIBI
u3 m3osueprerudeckux cocrosuamii (pT, —p + ki) ¢ ormunEIME 1O aGcomoTHOI

BEJIMYMHE UMITYJILCAMH, Tie k = 21/v, nipu 2I«Eg; a Eq v v - (epMHUEBCKHE DHEPIUs
U CKOpPOCTb, COOTBETCTBEHHO. JIaHHOE COCTOSHHE W3BECTHO KaK COCTOSHHE
Jlapkuna-OsunnHEKOBa-Dynpae-Deppenia (JIODD) [22,23]. Crneuunduka
cocrostHus JIODD ¢ oTIMYHBIM OT HyNsA KorepeHTHBIM 3D mmnynscom map k
TakoBa, 4To mapameTp mopsaka A(r) m mapHas ammumtyga F(r) B8 FM-cioe
SIBJISIFOTCSI TIEPHOJIMUECKMMHU (YHKIMSMH KOOpIUHAT. JTO 03HavaeT [22,23], uro
napbl JIOD®D 00pazyIoT «Kpucmaiiuieckyoy peuiemky ¢ pa3MepoM 3JIeMEHTap-
HOH stueiiku 2ma, (a,= k' — jnMHA CIMHOBOH >KECTKOCTH), @ HMX BOIHOBAs
¢bynkms  ynosierBopser Teopeme brnoxa. [lostomy wmnynsc map k B
JIEIICTBUTENIBHOCTHU SBISICTCA KBA3UUMNYTbCOM, ONPEAEIEHHBIM C TOYHOCTBIO JIO
BeKTOpa oOpaTHoi pemeTkn G, MOy/b KOTOPOro KpaTeH ee mepuony go = l/ay
TaxuM 00pa3zoM, BeTMUYMHA KOTEPEHTHOTO MMITYJIbCA Map k MO CYTH ONpEnersieT
nepron1 oopaTHo# pemretku JIODD g,

Ipu T'< T, B cocrostanm paBHOBecust uncio map BKII B S-cnoe u umcno map
JIO®®D B FM-croe B cpenHeM MOCTOSHHBL. B crity 3apsmaoBoil HEWTPaIbHOCTH BCS-
kuit mepexon mapsl BKII m3 S-cmoss B FM-croii compoBokmaercsi oOpaTHBIM
nepexogoM mapbl JIOD®D. C mepeceueHunem rpanHunbl pasaeiaa FM/S obe mapsr
pacnanatotcs, Tak kak ycioBus crapusanusi BKUI u JIO®D cymiecTBeHHO pasiny-
Hbl. OJTHaKO, M3-3a MOCTOSIHCTBA YHMCIIA Map, 3TH Mapbl BOCCO3/IAIOTCSA BHOBb, HO YXKe
W3 KBa3WYaCTUYHBIX COCTOSIHHH, OTBEYAIOIIMX M3MEHHBIINMCS YCJIOBUSIM CIapHBa-
nusl. [IpuBeneHHast KapTrHa He M3MEHHTCS, €CIIM CUMTaTh, 4To yepe3 FM/S rpanuiy
npoucxoaut oomeH mapamu BKII n JIOD®, koTopblii CONPOBOXKIACTCS X B3aHM-
HBIM TIPEBpaIleHUEM JpYyT B Apyra. IIpu 5ToM BO3HHKAIOT 3aKOHOMEpPHBIE BOIIPOCHL.
Uro npoucxoauT ¢ M30BITOUYHBIM mMITyIIbcoM k map JIOD®, mpeBpamiatommxcs B S-
cnoe B mapel BKII? W, Hanportus, otkyna y map BKIII, mpeBpamratomuxcst B mapsl
JIO®® B FM-crioe, mosiBisieTCst pe3yIbTHPYIONH uMITyibe k?

OTBeT, Ha Hall B3I, MPOCT: KpHCTAUINIecKas pemerka map JIOO®D urpaer
caMyIo aKTUBHYIO POJIb B IIpOLiEccax Mepexo/ia U B3auMHOTo npeBpartenus nap bKIII
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n JIOD®D Ha rpannne FM/S (cm. puc. 1). [elicrButensao napa JIOD®, yxonst u3
FM-cnost B S-cioif, otnaet m30bTounblid mMmyisc k pemerke JIOO® u npesparma-
ercs B mapy BKI. Hamporus, mapa BKILI, mepexons u3 S-cnost B FM-coif, mpuobpe-
taer y pemerkn JIOD®D nobaBounsni mmiynsc k m cranoButcs mapoit JIODO.
Takum o0pa3zom, mporieccsl Mepexosia M B3aMMHOTO IpeBpaiteHus map Ha FM/S-
TPaHMIIE SBIISIFOTCS NpOYeccamu paccesiHus ¢ nepedopocom, Tpu KOTOPBIX KBa3HUM-
myJbc map k coxpansieTcs ¢ TOUHOCTBIO 10 BeKTopa obpaTtHoi pertetkn JIODD g.
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Puc. 1. Ilpoyeccuvl nepebpoca umnyavca npu e3aumtuom npespaujeruu nap JIO@D u BKII
Ha epanuye pazoera FM/S

B mmockom kontakte FM/S Mexay M30TpONHBIM — (eppOMarHETHKOM,
3aHAMAIOIMM 00macTs —dy<z <0, ¥ CBEPXNPOBOJHMKOM, 3aHMMAIOIIMM O00NacTh
0 <z <d,, napnas ammmtyza F{p,z), OMMChIBaIOLIas CBEPXIIPOBOJALINE KOPPEIALUN
B FM-cnoe, n0oJDKHA YJOBJIETBOPATh YCJIOBHSIM IIEPUOAUMYHOCTH. J[aHHBIE yCIOBUS
3aBHCAT OT Buaa cummerpun penieTkd nap JIOD®. KoHKpeTHBI BUI peIIETKH
JIO®D (nonoca, KyD, rekcaroHallbHas CTPYKTypa W T.JA.) NPH OJHOM M TOM JKe
3HaYeHWH K HaXOIWTCSd MHHUMHU3AIMEH CBOOOJHOW OSHEPIrUM, BKIIIOYAIOIICH
craraembie Gomee BhICOKOro mopsyika, ueM |A(r)|* (cm.[22]). Mleno B ToM, uTtO
cocrostre JIOD®D GeckoHeuHO pa3 BBIPOK/ICHO 110 HarpasieHuto Bekropa k [22,23].
B mpocreiimem cnydae, ecimm pemerka JIOP® mnpocras KyOudeckas M HaJIM4Ue
ToOBepXHOCTH pazzmena FM/S ee He mckakaer, ycioBUS HEPHOIMIHOCTH NMEIOT BHI
Ffp +az)=F(pz+a)=F(p,z), tne a=2na, — nepuon pemerku JIODD, a p —
JBYMEPHBIN pajiilyc-BeKTOp B X-) IDIOcKocTH KoHTakta FM/S. Jlamee cumras, 4rto
apd/0Er, MBI MOXKEM TpENCTaBUTh MNapHyro O¢yHkimio B FM-cioe B BHJe
paznoxxeHnst Pypoe 1o BekTopam obpataoit pertetkn JIODD

Fi(p.2)= ) F(a;.k,)expligep)cosk, (z+d,) , @)

arky
rae ¢;, M kf — KOMIIOHEHTBI BeKTOpa 00paTHOH pemerkn G, npoOerarouue
3Ha4yeHusl, KpatHele (2m/a) =1/a; T.€. qu,=myla; ky=m.la; a m,,. — nenble
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yucna. Psn (1) 3anucan B BUze, yUUTHIBaIONIEM OTCyTCTBHE NoToka map JIODD
yepes BHEIIHIOW Irpanully FM-cnos z = —d; . C npyroii cTopoHsl, npeHeOperas B
(1) cunpHO3aTyXalOIMMHU BBICIIUMH TapMOHHMKaMH psaga PDypbe, W3 yCIOBHUsS
qu + kfz =kK= l/af2 MOJTy4aeM MPOCTOe MPABHUIIO 0TOOpa
m + my2 +m’=1. 2)

W3 cooTHOmeHus (2) cnemyroT IBa BO3MOXHBIX COCTOSIHHS WM PEIIETKH
JIODD B xonrakre FM/S: onnomepnas (1D) ¢ g,=0, k;= 1/a; n nBymepnas (2D)
¢ gy=1/ag; ky=0. Ilpu s1T0M, B cunny nzotponuu FM/S-cuctemsl, B IIIOCKOCTH X-y
HeT BBIIEJIEHHOTO HampasiieHus U cymmupoBaHue B (1) B 2D cioydae Bemercs mo
my, =0, %1, yJZOBIETBOPAIOLINM YCIOBHIO mx2 + myz =1. ®usnyecKku IMOHATHO,
4Tro yueT KOHKypeHuuu wmexnay 1D wu 2D cocrosuusmu JIODD Oyxper
SKBUBaJIeHTeH BbIOOpY Buzma (1D wmimm 2D) pemerku map JIOD®D npu maHHBIX
ToJUHAX cioeB FM u S myTeM MUHMMHU3aIMu cBOOOTHOM SHEPIHH CHCTEMBI.

Taxoke n3 Puznuecknx cooOpakeHHH SICHO, 4TO B S-cjioe, Iie OOMEHHOE
none / u mepuoa obpatHoil pemerku JIODD gy = 1/a; paBHBI HyJI0, NapHas
ammutya F(p,z) He Oyner 3aBHCETh OT P, a Oy/leT ONMUCHIBATH JIMIIb YObIBaHHUE
mapamMeTpa HopsiIka ¢ IpUOIIbKEHNEeM K rpaHuIle pasaena FM/S Ha paccTosHuA z,
MeHbIme &= v, / 21T, T.e.

F(p.2)=F,(k )cosk (z+d,). 3)

rae g, =0. CBsi3b MEKy BOITHOBBIMU YHCIIaMH k, U ky; gy NOTKHA ONPENENSThCS U3
KpaeBoW 3ajayM, BKIIOYaromed auddepeHnmaibHble ypaBHEHHS Ha TapHbIC
aMIUTy Bl Fy(p, z), Fp, z) 1 TpaHIYHbIE YCIOBUS HA IOBEPXHOCTH pazziena z = 0.

Jlo cux mop, HauMHasi ¢ muoHepckux pador Pamosuya [6] u By3auna [7] c
coaBTOpamH, a 3areM M B crarbax [11-13,10,18,24], cuutanoch, 4Tto mapHas
ammuTyaa F(r) MOKeT M3MEHSTHCS TOJBKO momepek cioeB FM u S, 1.e. Boons
ocu z. JTO COOTBETCTBOBAJIO PACCMOTPEHHOMY Bblme 1D cocrosnuro ¢ gy= 0.
BO3MOKXHOCTE  peanusauMu TONBKO Jumb coctosHus 1D ¢ gy,=0 Obuia
obocHOBaHa B pabote Jemiepa, ApHompaa u bucim [24] HEoOXOOMMOCTHIO
BBINTOJIHEHHS 3aKOHA COXPAaHEHUs AJsI KOMIOHEHTHI UMITyJbca Map B IIOCKOCTH
rpanunsl pazgena FM/S. OTtu aBTOpbl cumTanm, 4To, HMOCKOJIBKY MMILYJIBC IIap
BKIII B S-cnoe paBeH Hydro (a 3Ha4uT U ¢, = 0), TO 1 KOMIIOHEHTa UMITYJIbCA TIap
JIO®D®D Brons FM/S rpanune! gomkHa ObITh paBHa Hylo (T.€. ¢y= 0). B rpssaom
npejiene Tako Mmoaxox ¢ ¢, = ¢y=0 npueoauT K 1D rpaHMYHBIM YCIIOBUAM Ha
noBepxHocTy paszzena FM/S, BeiBezeHHbIM Hamu paHee [13]. OnmHako, Kak Mbl
BBUICHWIM Bblle, uMmmynsc mnap JIOD® B [eHCTBUTENBHOCTH  SBIISETCS
KBa3UHUMITyJbCOM. II03TOMYy (y MOXET COXPaHATBhCA C TOYHOCTBIO JIO BEKTOpa
obpatHoit pemetkn JIOD®D, T.e. MOxeT nmpuHUMaTh 3HaueHus 0 u 1/a;. Takum
oOpa3zoM, Hapsimy ¢ nosepxwocmuuiMu 1D cocmosnusimu, WMEIOT TpaBoO Ha
peanu3anuio u nogepxrocmuule 2D cocmosnus JTIODO.
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Janee, umest B BuUAy peaybHbIC AE(EKTHbIE MaTepHaibl, KOPOTKO OOCYauM
BIIMSTHUE TIPUMECHOTO PACCESIHYS Ha MPHUBEACHHYIO BBILIE KAPTHHY CBEPXIPOBOIAILIETO
cocrosiHust B FM/S koHTakTe. PaccesiHne Ha HEMAarHWTHBIX IPUMECSX C YacTOTOH rf'-l,
kotopoe He BmuseT Ha BKIII-caprBanne ¢ HyneBbIM CyMMapHBIM MMITYJIBCOM B S-
croe, OyzieT IpernsTcTBoBaTh BO3HUKHOBeHHIO Nap JIODPD ¢ k=0 B FM-cioe [25,26].
Ilpu 3TOM NONEpeYHas KOMIOHEHTa UMITyJIbca Nap ky CTAHET KOMILIEKCHOH BETMYHHOM
¢ Re ky=1/a; - B 1D cnyyae uma 0 — B 2D ciyyae, a Im k= lj' OyZIer ormiceBaTh
HEOIIpeNIeJICHHOCTh B 3HAYCHWSX K, T.C. 3aTyXaHuWe W pa3Mbithe pemerku JIODD B
rmyomae FM-cnos. Tlostomy mapHas ammmryna (1) B OTHOCHTENFHO YHCTOM
(beppomarHuTHOM cnoe ¢ 2/t,> 1 OyzeT oCLMIIMPOBAaTh ¢ NEPHOJOM TOPSAIKA JUTHHBI
CIIMHOBOM KECTKOCTU ;= V/2l, 3aTyXas Ha JUIMHE CBOOOJHOro mpobera /=vg, oT
FM/S-rpanutipt. B To ke BpeMst BOTHOBas (pyHKIIHMS KyTIEpOBCKHX TIap B S-ClosiX Oyzer
HMETb 3HAKOIIOCTOSIHHBIN XapakTep, HO (asa ee OyIeT ocTaBaThCs IIPOM3BOIIBHOM.

ITo Mepe moBBINIEHHUS] KOHIEHTPAIMM HEMarHUTHBIX npuMmeceid B FM-cioe
BOJIHOBOW THI IIBIKEHHS KBa3H4aCTHUL, IPHCYIIUH YUCTOMY (hEeppOMAarHETHUKY C
2Ity> 1, Oyner cmenateca npu 2/t <1 ([;<ay) nuddysuonnsM. Ilonepeunas
KOMIIOHCHTAa UMITYyJIbCa Map k/r CTaHET MIpPH 3TOM IJIOXUM KBAHTOBBIM YHUCJIOM, a
ociiusiuy  napHod amruutyael JIOO®, npuobperast Oosnblioe 3aryxaHue
(ocobenno B 2D curyammm, rae Imk0Re k), mepecranyt obecreunBath
KOTEPEHTHYIO KBAaHTOBYIO CBSI3b Mex1y AByMs rpanuiamMu FM-cios. Tem He
MEHee, MBI [oJaraeéM, uTo clIel OT JUCKpeTHOCTH pemeTku JIODD u
BO3MOXKHOCTh KOHKypeHIHMH Mexay ee 1D m 2D BapuanTamu peanu3anuu
JNOJDKHBI CYIIECTBEHHO CKaszaThCsl Kak Ha ¢usuke »d¢pdexra Ommzoctn B
cTpykrypax FM/S, Tak U Ha 5KcHepUMEHTANbHBIX 3aBUCUMOCTAX To(dy) u T.(d).
Crenyer oxxunaTh, 4TO TOSBICHNE, HAPALY C yXKe U3BeCTHBIMHU 1D cocTostHMAMY,
HOBBIX 2D coctosuuit JIOD® ¢ cuHycoumanbHO MOIYIMPOBAHHON B IUIOCKOCTH
FM/S-rpanunnpl napHoii amrummtyaoi F(r) OyAeT NPUBOIUTH K YBEJIUYEHHIO
nepuoza ee ocuwuALuid nomnepek FM-croes. Korna nmocneanuii craner 6osiblie
IJIyOMHBI TIPOHMKHOBEHHs KyINepoBCKMX map B FM-cioi, KorepeHTHas CBsI3b
MEXIY €ro TpaHuIaMHU pa3pyLIUTCs, U HaOJIOAaeMOCTh OCHMUIAMNA (YHKIHMN
T.(d) 3nHaunTenbHO yMeHbMIUTCS. [lo3TOMy MBI CUHTaeM, 4YTO KOHKYPEHILHS
Mexay crapbiMu 1D u HOBBIME 2D coctosHusiMu JIODD nomkHa CyIIeCTBEHHO
MoauduIpoBaTh MoONydeHHylo panee [6,7,11-13,10,18,24] omHOMepHYIO
KapTUHY HEMOHOTOHHOTO TIOBEICHMS KPUTHYECKOWH TEMIIEpaTypbl B CTPYKTypax
FM/S. Tlockonpky B mpuMecHBIX FM/S cucremax pemerka map JIODD Bcerma
OyJeT pasMbIBaTbCid Ha PAcCTOSHMAX Mopsaaka Im k&, oT rpaHmusl pasjena, B
gyuctoM Buie 2D noseneHue QyHKuMM F(p,z) peann3oBbIBATECA HE Oyer.
[ostomy Hmke BMecTto TepmuHa “2D coctosaue JIODD” 6ymem rosoputs 3D
cocmosnue JIODD, noapazymesasd, 4To napHas QyHkuus F(p, z) oCUMIIUPYET B
X-y TIJIOCKOCTH TPaHHILIBI Pa3jiena, 3aTyxas 1o ocH z B Tiryoune FM cros.
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Janee HeoOxoquMo 0co00 OTMETHTh, YTO TeopuH 3ddekra Ommzoctu [6,7,11-
13,10,18,24] mma ceepxpemerok FM/S wm tpucioeB FM/S/FM cosepmieHHO He
YUUTHIBAIOT OOpPATHOTO BIMSHUS CBEPXIIPOBOAMMOCTH HAa MarHeTu3M FM-cioeB u
B3aMMHYIO OPHEHTAlMIO0 MX HAMarHMYEHHOCTEH. B To ke Bpemst omHMM W3 aBTOpOB
(MX) [27-29] st aHQJIOTMYHBIX CTPYKTYp (peppOMarHUTHBIA HW30JATOP/CBEPXIPO-
BoanuK (F1/S) Obu1o mokasano, uto nanpHOIEHCTBYIONWMIT 00MeH Pynepmana-Kurress-
Kacyitn-Mocuapr (PKKH) mexy cocemammvu FI-ciosimu gepes mpocioiku S mprBOaUT
K CJIONCTOMY aHTH(eppOMarHUTHOMY CBepxmpoBosieMy coctosauio (AFS). B AFS
cocTosHAM (pa3bl MArHUTHOTO TIapaMeTpa Nopsika B cocenHnx FI-crnosix ciBuHyTHI Ha
T, YTO CYIIECTBEHHO OCJA0JIeT pacliapiBaroliee ASHCTBIE MapaMarHATHOTO dddexra
OOMEHHOTO TIOJIst JUIs S-CJIOEB U TOBbIIIAeT T, clioucTol cructeMbl. Clieyer 0XXuaaTh,
YTO TAKOrO POZA B3aUMHAsI ITOCTPOIKA CBEPXIIPOBOJISIIIETO U MarHUTHOTO T1apaMeTpoB
YIOpSIIOYEHNs], TIPUBOZAIIAsS K KBAaHTOBOM CBS3M MEXTy TpaHHLaMH pasiena Hu
peaym3armu m-(ha3HOro MarHeTH3Ma, JIOJDKHA MMETh MECTO U B cBepxpereTkax FM/S.

OcHoBHast ¢wu3myeckas upest 3nech TakoBa. B AFS cocrosHnm addexrst
pactiapyBaH¥sl, HABEICHHBIE B IIPOCIIONKE S aHTHIIApaUIeNIbHBIMA OOMEHHBIMH TTOJSIMI
cocemarx FM croeB, KOMIIEHCHPYIOT Ipyr napyra. HampotuB, B (eppOoMarHUTHOM
cepxmpoomsmeM (FS) cocrosHMN ¢ mapamenb-HIMA HAMarHnaeHHocTsiMu FM cioeB
MX CIIMHOBBIE MOJIIPU3AINH B IPOCTIONKE S YCIIMBAIOT APYT IPYTa M MOTYT Pa3pyIINTh
CBEPXIIPOBOAMMOCTb. MBI oxumaeM, 9to ceepxpemetkn FM/S ¢ Tonkumu S-crosmu
Oynyt nmets B AFS coctosiHrm Goree BRICOKYIO KPUTHUECKYIO TeMIIEpaTypy, 4eM 7, B
cocrosiHuu FS. TTpuyem 3o Oyzer uMeth MecTo Kak B ciy4ae 0-(asHoii, Tak u B ciydae
m-ha3HOM CcBepXmpoBoAUMOCTH. C POCTOM TOJIIMHBI S-CJIOEB T-MarHWTHAs CBS3b
Mexay FM-crnosimu Oyzier paspyliarbesi, 1 B3aUMHasi OPHEHTALMs] HAMarHMYeHHOCTEH
MepecTaHeT CKa3biBaThes Ha T, ceepxperierkd FM/S. B atoMm ciiydae st 1D cocrostauii
OyIyT CIpaBeTUBBI PE3yJbTaThl HPEeXKHUX pabor [6,7,11-13]. Takum obpasom B
cBepxpenierkax FM/S, Hapsimy ¢ W3BECTHOM KOHKypeHIwed mexmy 0-hasHoi u 7-
(hazHOl CBEpXIPOBOAMMOCTBIO, MBI OXKHM/IAaeM TalKe KOHKypeHImu Mexay O-
marHuTHBIME (FS) 1 n-marautaeivu (AFS) cocrosHusiMu. [Ipuuem kaxioe U3 3THX
cocrosHUi Oyner obmamare kak 1D, tak m 3D Bapuantamm peammzanpy. Tak dTo
CBEpXITPOBOJISIIIIEE COCTOsIHKE cBepxpemietkn FM/S Oyzmer pesynbTaToM  CIIOXKHOM
KOHKYPEHIIMY BOCBMH Pa3IU4HBIX cocTosHU JIODD.

Taxkum oOpasoM, CBepXIpoBOIMMOCTE B FM/S-koHTakTe sBIseTCS Cymep-
mo3uimel cnapusanus o MexanmMy BKII B S-cioe u criapuBaHus IO MEXaHI3MY
JIO®® B FM-cnoe. Hccnenopanre B3aWMHOM TIOICTPOMKH STHUX KOHKYPHPYIOIIHX
THIIOB CIIApHBAaHMS U MX OOPATHOTO BIMSHUSI HA MATHUTHBIE COCTOSIHMS B CTPYKTYpax
FM/S cocraBnsier OCHOBHyIO Iiellb JaHHOW paboThl. Pa3BuBaemasi Hibke Teopus
addekra OmuzocTH st cTpyKTYp FM/S sIBISIeTCs] €CTECTBEHHBIM 0000IICHUEM HAIIAX
uccnenoBannii [11-13] B oTOH OOMacTM Ha TPEXMEPHBIA Cilydall M YYMTHIBAET
B3aUMOJICHCTBHE (PEPPOMArHUTHBIX CJIOEB Yepe3 CBEPXIPOBOMSIIME (UacTh pPe3yJb-
TaTOB JJaHHOU pabOTHI ommyOnmKoBaHa B crathsix [30-33]). B paznene 2 maercst Mukpo-
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CKOITMYECKUI BBIBOJI TPEXMEPHBIX YPAaBHCHHWH THIA Y3a/eis M COOTBETCTBYIOIIHX
TPaHUYHBIX YCJIOBHH, CBS3BIBAONIMX MOTOK (PyHKIMH F(r) ¢ ee CKauKoM Ha TPaHHMIIe
paznena FM/S. Pemenne mory4deHHO# KpaeBoit 3amaun it dddexra 6mm3octi B FM/S-
KOHTAKTe, MPHUBENCHHOE B pasmeiie 3, MO3BOJNSET HaWTH 3aBUCHMOCTh KPHTHYECKOH
Temnepatypsl 7, OT napamerpa 2/t; Kod(Q@UIMEHTa NPO3PaYyHOCTH G I'PAHMIIBI
pasfiena, a TaKKe OT TONILMHBI (PEPPOMATHUTHOTO (dy) ¥ CBEPXIIPOBOAAILETO (d;) CIOEB.
B paznene 4 wuccrienoBana KOHKypeHiwsi Mexay O-GasHbiM U m-(pa3HbIM THUNAMH
CBEPXIPOBOIMMOCTH M MarHeTusMa B cBepxpemerkax FM/S. Hakonen, B nocnemsem
paszerie poBeIeHO 00CYKACHHUE OCHOBHBIX Pe3yJIbTaToB JAaHHOH paboTHL.

2. KpaeBas 3amgaua nis 3¢dexra 6;am3ocTu B HeoqnopoaHoii FM/S-cucreme

B oxpectHocTH TOYkHM (ha30BOro rmepexoja BTOPOrO poAa KPHUTHUECKas
Temneparypa 7, HEOJHOPOJHOTO CBEPXIPOBOJHHKA ONPENENIAETCS U3 UHTErpallb-
Horo ypaBHeHus ['opbkoBa [34] st mapamerpa nopsiaka A(r)

A(r):V(r)T;'IH(r,r’,a))A(r‘)d3r‘, 4

rae V(r) — moTeHIHal MEXDJIEKTPOHHOTO B3aUMOJICHCTBHUS B TOUKE I, @ IITPUX Y
3HaKa CyMMBI O3HauaeT oOpe3aHue Ha 1e0aeBCKOH 4acToTe wp; Jajiee

®w=nT(2n + 1) — MarrybapoBckas yactora, I — Temneparypa n = 0,£1,+2,... 1 MbI
rojiaraeM B JaHHOM pabore /i = kg = g = 1. Snpo H(r,r',®) uaTErpaibHOTO
ypaBHeHus (1) onpenensiercst BRIpakeHnEM

1 1 -1
H(rr,o)== z H,,(rr.o)= —Tr<§ G (rr.o) G (r,r‘,-a))> ) Q)
Wy 2
3necek G(r,r',w) — MmarpuyHas dyeKTpoHHas GyHkuus 'puHa B HOpMaubHOH (ase,
g =io,, 0, — marpuna Ilaynu, o u [ — cnuHOBBIE MHAEKCH (0#f), a YIIOBBIE
CKOOKHM 0003HAYaIOT yCpeJHEHHE 110 BCEM NMPUMECHBIM KOHPHTYPALHSIM.

3 } t }
I 1
) f v 1

Puc. 2. [luacpammnoe npeocmaenenue 3D unmmezpanvrozo ypasnenus (6) Ona 6epuiuHHO
yacmu H(r,Y',@). Jlunuu co cmpenkamu omeeuaiom Hopmanvhoim Gyrxyusm [ puna,
VCPEOHEHHbIM NO KOHUSYPAYUAM HEMASHUMHBIX npumecel

PaccmoTprM  TUTOCKMIA KOHTakT Mexny (eppoMarHuTHEIM MetamuioM (FM),
3aHUMaroIMM o0acTb —o0 <z <0, ¥ CBEpPXIPOBOAHUKOM (S), 3aHUMAIONIMM 00J1aCTh
0 <z <oo. Merogamu muarpaMMHON TeXHUKH (CM. [34] ¥ puC. 2) MOXHO TIOKa3aTh,
YTO MPH HAMYMHA OOMEHHOTO ITOJI1 U HEMAarHWTHOTO PAcCesHHs Ha NPUMECSX sIPO
H,p(r,x', ) ypaBHeHnsl (4) ABNAETCS PELIEHHEM JIPYTOrO HHTErPanbHOTO YPABHEHNUS]
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K., (rr,0)H " (r.r'w)d’r, | "

27N(z)7(z)

H,, (rrio)=K,, (r,r‘,a))+j

3neck N(z) 1 7'(z) — COOTBETCTBEHHO IUIOTHOCTH COCTOSIHHIT Ha ypoBHE Depmu i
CKOPOCTb paccCestHUuSl Ha IPUMECSX CKauKOM MEHSIOUIME CBOW 3HAUCHMsS IpU
HepexoJie 4epe3 MOBEPXHOCTh pasjena z =0, a aapo K(r,r',w) ypasHenus (6)
OIIpeeIsIeTCs BEIpayKeHNEM

K, (rr.o)=G,, (rro)Gy, (rr-o) @)

e Gu(r,r',®) — ycpemHeHHas 1Mo mpuMmecsM (QyHKOus [puHa 3IEKTPOHOB
MIPOBOJIMMOCTH B HOpMAJBHOW (aze. YpaBHEeHHE (6) B OTIMYNE OT aHAJIOTHIHOTO
WHTETPAJIbHOTO YpaBHEHUS Halled mpenpiaymiei padotsl [13] sBusercs Tpex-
MEpHBIM M BKYIIE C BBIpaXKCHHEM (4) MO3BOJIIET YUUTHIBATH IIPOCTPAHCTBEHHBIC
M3MEHEHHUs TapaMeTpa Mmopsiika He TOJIbKO momepek cioeB FM u S (BIob ocH z),
HO ¥ B IJIOCKOCTH X—) IpaHuubl pasaena FM/S. Dror ¢akT mosBosiser Ham pac-
CUYMTHIBATH Ha MOJIyYCHHE B JAajbHEUIIIEM OoJiee MUPOKOTo, ueM mpexae [11-13],
KJlacca peuIeHUH Al BO3MOXKHBIX cocTosiHuH FM/S-cuctemsl H, cienoBarenbHo,
HOBBIX BapHaHTOB MoBeAeHUS 7.

Hanee nna ynoOGcTBa BBeleM aHoManbHyro (yHknuio I'oppkoBa F4(r,w),
CBSA3aHHYIO C KOPPENATOPOM H,4(,I', ) COOTHOILIEHHEM

F, (r,w):#(z)JH " (rr,@)A(rd’r'. (8)

Torna B Tepmunax GpyHkumii Four,w) ypaHenus (4), (6) nepenuuryTcs B BUIE

A(r):l(z);rTZ;}Z'Faﬂ(r,a)) , )
Faﬂ(r,a)):#(z)jlfaﬁ(r,r',a)) A(r’)+ﬁFaﬂ(r',a)) d*r, (10)

rre Az) = Mz)V(z) — 6e3pa3MepHbIil mapamMeTp MEKIIICKTPOHHOTO B3aNMO/ICHCTBHS.
B ciryuae 6ecKOHEYHOTr0, OTHOPOJHOTO (pepPOMArHUTHOTO CBEPXIIPOBOIHHKA, B CHILY
TPAHCIALMOHHOM MHBAPHMAHTHOCTH CUCTEMBI, AP0 Kou(r,r',@) = K p(r-r',) 3aBucut
TOJIFKO OT MOMYJSL Pa3HOCTH paliyc-BEeKTOpPOB R =|r - r'|. DTa 3aBUCHMOCTH UMeeT
APKO BbIpa)keHHBIH 3D ocuumpyromuii (¢ nepuoaoM 2may) xapakrep. B yacTHocTH,
Ul OECIIPAMECHOTO CITydasi ¢ r'=0 ¢ momonpo (5) u s;BHOTO BHIAa TPUHOBCKUX
dyrKImit Gyyr,1", @) JErKo NOTyUnTH
2|o|+2ilg sgnw

2
m
K (rr',o)=| — | exp| —————R |, 11
a ) (Z”RJ p ,) (11)
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I7ie m — Macca 3JeKTpoHa, a gt = -g|+ = 1. B aTom ciryuae ypasnenue (10) umeer
asa pemenus. Ilepsoe pemtenne tuna BKII ¢ A(r) =const. u Fu(r,), He
3aBHCSAIICH OT T, ObUTO HaleHO ['oppkoBEIM 1 PycuHOBEIM [35]. BTopoe perenue
310 cocrosiHue JIOD® ¢ 3D ocumuisnusMHU, KOTOpble B MpPOCTEHIIEM Cilydae
UMEIOT BUJL Foy(x,w)oc A(r) oc exp(ikr), rae k = 21/v,[22,23]. Konkperselii Bug 3D
pemwerkn JIOD® (monoca, kyO, rekcaroHajbHasi CTPYKTypa W T.J.) IS
HaxXoXaeHus T, He BaXKeH, Tak Kak ypaBHeHUs (9), (10) muHeiHBI 0 A(F).

B konrakte FM/S Mbl OyneM UMeTh YeThipe pasHbIX sapa Ku(r,r',). U3 Hux
JBa siapa C I,I', NpUHAIICKANMMHA OIHOM M TOH K& CTOPOHE KOHTAKTa; OJIHO
ociumpyromiee sapo ¢ I #0, kotopoe B riryomne FM-obmactu umeer Bun (11),
Jpyroe — MOHOTOHHO yOBIBaroIIee u paboTaromiee B TITyOrHe S-001acTH, moydaeTcs
m3 (11), ecmm momoxxuts /= 0. JIBa mpyrux siapa ¢ r ¥ r', IpHHAICKAIIMEI Pa3HbIM
cTOpoHaM KoHTakTa FM/S, HOMKHBI codeTaTh M OCIMJUIMPYIOIIEe, M 3HAKO-
TIOCTOSTHHOE TIOBEJICHHE, CO3/IaBasi epexoIHyI0 oomacts FM/S.

Beuay minockoit reoMmerpun 3aiaun o Koutakre FM/S, B nanpHeiinem Oynem
pa3nensaTh IMepeMeHHbIe P = (X)) | z, MPEICTaBIss ¥ = (P, z). BakHO OTMETHTS,
4YTO HajJu4yue OOMEHHOro mouisi /, KOTOpOe CKaykoM oOpamiaercs B HyJb HpU
nepexoge u3 FM-cmos B S-cioif, HapyllaeT TPaHCISLHMOHHYI0 CHMMETPHIO
BOJIM3M TpaHuilbl FM/S He TOJIBKO 0 OCH z, HO U B IJIOCKOCTH X—). B wacTHOCTH,
anpo Kp(p.p'.z.2", ) # K,p(p-p',z,z', ), ecan p 1 p' IpuHAAIEKAT pa3HbIM Oeperam
koHTakTa FM/S. Jleno B TOM, 4YTO Takue sijpa NPUMENIMBAIOT APYr K APYry
nepuonndeckue mo p cocrosHus JIODPD B FM-cnoe u He 3aBucAlIMe OT P
cocrosgnuss BKII B S-cnoe. Hampumep, ecnu p usmensercs BHyTpu FM-cros
(z<0), a p' — BHyTpH S-cimost (z'>0), manHOe sapPO OyIET AOMOIHHUTEIBHO
OCLMJIUPOBATh 10 P C TEPUOAOM MOPsAKA ay=Vy/2l, 0cTaBasCh MOHOTOHHON
¢bynxuuei (p-p'). PaBenctso K 4(p.p'.z.z" @) = Kp(p-p',z.z', @) nMeeT mecTo nuiip
TOT/A, KOTJa p U P' MpHHAIISKAT OfHOMY U ToMy ke cioro (FM mmu S). Ha ato
00CTOATENLCTBO MBI YKa3bIBAEM 6HEp6ble; BO BCEX IMPEABLIYLHIMX TEOPHSIX
a¢dexra Ommzoctu [7-13] anmpuopu cuutanmoch, uTo cucrema FM/S
TPaHCISILMOHHO-MHBAPUAHTHA B IFIOCKOCTH X-.

Janee n3-3a nuHEHHOCTH 3a1aun MO F,4(r, @) U A(r), KOTOpbIE BBIPAXKAIOTCS
JIpyr depe3 Jpyra, i pelieHus ypaBHeHHs (6) MOXHO HCIOJIb30BaTh
pasnoxkenne Oypbe U B MPOCTEHIIEM CIydae JOCTATOYHO PACCMOTPETh PELICHUS
¢ oaHoit rapmoHukoit dypoe [36]. [ToaTomy Oynem uckarte perienus st A(p,z) B
obnactsix FM (—oo<z <0)u S (0 < z < 0) B Buzie OJIOXOBCKUX BOJIH:

A (p,z) =A,(q;,2)e"";0A,(p,2) = A (q,, 2)e™ (12)

rae 2D-KOMIIOHEHThI UMITyJIbCa Hap (¢ U (s ONUCHIBAIOT BO3MOXHBIE OCLIUIUIALUI
napaMeTpa mopsaka B IJIOCKOCTH x-y B cinodx FM um S, cOOTBETCTBEHHO.
AHaJIOTUYHBIE 3aBUCUMOCTU NpeJrnonaraloTcess W and  QyHkumi  Fu(p.z, o).
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Pemenus (12) ob6mamaroT 70CTaTOYHON OOIIHOCTHIO. B 4acTHOCTH, OHU BKITFOYAIOT
paHee M3Y4YECHHBIM choydal ¢;=g,=0, COOTBETCTBYIOMIMA COXPAaHEHHIO
MIPOAOJIBHOTO MMITyJIbca map mpu repexoze yepes FM/S-rpanuty [7-13]. Kpome
TOTO, OHM IOIYCKAlOT Psi HOBBIX BO3MOXKHOCTEH, HambOoiee sipkasi U3 KOTOPBIX
q=g # 0, g,=0 orBeyaer xombuHaumu cnapusanus BKII B S-cnoe ¢ 3D
cnapuBanreMm FFLO B ciioe FM.

[Monw3ysice npencrasnenueM (12), ypasuenus (9),(10) ynobHo nepenucats B
TepMHHAX JBYMEPHBIX Qypbe-00pa30B COOTBETCTBYIOMIMNX (PYHKITHIHA, T.€.

Aaz)= ()T Y Y F, (a2.0) . (13)
a#ff o
1 T ! ' [} 1 1t '
Faﬁ(q,z,w):migﬂ(q,q,z,z,m) A(q,z)+mFaﬂ(q z\w)|dz', (14)

r7le ABYMEpHBIE HMIIYJIbCHl Tap B IUIOCKOCTH KOHTakTa ¢ u q' SBISIOTCA
CTyHEHYaThIMM (QYHKOMSAMH z W z', COOTBETCTBEHHO. B  wactHOCTH,
q(z) = q;4z2) + q/A-z), rae Az) — ctynenyaras QyHKuus XeBHucaiaa, aHaIOTHYHO
BBITTIAIUT U 3aBUCUMOCTh q'(2"). Anpo K,z ypaBHenus (10), BBHOY OTCYTCTBHS
TPaHCIIMOHHON WHBAapUAHTHOCTH, BBIPAXKASTCS 4Yepe3 CyMMy 1o p U p' or
npoussenenns (7) aBymepHbIXx ¢ypee-00pasos ¢dyHkuuit I'puna G,, n Gy,
B3SITBIX Pa3JIENIbHO 110 IEPEMEHHBIM P 1 p', T.C.

K, (049.22,0)=).G,, (pp"22.0)Gy(q-p.q-p'z.2' o), (15)
pp'

OtmetnM, 9To B BeIpaxkeHUsX (12)-(15) yxe 3aimokeHa BO3SMOXHOCTH CIIApUBaHU
mo Mexaammy JIODD ¢ OTIHYHBIM OT HYJS TPEXMEPHBIM HMITYJIECOM IMaphl K,
MIPOCKINEH KOTOPOTro Ha IUIOCKOCTh X-y sIBiIAeTcS MMEHHO BekTop q (q =kKy).
Yactubiil ciiyuaid k = q = 0 orBeuaet mexanusmy cnapusanus BKIL. ITockonbky
CHapuBaHHE IMPOUCXOAUT W3 H303HEPTETHUECKUX COCTOSHHHA BOJIM3U SHEPrUU
®epMH  eCTECTBEHHO  OXHOaTh, 4YTo OByMepHble (2D) mpoexuuu p
cooTseTcTBYIomuX 3D ummynscoB OyayT Ommsku K (EpPMHUEBCKUM pr M ps B
KaXJ0M H3 MCTAJJIOB, HAXOJAIIMUXCA B KOHTAKTC. Benuuuna xe 2D HUMITyJIbCa
mapel ¢, Kak MBI YBUJMM HIDKe, Takke OyJeT MMEThb CBOE 3HAUCHHE ¢y MU ¢
(qr=q, + g), 3aBUCsAIICE OT YCIOBUIl CIapHBaHUA B K&XKIOM U3 MeTannoB FM nnu
S. B uactHocTH, xecTKocTh BosHOBOM ¢yHkimn BKI, kak Oyner mokazaHo B
pa3n. 3 TpebOyer paBeHCTBa ¢; = (), TO €CTh HEOCHHMJUIUPYIOLIErO IOBEACHUS
HapHOl aMNIINTY bl B S-ciloe U MO3TOMY q,= g (CM. pasa. 3).

Wnterpanpaoe ypaBHeHue (14) coaepKUT IMONHYIO HHPOPMAIUIO KaK O
mapaMeTpax JJEeKTPOHHOHW CTPYKTYphl W KHHETHUECKHX XapaKTePHUCTHKaX
METaJJIOB, HAaXOIIINXCSI B KOHTAKTE, TaK M O CKaYKOOOpa3HOM HM3MEHEHHH HX
BEJIMYMHBI TIIPH IIEPEXOoAe uYepe3 pe3Kylo IpaHuiy pasgena FM/S. Opnako B
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cllyyae KOHTaKTa JOCTAaTOYHO Ips3HBIX MeTauioB FM u S cymiectBeHHO ynoOHee
CBeCTH TpoOeMy pEeUICHUs HHTETrpalbHOrO ypaBHeHHs (14) mns koppemsTopa
Fo4(q,z,) X pelieHnto 9KBUBaIeHTHON quddepenHnnansHoi kpaeBoii 3a1aun.

HeobxoaumMo OTMETHTH, YTO MOHITHE TPSA3HOTO TIpesienia, KOTOpOe IS
CBEPXITPOBOAHUKA TPAAUIIMOHHO OTBEYAET MAJOCTH IJIHMHBI CBOOOAHOTO mpobera
;= VT, IO CpPaBHEHMIO C TEMIIEpaTypHOH JUIMHON KorepeHTHOCTH Egr= vy/27rT,
CYIIECTBEHHO Moau¢unupyercst a1t GpeppoMarHUTHOTO Merayuia. Jlemo B ToM,
4TO B NOCJEAHEM KpoMe [y 1 E;r MMeeTCs ellle M TPETUH XapaKTepHBIH MaciuTa0 -
JUIMHA CIMHOBOM JKECTKOCTH da;=V/2[, OTBETCTBEHHas 3a BOJHOBOH THI
pacnpocTpaHeHHs KBasu4acTuu. Ilo3ToMy B HpHMECHOM (eppoMarHUTHOM
MeTanie npu I ap< &g HEoOXOAMMO OTIENBHO PaccMaTpuBaTh ciydau [r<ay
Qhy<nl>ar 2> 1).

B cimyuae xoHTakTa Tpsa3HBIX MeTaiwmioB FM u S, Korzpa 1yimHa CBOOOIHOTO
npooera /; = v;7; (j = f,5) ABIAETCA HAUMEHBLIEH CPEIU XapaKTEPUCTHUECKUX JUTHH
3amaun, mpobreMa pemeHns MHTerpajdbHoOro ypaBHeHus (14) mist xoppemsTtopa
Fop(q,z, ®) cBOIMTCA K PEIIEHHMIO SKBHBAJIEHTHOH anddepeHunansHol KpaeBoi
3ajaun. JlelicTButenbHo, 0000mmas Ham noaxox [13] Ha TpexMepHbId ciiy4yai u
peras 3amgady ¢ NMOTEHIMAIbHEIM OapbepoM Ha rpanune FM/S mns xoppensropa
Kq5(q,q',z.z", w), onpenenennoro B (15), MOXHO 1Mokasars, uTo GyHkuus I'oppKoBa
Foy(q,z,w) ABNAETCA pEIIEHMEM KpPaeBOM 3a/lauM, COCTOsINEH M3 ypaBHEHHI
V3agens mis metamioB FM m S ¥ COOTBETCTBYIOIIMX TPAHWYHBIX YCIOBHH.
JIuneapusosanneie B npenene 7 — T, ypasHeHus Ysanens 1is Fou(p,z, @) nocne
obpatnoro 2D npeobpazoBanust @ypbe NIpUMYT BH]

2

. 1 0
|a)|+ll(z)gaﬂsgna)—5Daﬂ(z) Vp2+¥ Faﬂ(p,z,a)):A(p,z), (16)

a TpaHUYHbIE YCIIOBMS, CBA3BIBAIOIIME MOTOK QyHKIMK I'oppKoBa F4(p,z, @) ¢ ee
CKa4YKOM Ha MoBepxXHOCTH pasnena FM/S, mverot Bua

—igp

4D, OF,; (p.2,0)| 4D, OF,(p.zo)e™|

z=+40
OV, 24 o-f ’ Vf 0z z=—0 ( 1 7)

= aﬁ (pa +09 a)) - Faﬁ (p: _Oa a))eiigp

B (16),(17) 3aBuCHMOCTD BCeX BEJIMYHMH OT z UMEET CTYNEHYAThIH Xapakrep, T.c.
1z>0)=0, I(z<0)=1; o(z>0)=0,, cz<0)=0; v(iz>0)=v, v(z<0)=v;
Dofz>0) = Dypp, Dofz < 0) = Dyyp. Kax moxasano Huxke B pasfl. 3, Bennunna 2D
BEKTOpa  OOpaTHOW  pEIIeTKH  IOBEPXHOCTHBIX  cocrostHuil  JIODD
g= | g | ~ (I/D,)”2 HaxOJMTCSI W3 YCJIOBUS MHHHMyMa CBOOOJHOH SHEpPruu
cuctemsl. [lapamMeTphl NPO3PaYHOCTH KOHTAKTA Oy U Oy CO CTOPOHBI METANJIOB S U
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FM, COOTBETCTBEHHO, CBs3aHLI  COOTHOIIECHHEM JETAJLHOro  OajaHca
osN; = ovN,[11-13], Tne
o, =(ov. /[(1-o)v,). (18)

VYrnoBeie ckoOku B (18) 0003HAYAIOT ycpegHEHNE 0 YTy MEXKAY HaIpaBICHUEM
CKOPOCTH DJIEKTPOHA W HOPMAJIBIO K TpaHMIle pasfena. B oTanume oT KBaHTOBO-
MexaHndeckoro kodddummenta mpospaunoctd o (0 < o< 1) mMOTEHIHMAIHHOTO
Oapbepa Ha FM/S-rpanuiie BeIMUMHBI Oy U Of MOTYT NIPUHUMAaTh, BOOOLIE TOBOPS,
mo6kie 3HaueHus ot 0 go oo. Koadduumentsr auddysun D,4(z) = Dj,p onpene-
JISIFOTCS BBIpXKEHHEM (j = f,5):

D(z)
1+2il(2)7(2)g,5ignw ’

vl

D, (z)= D(z)=D, :# . (19)
KomruiekcHblit 3HameHartenb B BbipakeHud (19) mis koddduumenta nuddysun
ONUCHIBAET KOHKYPEHIMIO MEXAYy AWGOY3MOHHBIM M BOJHOBBIM THIIAMHU
IBIDKEHUS KBasudyacTull B (QeppomarHetuke [37-39]. B ciywae, xorma
(beppoMarHUTHBIH MeTal MeHee TIPA3HBIN, T.e., ay0 [0 &y (2/10 1) Tpebyercs
OoJiee TOHKOE COBMECTHOE pelieHue ypaBHeHuit (14),(15), koTopoe NMpUBOAUT K
HOBOMY TIOJIIOCY TApHOW aMIUIMTY/bI, YYUTHIBAIOLIEMY IPEHMYIIECTBEHHO
BOJIHOBOH THI JBIKeHUS KBazuuacTull B FM-ciioe. COOTBETCTBYIOIMIUN pe3yabTaT
(opmMansHO 3aKiroyaeTcsl B MHOM, Hexkend (19), mepeHopMupoBKe K03 dunneHTa
muddys3un; oH pUBEaEH HIKE B paszl. 3.

W3 rpannunsix yenosuit (17) cnexyer, uro norok nap BKII u3 S-ciios B FM-
cioii paBeH oOpatHOMy moTOKy map JIOD®, ormarommx w30BITOUHBIN 2D
AMIyJbC g pemieTke u mpeBpamaromuxcs B mapbl BKII (mepBoe paBeHCTBO).
ITpudem 06a moToKa ONMPEAEISIOTCS NEPEnaoM INIOTHOCTH TAKKUX Map Ha TPAHHIE
S/FM (BTopoe paBeHCTBO). YMHOXHUB 00e wactu (17) Ha exp(igp) momydmm
BTOpPO€ TPAHWYHOE YCJOBHE, U3 KOTOPOTO BHIHO, YTO MOTOK map JIODD uepes
unrepdeiic FM/S, B cBoro ouepeap, paBeH oOpartHomy mnortoky map BKIIIL,
IIPUOOPETAOINX HEJOCTAIOMINN UMITYJIbC € y PELIETKH M IPEBPAIAIONINXCS B
mapel JIO®D (cm. puc. 1). OOa 3TUX MOTOKA MPOMOPIUOHAIBHBI CKAuKy
COOTBETCTBYIOIIEH mapHoi QyHKIMK: Fup(p, + 0, @) exp(igp) — F4(p,-0, @).

B npexHux Teopusx addexra Omuzoctu [6,7,10,18,24,40,41] mnst crpykTyp
FM/S wucnone3oBasmck rpannusble ycnoBusi KynpusiHoa-Jlykmuera (KJI) [42],
kotopble mnonydatorest 3 (17) npu /=g =0. Ycnosust KJI [42], cnipaBeymBbie 1yist
koHTakta NM/S B rpsizHoM mnpenene (NM — HOpManbHBIN HedeppoMarHUTHBIA
Metaint), HeageksaTHb! 3D mpupone cnapuBanus JIOD®D B FM-cnosix u ommycKkaroT
s 1D cocrosiHMS ¢ mepeOpocoM MMITYJIbCa Tap TOJIBKO 0 HOPMald K TPaHMIe
paznena FM/S. B cuny storo Baxssii ximacc 3D cocrosamin JIOD® ¢ mepebpocom
HAMITyJIbCa TIap BIONb MOBepXHOCTH FM/S wmckimodaeTcss W3 PacCMOTPEHHS, HUTO
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SIBIISIETCS. OIIMOOYHBIM, HECMOTPSI Ha TOIMBITKY B KoMMeHTapuu [43] x 0030py [44]
OIpaBaTh MPUMEHUMOCTH TpaHUIHbIX ycioBuii KJI x cucreme FM/S (monmpoGree cwm.
otBeT [45] Ha wommeHntapmii [43]). Takum oOpasom, wmcTHHHas Teopws 3ddexra
ommsoctr B cTpykTypax FM/S momxra ObITh TpexmepHo#. K coxkaeHmo, He Bce 3T0
MOHUMAIOT U MPOJOJDKAIOT MyOJIMKOBAaTh YacTHBIE Pe3yJbTaTel, clemyromue u3 1D
teopur 3¢dekra 61m3octi. HecOMHEHHO, 9TH Pe3yJbTaThl HYXKHO IEPECMOTPETH B
ceere 3D rpannuHbIX ycnoBuid Trma (17) ¥ OTKOPPEKTHPOBATH JODKHBEIM 00pa3oM.
OtMmernM, Hampumep, emie oaHy 1D BepcHro BeIBOAA I'PaHMYHBIX YCIOBUM [46] Uit
crpykryp FM/S. CoBepIlieHHO SICHO, YTO MPWJIOKEHHUE TAKUX TPAHMYHBIX YCIOBHH K
BBIUHCIICHHIO KPUTUYECKOW TEMIIEpaTyphl MPUBEIET K MHOYKECTBEHHBIM OCLIILISLIMSIM
3aBucUMOCTH T,(d)), XapaKTepHbIM JIsi KBa3HOJHOMEpPHBIX crucTeM FM/S (cm. 0630p
[44]). IMeHHO 3TO W TOATBEPIIIM PACYEThI TEX ke aBTOPOB [47], OCHOBaHHBIC Ha
TPaHUYHBIX yCIOBHSX [46]. B To e Bpems peasbHble CTpYKTypsl FM/S — TpexmepHsl,
a BKCIIEpPUMEHTAJIbHBIE 3aBUCUMOCTH T (dy) 0011a1a10T HEMOHOTOHHOCTBIO MHOTO THIIA,
HAIIPUMEp, C SPKO BBIPAYKEHHBIM MHHAMYMOM FUTH €IMHIYIHBIM BCIUIECKOM [44].

Cucrema ypaBrenuii (16),(17) momyckaer ae Tonsko 1D-, HO u 3D-pemrenus
JUIA TIApHOM aMIUIMTYIBl B OTIMYME OT BCEX MPEXHHX MHomxonos [6,7,10,11-
13,18,24,40,41,43,46,47]. Kax Oymer moka3aHO HMXE, WUMEHHO KOHKYPEHIHSI
panee usBecTHbIX 1D- u HOBBIX 3D- cocrosuiit JIODD kapauHAIBHO U3MEHSET
3aBUCUMOCTb T.(d) TIO CPaBHEHHIO CO CTapbIMH TEOPHAMH, CYIIECTBEHHO
npuOIMKas ee K IKCIIEpUMEHTAIBHO Ha0JII01aeMOMY [TOBEICHUIO.

3. Kputnueckas reMnepatrypa kourakra FM/S

Berucianm temneparypy CBEpXIPOBOJIIETO Iepexoja IUIOCKoro konrakra FM/S
MEXy (DeppOMArHUTHBIM METAJLIOM, 3aHUMAIOLIIMM obnacTe —d;<z<0, n cBepx-
MIPOBOHUKOM, 3aHUMaronmM obsactb 0 <z <d,. YuuTbBas CBOWCTBA CHMMETPUH
obynxiyn IopekoBa Fafr,wl)=F */;Og(r,a),l) =Fpr,-0) = Fofr-o-1)= = Fg(r,o-
1) u, nmepexons K MOJOKHUTENBHBIM YacTOTaM @, MIEPENHILeM, OIycKas Uil y100cTBa
CITIMHOBBIE MHJIEKCHI, KpaeByro 3a1ady (9),(16),(17) ornensro s cnoeB S u FM. Jns
S-crmost moygaem

A,(p,z) =2AxTRe Y F,(p,z,0) (20)
>0
D, _, &
a)__s(vp +_2) F;(pazaa)):Ag(p’Z)a 0<Z<d§ (21)
2 oz
a"anornuHo mis FM-ciios umeem
A (p,2)=22,7TRe ) F,(p,z,0) (22)
>0
D, (I 2
{a) il —%(sz +§—2)}Ff(p,z,a)) =A,(p.2), -d,<z<0,  (23)
- ; )

186



M.T'. Xycaunos

3mece A, =N,V; m A=NJ; — O0e3pasmepHble TNapaMETPbl MEXKIIEKTPOHHBIX

B3anmoziericTBril B S 1 FM ciosx, a KoMIUIeKCHbIH koadduument muddys3nn naercs

BeIpaskeHueM Dy(1) = D/(1 + 2ilty) npu 27,0 1. CooTBeTcTBYyIOIME YpaBHEHUAM (21)
u (23) rpaHrYHBIE YCIIOBUS HA TOBEPXHOCTH pasjiena z = 0 UMeIoT Buj

OF.(p,z,

D, (P2, 0)|

Laz |z:+0

OF,(p,2,0)|

oz

oV —i
=== [E(0,40.0) = F, (p,~0,0)¢ ™ ]
(24)

o,V .
D,(D) =~ E0.40.0) - F (p.-0,0)]

z=—0

Pemmas kpaeByro 3amauy (21),(23),(24) ans ¢yHkuuii Ysamens COBMECTHO C
ypaBHEeHMAMHU caMmocoriiacoBanus ['oppkosa (20),(22) MOXHO BBIYMCIHTH TEMIIe-
parypy cBepXmpoBojsmiero nepexona FM/S-koHTakra kak (DyHKUUIO Tpo3pad-
HOCTH TPaHHILIBI pa3fiella G, U Gy, TONIIHUHEI CIoeB d; U dj, mapameTpa 2/t 1 T.1.

Kax mokazano namu panee [13], pa3nuyrie B KOHCTaHTaX MEXAJIEKTPOHHOTO
B3aumojeicTBus (A, <A,) 00OyCIOBNIMBAET MOHMWKEHHE 7, IHIIL IO TONIIMH df
MOpsIIKa MEXAaTOMHBIX paccTosiHnil. CHilbHOE pacnapHBaroliee JeicTBre 0OMeH-
voro nonst I (10 nT,, tne T, — KpUTHUECKasl TeMIlepaTrypa HU30JMPOBAHHOTO S-
CJIOsT) SIBJISIETCS OCHOBHBIM MEXAaHM3MOM pa3pyICHUS! CBEPXIPOBOJMMOCTH B
FM/S-cucremax. IlpeneOperast maist TPOCTOTHI MEXKIIEKTPOHHBIM  B3aMMO-
neifcteueM B FM-cioe A .= 0 (A,=0), Oyznem uckath pemeHust ypasHeHuil (20)-
(24) B BHIe, HCKIIOYAIOUIEM IIOTOK 3JIEKTPOHOB 4Yepe3 BHEUIHWE TIPaHUIIbI
KOHTakTa. B omHOMOmoBoM mpuOmmkeHnu [7,13], KoTopoe cIpaBeINBO TPH
dy> &, tne &= (Dy/2nT, cs)”2 — JUIMHA KOT'€PEHTHOCTH TPSA3HOTO CBEPXIIPOBOHUKA,
9TH PEIICHHS UMEIOT BUJ

_ A (p,2) _
FS(P,Z,CO)— [w+DS(kS2+q52)/2] - (25)
_ A(q,)exp(iq,p)cos[k,(z—d,)] 0<s<d
[w+D,(k” +q)/2]cos(k,d,)’ ’
B 1 k d.,

cos(k,d )

rae A(qs) 1 B(qr) — He 3aBUCAT OT z M @, a k; U ky— He 3aBUCAIIME OT YACTOTHI
(mpu @0 ]) KOMIIOHEHTHl HMMIyJbCa Iap, OINMWCHIBAIOLIME MNPOCTPAHCTBEHHBIE
HM3MEHEeHMS apHOH aMIUTUTYAbI F(r,®) Ionepek cloeB (B0Ib OCH z).

B pesympraTe a8 TNpHBENEHHON TeMIeEpaTypbl CBEPXIPOBOISIIETO
nepexoma ¢=1T1,/T,; nBycnoitHoro FM/S-xoHTakta moNy4aeTcs OOBIYHOE
ypaBHeHue THna AOpukocoBa-I opbkoBa
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2 2
lnt:‘P(l)—RC‘P l+ Ds(kv +qx) , (26)
2 2 4T

rae T, — KpUTHYecKasi TeMIeparypa H30JupoBaHHoro S-cios, W(x) — auramma-
dyskims, a mapamerp pacmapuBamus Dik,’ SBISETCS pEIICHHEM JIPYTOro
TPaHCLEHJICHTHOTO YpaBHEHHS

Dk, tg(k,d.)= i . @7)

31eck BOJIHOBOE YMCHO krnipu 2111 1 n 110 7T, onpenensieTcs BoIPaKeHHEM
2i1  —2il(1+2il7,)

D) D,

ki +q; = (28)

U3 ycnoBust MUHEMYMa CBOOOIHO# 3Hepruu (Makcumyma T,) ClieyeT, 4To ¢, CTPOro
paBHO HyJIIO. DTO HEYJMBHTENBHO, Tak Kak rpu BKIII-Ture criapuBanus ¢ HyJeBBIM
CYMMapHbIM MMIIyJIbCOM B S-cloe mapHas ammmryna Fy(r,@) AODKHa HMETh
3HAKOIIOCTOSTHHBIN XapakTep. B To ke Bpemst B FM-ciioe nmeer MecTo criapiBaHue 110
MexannzMy JIOP®D ¢ oTIMYHBIM OT HyNSl TPEXMEPHBIM KOTEPEHTHBIM HMITYJIECOM
nap k = (qk;) 1 ocupupyromet napHoi amrnTyoi F(r,w). Y3 ypaBaenuii (26)-
(28) cnenyer, uto BenuunHa 2D—KOMIOHEHTBI UMITYJIbca nap JIODD g, ocratormascs
MIPOU3BOJIGHOM, JIOJDKHA HAaXOMWTHhCS ITyTEM ONTHUMH3ALMH, T.€. M3 YCIOBHS
makcumyma 7. Peanmsauun 1D cocrosuuit 6yner orsedars ¢,= 0, a 3D cocTosHUAM
JIOD® 6yner coorsetcTBOBATE g = g ~(I/D)"”.

B npenene OTHOCHTENBHO YHMCTOrO (eppOMAarHMTHOro Metaia ¢ 20t 1
YTOYHEHHOE TI0 CPaBHEHUIO C MpekHUMH padotamu [11-13] coBmecTHOE pereHne
ypaBHeHu# (14),(15) npuBOIUT K HOBOMY XapaKTepUCTUIECKOMY YPaBHEHHIO IS
qru ks, otimaHOMY OT (28), 2 NMEHHO:

21 i

k=ki+q, =—|1-

f f
v, 2Irf

29

Hns uucroro ¢deppomarauTHoro Meramna (2/ty—> ) Mbl momydaem u3 (29)
HenocpeacTBeHHO perieHue JIOD®D [22,23], cOOTBETCTBYIOIIEE HEOAHOPOIHOMY
CBEPXIPOBOSIIEMY COCTOSHHIO C TMEpUOIOM oOparHOW pemerku map JIODD
8o =2/ay Ina npumecHoro FM-cnos BeIpaxenue (29) npuBoaut K GopmanbHOH
3amMeHe B ypaBHeHWsX (23),(24),(27),(28) »sddexruBHoro kordduimenra
mnddysun D(]) Ha BeIpaKeHHE
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D, (I il 30

;{4 20 +ilt,) (30)

3T0 MO3BOJSIET MPOBECTH KauecTBeHHBIN aHanu3 1D u 3D pemiennit st mapHOM

amruty sl FM/S-cTpykTyp M ajst ciydasi, Koraa gpeppoMarHUTHBI MeTalul He
CITMIIKOM I'ps3HbIid (2170 1).

Pe3ynbTarel 4MclIeHHOro aHanm3a 3aBUcMMOCTed T.(d) JuIl  pasIM4HBIX
3Ha4YEHMH IapaMeTpoB Gy, 21T, ny= Nvy/Ny; /& v d; TpuBeIeHs! B HIKHUX JacTsX
puc. 3a-3d. CruionHble KUPHbIC JMHUM W300pa)KatoT ONTHMHU3UPOBAHHOE C YYETOM
koHKypeHimu 1D u 3D cocrosnuit JIO®® nosenenue 7.(dy). ToHkne mTPHXOBBIE
JIMHUM COOTBETCTBYIOT HAIIIUM NPEXHUM pe3ynbTataM [11-13], yunTsIBaromm Juib
1D cocrosaus JIOD®D. Ha BepXHHMX YacTAX PUCYHKOB IIOKa3aHa 3aBUCHMOCThb
JIBYMEPHOTO BOJIHOBOTO BEKTOpa ¢ OT dr Obmactn peamusaiuu 1D-JIODD-daser
(g/= 0) oxparueHs! B cBeTIO-cepblit ToH, 3D-JIODD-daza (g,# 0) umeer Genpiit GoH.

2 Jpannnn== [
1 S B e
\

{ a [
W ——d 10
a=3 o7,
-1} 2;5..().‘; - 2113—3,- -1 ]
= ~1
o8 n 1 ] L as
L
o4l o4
T
azpt 4 oz
v
M I} I} L “

-

;U

E R 2 B B

Fr=sean

6

4,

Puc. 3. Temnepamypa ceepxnpogooswezo nepexooa t =T,/T,.; u 0gymepHbili 8OTHOBOU 6eKMOP
(qa) napmoti amnaumyobl Kax @ynkyuu npueedennot momyunvl FM-cros d/ay onsa
oggyxcnovinblx FM/S-xonmaxmos npu Iy = 0.25&y u d; = 0.625 &) ona paznuunvix 3nauenul
napamempos o, 2l tu ng= Nyvy/Npy Pucynok e3sim us pabomul [44]
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Ipupony 1D-ocuunnanuit 7.(dy) 1erko MoHATh B paMKaX Hamlel mpexHei
teopun [11-13] mnsa nByxcnoiinoro FM/S-konTakTa ¢ gy=0 (cM. puc. 4). Ilpu
2It;>1 ycnoBue orcyrctBus moroka nap JIO®® wyepe3 BHEHIHIOW TPaHMIY
(eppoMarseTHka ¢ BaKyyMoM (pUKCHpPYET Ha HEW ITyYHOCTh MApHOW aMIUIUTY/IBL,
YTO MPHUBOJUT C POCTOM TONLMMHBI FM-Clios K OCHMIUIALMSAM CKayka HapHOMN
ammumTyasl Ha FM/S-rpanmme. Beskumit pas, korma ©Ha FM/S-rpanure
OKa3pIBaeTcs y3ea napHoil aMmutyasl JIOOD (puc. 4a), ckadyok U CBA3aHHBIN C
HUM TIOTOK KYINIEpPOBCKMX map u3 S-cimos B FM-cioit OyayT mnpuHHMATH
MakcuMaiibHoe 3HaueHue. Ilockoinbky, npoHukas B FM-cioil, KynepoBckue napbl
TYT K€ Pa3pyIIalOTCs CHIBHBIM OOMEHHBIM IIOJIEM, 3TUM 3HAYSHHUSM TOJIIMHBI
FM-cnos Oynyr orBeyaTb MHHMMYyMBl T/(d) WIM HaXe HMCUE3HOBEHHE
cBepxmnpoBoanmoctu. Ecnu ke Ha FM/S-rpanuiie oka3piBaeTcst Iy4HOCTb MapHON
ammmutyael JIOO® (puc. 40), To MOTOK KynepoBckux map depe3 S/FM-rpanuiry
CTaHOBUTCS MHHUMaIbHBIM. [Ipn stux TommmHax FM-cios OynyT BO3HHMKATh
MakcumMyMsl T(dy). Korga tommuuna GeppoMarHuTHOIO Cliosi CTAHOBUTCA GoJIbLIE
IITyOMHBI IPOHUKHOBEHUSI CIIAPEHHBIX KBA3WYACTHI], KBAHTOBAs CBS3b MEXKIY €ro
TpaHWIIAMK  pa3pylIiaercsd, IOTOK map depe3 S/FM-rpaHuily CcTaHOBHTCA
HOCTOSHHBIM U GyHKIHA T.(d;) BBIXOAMT HA IJIATO (CM. PHC. 4B).

4EM g } Fg.2) S

y
9 o] d,
6| FM —" Ffao S
Fig.z) ‘,.'J t
—_— 1
= A
-d, 0 d

Puc. 4.  Cxemamuuecxoe uzobpasicenue mexanusma 1D-ocyuniayuu T, konmaxma FM/S
6 sasucumocmu om monuunvl FM-cnos dp Cniowmvimu Kpusblmiu nokasano
usmenenue naproti amniumyowl F(q,z) eédoav ocu z. Bepmuxanvuvie cmpenxu
NOKA3bIBAIOM BEIUHUHY CKAYKA NAPHOU amMnaumyowl Ha epanuye FM/S. Pucynok
63am uz pabomoi [44]

ITo mMepe nmoBBIIIEHUS KOHLIEHTpAlMM HEMarHUTHBIX npumeceil B FM-cnosx
BOJIHOBOW THI JIBMKEHHS KBa3HMYaCTHUL, NPHCYIIUI YUCTOMY (hEeppOMAarHETHKY C
2Ity> 1, Oyner cmenarses npu 201, < 1 ([ <ap) nanpdysnonnsM. Umiysesc nap
CTaHET IPH 3TOM IUIOXUM KBAaHTOBBIM YHCIIOM, & OCLMUIALMH TAPHOH aMITITUTY bl

JIO®®, mpuobperas Oompmoe 3atyxanme (Im k-~ Re k), mepecranyr
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obecrieunBaTh KOTEPEHTHYIO CBS3b MEXly AByMs IpanuiiaMu FM-ciost (cM. cHOBa
puc. 48). B sToM ciydae 3aBucumocth 7T.(d) OyneT NPUHHMMAThH CIJIaKEHHBIN
MOHOTOHHBIH XapakTep, HaOMOJaBIINICS B SKcnepuMenTax [1,2,18].

W3 rpaHmuHbIX ycnoBmii (24) ciemyeT, 4ro JeBas 4acTb BeIpaxkeHws (27),
OTIpefieNsIoNIas  mapaMeTp pacrapuBarms Dk’ B ypaBHeHnn (26) mma T,
MIPOTIOPIMOHANBHA TOTOKY KyNepoBCKMX map u3 S-cimosi B FM-cmoit. Ilpm stom
PE30HAHCHBIM 3HaMEHaTeN b IPaBoii 9acTH (27), 00paTHO MPOIOPIMOHATBHBIN CKAuKy
napHoi amrumityael Ha FM/S-rpanuie, meproguyeckd M3MEHseT BEeJIWYHHY 3TOrO
TIOTOKa Iap ¢ yBeauyeHneM Tonuuubl FM-criost 3a cuer dynkumnm ctg(kd)). OnHaxo B
OTJIMYME OT paHee nmomydyeHHbIX Hamu [11-13] 1D pewennii ¢ g,= 0, nosenenue 3D
pelIeHHi ¢ BeleCTBEHHBIMU ¢,# 0 CHIBHO yMEHbIIaeT Re Ay corlacHO ypaBHEHHIO
(28). DTO MPUBOAMT K YBEJIMYCHHIO IEPHONA OCHWUIAIMH MAPHOW aMIUTHTYJIbI
F{r,®) BOOTb OCH z, KOTOPBII MOJKET CTaTh GOJIbIIE TITyOHHBI IPOHHKHOBEHHS T1ap B
FM-cnoit (Im k;> Re k) 1 xorepeHTHas CBsI3b MeX[Iy JByMs rpanuiamu FM-cios
Oyzer paspymarscs. B pesynbrare aToro HabmoaeMocTs ocuumisiumiil 7,(dy) (kpome
OBITH MOYKET IIEPBOT'O ITMKA) CHJIBHO YMEHBILIUTCS.

U3 puc. 3a-3d cnenyer, uro xorkyperimst 1D 1 3D cocrosauii JIODD oxazbr-
BAaCT OMpEACIIIIOIIEe BIMSHNE Ha CaMble Pa3iIMIHbIC BAPHAHTHI TIOBEACHUS (pyHKINH
T.(dy. TloxazanHblii Ha puc.3a OBICTPBINA CHajJ C IUIABHBIM BBIXOJOM Ha ILIaTo,
KoTOpbIii HaOmopancs B Oucnosix Gd/Nb [2] u Fe/Pb [16], cBszan ¢ umcro 3D
MOBEJICHHEeM MapHOH aMmumTyasl. OJHOMEpHBIE pELIeHHs 37[ecCh HMEIT Oonee
HU3KHE 3HaueHus [, W He peammsyroTcst BooOme. Ilepuoanuecku BoO3BpaTHas
CBEpPXMIPOBOANMOCTh, TpeAcKasbiBaeMmasi Hamied crapoit 1D Teopmeit [11-13] u
MOKa3aHHasi Ha pUC. 3¢ TOHKUMHU IITPUXOBBIMHU JIMHHUSMU, NPAKTHYECKU ITOJTHOCTBIO
HepeKphIBaeTCs MOHOTOHHO mafaromeil 3D kpusoil T,(dy). EnuncTBeHHsIi Bemieck
3aBucUMOCTH T(dy), MMeBIIMIA MeCTO B 3KcrepuMenTe ¢ Tpucnosmu Fe/Nb/Fe [8],
00s13aH Kackamy depemyrommxcst GpazoBbix nepexonoB 3D-1D-3D. IlpuBeneHHas Ha
puc. 3¢ da3oBast muarpamMma o6IagaeT sIPKOil OCOOEHHOCTEHIO B BHIE TPOMHBIX TOYEK
JInpmmma [48] (mepecedeHUs] CIUIOMIHOM W INTPHXOBOM JIMHWI), ITOKAa3aHHBIX
YEepHBIMU KPYXOUKaMH. B HUX cxomstcst cpasy Tpu (hasbl: BE CBEpXIPOBOSIINE
(copasmepnas 1D ¢ g,=0 n nHecopasmepHas 3D ¢ g#0) u onHa HopmanbHas. Ilpn
noaxoze K Touxke Jlugumna nepuos gy 1ByMEPHOH MOIYJISALMH NAPHOKH aMILIATYIbI
F{r,w) B nnockocty FM/S-rpanuiisl HeorpaHHueHHO BospactaeT. Ha gByx apyrux
pucyHkax 3b u 3d BocIipon3BeeHb! Pa3INYHbe BapHaHTHI BO3BPATHOM CBEPXIIPOBO-
JIMMOCTH, pean3anysi KOTOpsIX B obmmem ciaydae 3D cocrosuuit JIODO® orpanndeHa
3HAYUTENIBHO OOJlee Y3KUM HMHTEpPBAIOM IapaMETpPoOB TEOPUM IO cpaBHeHHIO ¢ 1D
cmyqaeM [11-13]. Tem He MeHee, BO3BpaTHas CBEPXIIPOBOJUMOCTH, AHAJIOTUYHAS
n300pakeHHOU Ha puc. 3b, HenaBHO ObuTa OOHapykeHa B Tpuciosx Fe/V/Fe [21].

Takum 00pazom, Jaxe 3a BHEIIHE MPOCTHIM, Kak Ha pHC. 3a U HaOJIIO1aBIIeMCs]
BO MHOTHX OJKCIEPHMEHTaxX, MoBe/ieHueM 7T.(d) MOXKET CTOSIThb HEeTpHBHMAbHASL
¢mzuka FM/S-cucrem, 3axmoyvatomiasicss B komOuanposantoM (BKII mmoc JIOD®)
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XapakTepe CBEpXIpoBoAUMOCTH U KoHKypeHuu 1D u 3D cocrosauii JIOD® B FM-
cnosix. Cocroguus 1D-JIODD ¢ apko BbIpaskKeHHbIMU OCLUMILIALMAMY T.(d)), Toxa3aH-
HBIE Ha pHC. 3a-3d, TOHKUMH MTPUXOBBIMH JIMHUSIMH, B YUCTOM BHIE MOTJIH OBI, IT0-
BUANMOMY, PEaJIF30BBIBaThCs JIIb B FM/S-ctpykrypax, toe FM-cion sBistroTest
KBa3MOJJHOMEPHBIMU (peppOMarHeTHKaMU C MPOBOJSAIIMMHU HUTSIMHU, OPHEHTUPOBAH-
HBIMH TIEPIICHANKYJISIPHO K rpaHuie pasnena FM/S. Jlpyras Bo3MOXXHOCTb peasiiu-
3anuM ToJbKo coctossHuit 1D JIOD®D coctout B 3ameHe FM-croeB KBazuogHOMED-
HBIMH (PepPOMarHUTHBIMU MOCTHKaMH (BHCKepamu). B aTHx ciydasx mpoctpaHcTBe-
HHBIMH U3MEHCHUSMU TTAPHOU aMILTUTY/IbI BIOIb FIM/S-rpanui MoxHO TIpeHeOpeyb.

4. Konkypenuusi 0- u m-¢a3HbIX MarHeTM3Ma U CBEPXIPOBOUMOCTH B
cepxpemerkax FM/S

Pacemotpum cBepxperrerky FM/S, oOpa3oBaHHYIO YepeioBaHHEM BIOJL och z FM-
CJI0€B TOJIIMHON dy N S-ClOeB TOMUMHON dy. st M3yueHns B3aUMHOH NOACTPONKH
KoHKypHpytomux THroB crapuBadusi BKII u JIOD®, ¢ omgHOW CTOPOHBI, U
MarHeTm3Ma, ¢ APYTod CTOPOHBI, AIIEMEHTapHYI0 s4YelKy cBepxpemeTku FM/S
ymo6Ho BeIOpaTh B BHAe /S/FM/S/FM/. Takoii BBIOOp 3JI€MEHTApHOH sTICHKH
MO3BOJISIET YUUTHIBATh BO3MOXKHYIO CMEHY (Da3 M CBEpPXIPOBOJAIIETO, 1 MArHUTHOTO
IapamMeTpoB Iopsaka Ipu mnepexone depes FM- mim S-ciioM COOTBETCTBEHHO.
Kpaesas 3amaua ot ¢yukmmm ['opekoBa F(p,z, @) Oynet onmchBaThes auddeper-
IUaIbHBIMHA ypaBHEHUSMHU (21) u (23) COOTBETCTBEHHO B S-CNOSX, 3aHMMAIOIINX
obnactu ~(d; + dp) <z < —d;u 0 <z <d;, u B FM-C1osX, pacroyio;eHHbIX B 00J1aCTAX
—d;<z<0n d;<z<d;+d; . 'paHnuHbIC yCIOBUs Ha IIEHTPANBHON MOBEPXHOCTH
pasnena z =( »sneMeHTapHOM suelku umeroT Bua (24). Ha npyrux rpanummax
3JIeMEHTApHOH siuelku: z = dy; z = -dy; z = -(d, + dj) n z = d; + d,OyRyT cipaBeITUBBI
COOTHOILIEHYSI, aHAJIOTHYHbIE (24), TOTIOJHEHHBIE YCIOBHSMH NIEPHOANIHOCTH

F(p.z+L,o,1)=e"F(p,z,0,le"), (€2))

rae L =d;+d; -nepros cBepXpemeTky, a ¢ U ¥ (asbl CBEpPXNPOBOAALIErO A U
MarHuTHOTO / TIapaMeTpoB IOPSAKA COOTBETCTBEHHO. YCIIOBHSI MEPHOJWIHOCTH
(31) mO3BOJIAIOT MPUHATH BO BHUMaHKE JiBa BaKHbIX 3(¢ekra. Bo-mepbix, oHK
VUUTBIBAIOT ~ KOHKypeHIuio Mexay 0-pasHpiM  u  m-(asHEIM  THHAMHU
CBEPXIPOBOIMMOCTH, KOTOpasi UMela MECTO M B IPEKHUX Teopusax dddexra 6mm-
3octu [6,7,11-13,32,33]. Bo-BTOPBIX, OHM BKJIIOYAIOT KOCBEHHOE B3aWMOIEHCTBUE
JIOKQJM30BAaHHBIX MOMEHTOB coceqHUX FM-cioeB depe3 CBEpXNpOBOIIIME
NpOCTIOMKK S, OTpaxarolee MapaMarHUTHBIA APQEKT Pe3yIbTHPYIOIIETO
oOmenHoro mojis. Ha sTom BTOpoM MOMeEHTE HEOOXOIMMO OCTaHOBHTHCS OC000.
Jeno B Tom, uto B pabote KouenaeBa, Taruposa u XycarmHoBa [49] ObLTO MOKa3aHO,
yro kocBeHHbIH oOMeH PKKW B cBepxmpoBoaHMKe mpHoOperaeT NajabHOAEHCT-
BYIOIINI BKJIaJl aHTH()EPPOMarHuTHOTO 3HaKa. Pagnyc peiicTBrst ycpexHEHHOTO o
npumecsm niotermana PKKU, paBHbI B HOpMaIEHOM MeTalIe JIFHE CBOOOIHOTO
192



M.T'. Xycaunos

npobera /;, ¢ IepexoJoM B CBEPXIPOBOSIIIEE COCTOSHUE PE3KO YBEIMUMBAETCS JI0
MacmTaboB 1iuMHBI KorepeHTHocTH &. Kak Obuio mokasaHo astopoMm [27-29],
BCJICJICTBHE 3TOro B cBepxpemerkax FI/S, oOpazoBaHHBIX uYepeOBaHHMEM CIIOEB
¢deppomarautHoro m3oistopa (FI) m  CBepXIpoBOAHMKA, BO3HHUKAIO HOBOE
aaTA(eppoMarauTHOE cBepxmpoBogsmiee coctossare (AFS). B AFS cocrosanmn
(ha3bl MarHUTHOTO TIapameTpa rnopsaka B cocennux Fl-ciosix oTnmuarorcs Ha T, T.€.
JIOKAJIM30BaHHbIE CITMHBI Kakaoro n3 Fl-cioeB ymopsimodeHs! (eppoMarHuTHO, a
HaMarHU4YE€HHOCTH COCEIHUX CJIOEB aHTHIapasuieibHbl. [103ToMy mapamMarHUTHBINA
3¢¢eKT, HaBEACHHBI B JOCTATOYHO TOHKOM mpocioiike S omuum FI-cioem,
NPaKTHYECKU IOJHOCTBIO KOMIICHCHUPYETCS OOMEHHOW MoyspH3aluell IPOTHUBO-
MOJIOKHOTO 3HAaKa, UHAYIUpPOBaHHOW coceaHuM FI-cimoem. MoXHO 0XuIaTh, 4TO
nogo0OHasi B3anMHas T0JICTpOlKa MarHETH3Ma M CBEPXIPOBOANMOCTH, TIPHBOJIAIIAS
Kk peanmm3auuu AFS cocrosiHus Oyzmer mmers MecTo M B cBepxpeuietkax FM/S.
Takum 00pa3oM, K HW3BECTHOW KOHKypeHUMH Mexay 0- u m-¢pa3HOH CBepx-
NPOBOJMMOCTEIO B cBepxpemerkax FM/S BeposiTHO 100aBHTCS KOHKYpEHIHS
Mexny 0- 1 T-ha3HBIMU THIIAMU MarHeTH3Ma.

Bynem wuckath pemenne kpaeBoi 3amaun (21),(23),(24),(31) nns dyHKmid
VY3azens cOBMECTHO C ypaBHEHMsIMH camocoryiacoBanusi I'opskoBa (20),(22) B
BUJIE€ JIMHEWHONH KOMOWHAIMM CHMMETPHYHBIX M aHTHCUMMETPHUYHBIX OTHOCH-
TeNbHO HEHTPoB S- m FM-crnoeB QyHKImiA. B wacTHOCTH, I IEHTPaIHHOTO
FM/S-xoHTaKTa SYEHKH STH PEIICHUS UMEIOT BHJ

cos[k,(z—d,/2)] N sin[k,(z—d, /2)]

Bzo)=dlo)— T O ey 0<F < D
cos| k, (z+d,/2) sin| k., (z+d,/2)
F(p.2)={B [k Gd, D], [. z+d;12)] exp(iq,p),
cos(k,d,/2) sin(k,d, /2) ’
—df <z<0

Pemennst juis nByx kpaiiHMX cnoeB S u FM, Takke BXOIIIMX B 2JIEMEHTApHYIO
stuetiky /S/FM/S/FM/, ananormdssr (32) mpu yuere yciaoBus mepuoamdHoctd (31).
MuHMMH3anUs CBOOOTHOW SHEPTMM 3JIEMEHTapHOH SYeHKH O BelmdnHam (asbl
CBEPXIPOBOAAIIETO (@) W MarHUTHOTO () IapamMeTpoB MOPsIKAa TPUBOIUT K
BO3MOKHOCTH pEATHM3aLUH YEThIPEX PA3IUUHbIX cocTosIHUN JIODD:

1) 00-da3za (p = 0, y = 0); 2) n0-daza (¢ = =, x = 0);
3) On-daza (¢ = 0, x = n); 4) nn-daza (¢ =7, x = 7). (33)

B cocrossauu 00 C(w)=D =0, T.e. mapHele aMIUIUTYABl (32) SBIAIOTCS
YeTHBIMH (DYHKIUSIMA OTHOCHTEJIHO HEeHTpoB cioeB S u FM, a B daze n0
C(w) =B =0, 1.c. mapHas ammmryaa B cioe FM craHoBuTCS HedeTHOW. B 1ByX
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HOBBIX coctosiHuAx JIODD: On, tne D =0, a B # 0, u nx, rae, Haobopot, B=0, a
D # 0 (B 00oux ciyuasx ko3¢ ¢urments A(w), C(w) # 0) napHas aMIuIUTy1a B S-
CJIOE YETHOCTHIO He oOnamaer. [IpuMech CHHYCHBIX PEHICHUH K KOCHHYCHBIM B
IepPBOM W3 BEIpaxkeHUH (32) oTpakaeT YaCTUYHYIO KOMIICHCAITUIO TTapaMarHHT-
HOro 3(dexra odMenHoro mons / s S-cnoeB B AFS cocTossHum ¢ aHTUmapai-
JIENIbHOM OpUEHTalrel HaMarHndeHHocTell coceauux FM-cioes.

[epBrie nBa coctostHUs 00 u 0 OpITH M3ydeHHI panee B [6,7,11-13], rae
HeaBHO momarajgoch ¥ =0, dYTO COOTBETCTBOBajIO (EeppOMATHUTHOMY
cBepxnpoBoasmemy coctostauio (FS) cBepxpemerku [27-29] ¢ mapaieabHOM
OpHeHTalnue HaMarHu4eHHocTed Bcex FM-cmoeB. B mpenene Gonpmimx
TOJNIIMH S-cioeB d, U &s 9TO ONpaBAAaHO, TaK KaK B3aWMHas OPUCHTAIUS

1.0, — - | HaMmarHu4yeHHocted cocenHux FM-
| 6=30; 21t=0.05 d;=ﬂ'3‘q_r | cloeB He BaxkHa, MOKa aHTU(EppO-

08 N .
[%F1.25; 4 ()756, MarHuTHBIH  oomeH PKKU  uepes

rﬂ-ﬁ' b @ ©0) | NPOCIONKH S SKCIOHEHIUAIBHO Mal
ol (b)— (Om | [27-29]. Opmako g  KOPOTKO-
- (¢)~ (z0) | TICPHOTHBIX cBepxpemeTok FM/S ¢
Rt G (rm) | rommuHaMu d,, OIM3KUMH K KPHTH-
| ugeckoit d," ~ &, Gonee BoIcCOKUMU T,
0zl d=05a, | mo-puaumomy, OyayT obOnajgatb -
| e dasupie nmo MmarHetusmy Om u mm
0.6+ 1 cocrosHus JIOO®D, a ne 0-dasHsie —
t | |
v 8’1 E?}g 00 u w0, coorercTBeHHO. Heobxo-
: ) ——
- ()~ (z0) | AMMO TAaKXKe OTMETHTB, 4TO KaXJ]0e
02y o p— (xn) | W3 IpPHBEJCHHBIX BBIIE YeThIPeX
| COCTOSHMI WMeeT [Ba BapuaHTa
d=a, | peammsamun: 1D ¢ ¢,=0 m 3D ¢
0'8: qr# 0. Tak 4TO CBEpPXIPOBOJAIIEE
0.6 @ ©0y] COCTOTHHE CBEPXpENIETKH FM/S nHa
a
fM b (On) | CAMOM Jiene SIBISIeTCS Pe3ylIbTaToM
“ (¢)—— (n0) | CIIO)KHOW  KOHKYPEHIIMH, BOOOIIEe
0.2 (d) ==~ (nm) {  TOBOpPS, BOCBMU Pa3IM4YHBIX COCTOS-
oo b 4 | it JODD (cm. puc. 5,6).
0.0 0.5 1.0 1.5

df5,

Puc. 5. 3asucumocmu  kpumuuecxoti memnepamypor t=T/T,; ceepxpewemxu FM/S om
npusedentotl monuunvl S-cos dy/ &y npu paznudnbx snadenusx monuunvt FM-cros dy
3nauenuss OCHOGHBIX naApamempos Mmeopuu YKA3aHbl 6 6EpXHell YACMmu PUCYHKA.
3uauenue d;=0.52 &), noxazanHoe 6ePMUKATBHLIMU CIMPENKAMU, COOMEECMCMBEYEm
KpusbiM t(dy, npusedennvim na puc. 6. Pucynox e3sm uz pabomor [44]
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6=3.0; 2I1=0.05;
d=0.528 ; 1=0.258

08 1
n =125 |

06 (a) (00)
i i (h— (0%) |

t 3 (© (=0) |
o4 \b i 2 @
2 ~.\_\\- b |

02 Cﬁ y 1
0.0 05 10 15 20

Puc. 6. 3asucumocmov  kpumuueckoni memnepamypor t=T,/T,; ceepxpewemxu FM/S
(d; < d,") om npusedennoii monwyunvt FM-cnosa dfaynpu d; = 0.52 & u snauenusx
OCMANLHBIX NApamMempos8 meopuu, COOMeemcmeywux puc. 5. Bepmuxanvhvle
CmpenKu coomeemcmeyiom momyunam d; npu Komopvlx CMpounuch OUazpammol
Ha puc. 5. Pucynox e3sm uz pabomwr [44]

B pesynbrare BBMHCICHHH Ul NPUBEICHHOW TeMIIEpaTyphl CBEPXIIPOBOIS-
mero nepexona ¢ = T,/T,, cBepxpemerku FM/S momydaercs To e caMoe ypaBHEHIE
(26), uto u ams xontaktoB FM/S. OmHako mapamerp pacmapuBanusi Dyk,” Terepsb
SIBIIIETCS PEILICHHEM JIPYTOro TPAHCLCHICHTHOIO YPAaBHEHHs, CBOCTO ISl KaXKION 13
yetsIpex (a3 (33). s daszsr 00 310 ypaBHEHIE UMEET CIICTYIOIINNA BU]

O-S vS

Dk tg(kd, /2)= (34)

—Mctg(k,.dfﬂ)
Dp(Dk,

rIe BOJHOBOE umclo ky mpu 2[t,0 1, onpenensercs BbpaxeHueM (28), a mpu

2I%,0 1 ypaBrenusmu (29) u (30).

Jist monydeHust KpUTHUYECKO# Temiieparypsl B coctossHuM On ypaBHEHHE
(34) HEOOXOIMMO JONOIHHTH ypaBHeHHeM, cBsasbBarommm k" ¢ k. Omo
MOJTy4aeTcsl U3 YCIOBHS HETPUBHAJIBHOW COBMECTHOCTH peuieHuil (32) kpaeBoi
3ama4n A QyHKIUH ['OppKOBa M UIMEET CIICTYFONTHH BHT

(k") = 2Relk," tg(k,"d, | 2)Jk,"" ctgk,”d, =k ta(k "d, /2)|2 (35)

TpaHCLEHIEHTHOE ypaBHEHHE JIs HAXOXIEHHWs pacrapuBaouiero Qakropa B
coctosiann 10 HoNMydaeTcs u3 ypasHenns (34) samenamu: k" na k™ — B neBoii
vactu u ctg(kdy2) na -tg(kdy/2) — B npasoii. YpasHenue, ceszpiBatouiee k™ ¢ k7,
KoTopoe TpeOyeTcs Uil BBIYMCIICHHS KPUTHUYECKOH TeMIepaTypbl B COCTOSHHU
7, mony4aercs u3 (35), eciu B HeM 3aMeHuTb &, Ha k", a k" na k™.
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Cucrema ypaBaernuii (26),(28),(34),(35) mo3BosseT UcclieoBaTh 3aBUCHMOCTh
TIPUBE/ICHHON KPUTHYECKOH TEMITEpaTypHI ¢ cBepxperneTki FM/S oT TonmmHb! cBepx-
HPOBOJAMIMX () 1 MarHUTHBIX (dy) IPOCIIOEK MPH PA3IMYHBIX COOTHOLIEHHSX Mapa-
METPOB TEOPHH dy, 21T, = l/ag; ny; d/&y, d/ag 1/E. Habop onTHMU3HPOBAaHHBIX 1O gy
(ha30oBBIX muarpamm #(d;) IUTs pasIIHBIX 3HAYCHUH TOMIUHE FM-cI0eB 1 pasyMHOM
BBIOOpE OCTAJIBHBIX MAPAMETPOB TEOPHUH TNpUBEAEH Ha puc. 5. Kak n oxwupmanock, B
00JacTH TONIIMH d;, MEHBIINX MOPOTOBOTO 3HaveHus d,”, On u nn AFS cocrosttus
JIO®® (xpuBeie b U d) ¢ aHTHIAPAUICTGHON OpMEHTAIMEH HaMarHMYEHHOCTEH
cocenHux FM-cCroeB SIBISIOTCSI SHEPTETHYECKH 0oJiee BBITOJHBIMU TI0 CPABHEHHMIO C
mBectHBIMU FS cocrosamsMur 00 u 70 (kpuBble a u ¢). s cBepxperneTrok FM/S
[OpOroBasl TONIIMHA d,", HIKE KOTOPOW peau3yroTcsi T-(ha3Hble 10 MArHeTH3MY
cocrosams JIOD®, 3aBHCUT OT BETHMYHUHBI APYTHX TapaMETPOB TEOPHU M MEHSCTCS B
npenenax ot 0.6&, mo 0.8&). HemanmoBakHO W TO, YTO KPUTHYECKAs TOJIIMHA
CBEPXIPOBOISIIMX CIOeB dy’, NpH KoTopoii 7, obpaimaercs B Hyib, s AFS
COCTOSIHMI BCerjia MeHblIe, 4eM 1 FS cocrosmmii, T.€. d(AFS) <d,(FS), rme
d"(AFS) = min{d,°(0m), d°(nn)}, a d;°(FS) = min {d,(00), d,°(10)}. Takum o6pazom, B
nuanasoHe Tomuud S-cinoeB di (AFS) < d; < d,", cBepXIIPOBOAUMOCTb CBEPXPELIETKI
FM/S oyner umers uncto AFS npupomy. 13 puc. 5 BuaHO, 4TO NpH JaHHOM BBIOOpE
[apaMeTpoB TEOPHH OJTOT [MAIa30H OKa3bIBACTCS MAOCTATOYHO INHMPOKUM dy'-
d°(AFS) ~ 0.3&,. Kpome TOro, [y ONpeesIeHHbIX TOMMIUH dy U3 3TOr0 MHTEPBAIA
pasHHIla MeXIy 3HadeHWsiIMH Kputhueckux Temmeparyp T.(AFS) - T.(FS) moxer
crate o4eHb cyuectBenHoi. Hanpumep, npu 7T,.(FS) ~ 0 sta pasnuna Gosblie win
nopsinka 0.37,,. CrnemyeT Takke oOpaTUTh BHUMaHHE Ha KOHKYPEHIIUIO MEXTY
camumu AFS cocrostamsimu Ont 1 Tt (KpuBbie b U d Ha pPUC. 5) IPU Pa3HOI TOJIIHHE
FM-cnoeB d; OHa cBUICTENBCTBYET O TOM, 4TO TpHpoaa ocimmmaiuid T.(d) npu
dy<d,” cBsa3ana ¢ KackagoM (asoBeix mepexonoB On-nr-0n Mexay HoBbiMH AFS
cocrostausamu JIODD (cm. puc. 6).

C yBenmMYeHHEM TOJIIMHBI S-CIIOEB BBIMTPHIN 32 CYET YaCTHYHOU
KOMITeHcaln napaMarautHoro sddekra oomennoro mnoms B AFS cocrosHun
YMEHBIIASTCS U TIPH dy > d” CTAHOBUTCSI HUYTOKHO Mail. B aToM cirydyae cummer-
puunsle FS pemenns 00 u n0, mpuBoAdIIMe K MEHBIIMM MOTOKaM KYMEPOBCKUX
nap uepe3 S/FM-rpanunp! paszaena, 0051aaoT 4yTh 00Jiee BEICOKON KPUTHIECKON
temreparypoi, yeM Om u 7mn coctosHuss JIOD®. OnHako paszHULA MEXIY
T(AFS) u T.FS) B obnactu tomuuH d;>d,” KpaliHe He3HAYHUTENbHA W
9KCIIEPUMEHTANIBHO Bpsix Jin pasnuunmMa. Ckopee Bcero, cBepxpenierka FM/S B
obnacti TomuuH d;>d," B MarHMTHOM OTHOLICHHH sBJseTCS 3(PHEKTHBHO
KBa3MIBYMEPHOM, T.e. pacnanaercs Ha cucremy S/FM/S canasuuei, rae xoppe-
IAnus MeXTy ¢dasaMu MarHUTHOTO TIapaMeTpa Hopsaka B cocegHnx FM-crmosx
OTCYTCTBYeT. B To e Bpems 0- nim m- THIa COrIacOBaHHOCTH (ha3 CBEPXIIPOBO-
JSIIIETO TIapaMeTpa IOpsAAKa B COCEIHHX S-CIOSX IPH 3TOM COXPAHSIETCS.
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IMosromy mipu GoJbIION TomMHE S-ciioeB (dy > d,") HEMOHOTOHHOE MOBEIEHNE
T.(d) B ceepxpemerkax FM/S nomkHO OBITh CBA3aHO C JAPYroil IeMoyKoi
nepexoz0B 00-t0-00, kak 3T0 OBLIO MOKA3aHO B MPEXHUX padoTax [6,7,11-13].

AHamm3 puc. 5 TokasbIBaeT, 4To (U3MYecKH Hanboiee MHTEPECHOH 00JacThio
TonumH sisiercs unrepsai dy (AFS) < d; <max {d,°(00), d,°(n0)}, rme kpurHueckue
TeMIeparypbl Bcex 4deTblpex coctostHuii JIOD® nHambosee CHIBHO OTIMYAIOTCS.
ITosToMy Ha puc. 6 IPUBENEHBI 3aBUCUMOCTH #(d) Tpu TomuuHe S-cnost dy = 0.52&,
COOTBETCTBYIOIIEH 3TOMY MHTEpBaTy (YKa3aHO BEPTUKAJIBHON CTPENIKOW Ha puc. 5) 1
TOMy JXK€ caMOMy BBHIOOPY MapaMeTpOB TEOpWH, 4TO W Ha puc.S5. Ha pmc. 6
MPEJICTABIICHBl KPUBBIE, OTBEYAOIIME BCEM YETHIPEM BO3MOXKHBIM COCTOSHHSIM
JIODO®D, onTHMHU3MPOBAHHEIM C Y4eTOM KOHKypeHuuu Mexay 1D (g,=0) u 3D
(gr# 0) peanusaysMK 5THUX COCTOSHUMN. M3 5TOro pucyHka BUJIHO, UTO KpUBBIE b U d,
otevaronie AFS cocrosamsiM Ot 1 77T, TpoXo T 3HaUNTENBHO BbInIe FS cocrosHmin
00 u m0 (kpuBBIC @ W €) C BO3BPATHOH CBEPXIPOBOAMMOCTHIO. CIeOBATEIHHO,
nosienenne HOoBoIX Om u mm AFS cocrosuuii JIOD® npenorBpaiaer paHHee
obOparierne 7, B Hyllb M CYIIECTBEHHO YBEJIMUYMBACT IUIOIMIAb CBEPXIPOBOISIINX
Y4acTKOB (pa30BbIX JUarpamM Ha puc. 5,6.

3ameTuM, 4YTO B Cilydae KpaiiHe rpssHeix FM-cnoes (2770 1), BbICOKOM
MPO3PAvyHOCTH TpaHUIbl paszaena FM/S u npu oTHOCHTENBHO Maiod TOJIIUHE S-
cnoeB (dy < &) mosinenne 3D cocrostanit JIODD cmabo BmuseT Ha TOBEACHUE
auarpamm coctosiuuii T(dy). IlooToMy i MX KadyeCTBEHHOIO aHalu3a B OTOH
CUTyaIlIM MOKHO IOJb30BaThCsi Oosiee mpocThiM 1D BapmanTOM Hamel Teopuu
[11-13] mpu yuere ycmoBusi nepuoanuHoctH (31) m ypaBHeHust (35), CBsI3bI-
Batomiero pacnapusatonue dpaktopsl FS u AFS coctosauii JIODD.

C npyroii cTOpoHSI, 15 aHaMM3a NnoBeieHus GyHKuuH 7,(d;) B 001acTH TONIMH
S-cnoes d; > d,”, rae cepxpelerka FM/S B MAarHUTHOM OTHOIIEHHM SBJISETCS KBA3H-
JIBYMEPHOM, JI0CTATOYHO BOCIIOJIB30BaThCs Oosiee mpocthiMd 00 u 70 perieHusIMu
Harmei npexxHeit 3D teopun [28,29], He yunTeBaBieil HOBbIX AFS cocrosaumii Ont u .
Jleno B TOM, 4TO BCE M3BECTHBIE SKCIIEPUMEHTHI Ha MyJbTHCIOAX FM/S mpoBomimchk
WUMEHHO MPY TOMIMHAX dy > d,”, Te HoBble AFS COCTOSHMS MMEIOT YyTh MEHBIIYIO
KPUTHYECKYIO TeMIepaTypy, dyem coctosHust FS. ®daszoBeie muarpammsl T(dy) s
ceepxpemierok FM/S st dy > d,” npusenensl Ha puc. 7a-7d. B HIDKHHX 4acTsIX 3THX
PHCYHKOB TOHKMMH INTPUXOBBIMH JIMHMSIMM W JIMHWSIMH ~TOYEK IIOKa3aHbBI
coorBerctBeHHO 00 u 7m0 1D-pemienwsi, nosiydenHole Hamu pasee (cm. [11-13]).
CrutonHele  KUPHBbIE JIMHUM €CTh PE3YNbTaT ONTHMU3ALMM 3aBHcUMocTH  T(d),
00s13aHHBIH crokHOI KoHKypeHimu 1D u 3D peamizanuii 00 u 0 cocrostanit JTIODD.
B BepxHMX 4YacTsAX MOKAa3aHA 3aBUCHMOCTB JIBYMEPHOTO BOJIHOBOTO BEKTOpA ¢r OT dj:
Kak crnenyer u3 puc. 7c, Ipu OnpeieNeHHbIX 3HAYSHHUSIX apaMeTPOB CBEPXPELICTKH B
nosezienun GyHkumn T,(dy) NedcTBUTENBHO OOHAPYKMBAETCA EIMHUYHBIN BCILIECK
KPUTHYECKOH TeMIIepaTypbl, 00s13aHHbIN Kackany (asoBsix nepexonoB 3D(00)-1D(w0)-

197



Heoonopoouvle ceepxnpogodaujue cOCMOAHUA U NPOYecchl nepedpoca...

3D(n0). D10 MoBeICHNE HAOTIOAAIOCH B AKCIICpUMEHTaX Ha MyabTHCI0sX Gd/ND [4,5],
a takke B cBepxpenietkax Co/Nb, Co/V [14,15]. Tlpu Oonee HM3KHMX 3HAYCHUSIX
MapaMeTpoB G, U 2/t; aMIUIUTya BCIUIECKA CHIBHO yMeHbIuaeTcs U Qynkiws T,(d)
TocJie MOHOTOHHOTO CNIajia cpasy BBIXOJUT Ha I1ato (puc. 7a). Takoii xon kpuBoii T(d)
HaOmomaics B ceepxperierkax Fe/V [1], GA/Nb [2] u Vi, Fe,/V [18]. Kpome Toro, Hamu
Npe/CKa3bIBAIOTCS U HOBBIE BAPUAHTHI HEMOHOTOHHOTO NoBeieHns 1,(dy), XapakTepHble
TOJIBKO JITs cBepxpetieTrok FM/S: Bo3BpaTHast CBEpXIPOBOAMMOCTD B BUJIE OT/CIBHOTO
ID-3D(n0) mmka (puc. 7b) U OCIIIUBIIMOHHOE OOparieHne 7, B HyJdb B Pe3yibTare
3D(00)-1D(r0)-3D(n0) nepexomos (puc. 7d). Touku (ha30BBIX TEPEXOIOB, B KOTOPHIX
nieprof] 2D MOy sy TapHOW aMHIUTHTYIB! B TIockocT FM/S-rpanrmin oOpariaercst
B OeckoHeyHOCT (g;= 0), COOTBETCTBYIOT TPOHHBIM TOuKaM JIudrmiia.

2 ' L
qf ar
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0.8} | 1IE: i =3, 1 o
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Puc 7. @aszoevie ouazpammbl t(dfa) u quafdsay) ons ceepxpewemru FM/S (d;> d,") npu
I, = 0.25&) ona pasnuuneix snauenutl napamempos meopuu. Qb6o3HaueHus me gnce,
umo na puc. 3. 1D-pewenusm ons ¢hazer 00 coomeemcmayiom moHKue wmpuxogoie
aunuy, a 0as ¢asel 0 — aunuu moyex. CnaowHvle HCUpHble TUHUU - Pe3YTbmam
xoukyperyuu 3D u 1D cocmosnuii JIODD. Pucynok 63am uz pabomot [44]

OO0cyskneHne pe3yJbTaTOB

Hns cnometeix crpykryp FM/S passura opurnaamsHas Teopus dddexra Ormm3ocTH,
YUUTBIBAIONIAs KOHEYHYIO IPO3PayHOCTh TPAaHMIBI pa3fesa MEeTaUIOB, BIIMSHUE
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paccesHMsl Ha NPHUMECSX, a Takke KOHKypeHuuro mexnay 1D u 3D cocrosHusmu
JIO®®. Bo3HukHOBEeHHE HOBBIX 3D HEOIHOPOMHBIX CBEPXIPOBOMSAIINX COCTOSHUMA
€CTh CJIEICTBHE KOHKYPECHIIMN MeXIy HopMatbHBIMH (1D) u TanrenmansHemvMu (2D)
nporieccaMu rrepedpoca mmiryibea map JIOOD® u BKII Ha rpanunme pa3mena FM/S.
Tak BO3HHMKaeT HOBasl MOJIENb CBEPXIPOBOJLIIECIO COCTOSHUS B CTPyKTypax FM/S.
CornacHo 3T0i Monemu pemietka map JIOD®D urpaer BecbMa akTHBHYIO pOJIb B
mporieccax mnepexona u B3amMHoro npespamenust map BKII u JIOD® Ha rpanuie
FM/S (cm. puc. 1). Ilapa JIODD, nepexoms mu3z FM-cimos B S-cioii, otmaer
n30bITouHbI nMIyiec k pemerke JIO®®D u npeppamaercst B napy BKIL. B cBoro
ouepens napa BKIII, yxons uz S-cnost B FM-cnoii, npuobpetaer y peuerku JIODD
HemocTarouid mmiryibe K 1 cranoButces mapoit JIOD®. Takum 00pa3om, mporeccs
repexozia U B3aMMHOTO TIpeBparieHust map Ha FM/S-rpanune sBisitotcst npoyeccamu
paccesnus ¢ nepebpocom, TPH KOTOPHIX KBa3WMMITyJbc map k coxpaHsercst c
TOYHOCTBIO JI0 BekTopa obOparHoil pemerkn JIODD G. Ilpu stom G mmeer Kak
HOPMAIBHYIO, TaK W TAHTCHIMAJIBHYIO COCTABISIONIyI0. M3nokeHHas (¢u3nka
a¢dekTa 6IM30CTH 3aKITFOUCHA B HOBBIX TPAaHUYHBIX YCIOBHAX (17), BRIBEICHHBIX JUIS
ciydas rpssHoro QeppomarseTnka ¢ 2/ 1, Korja JBWKEHHE KBa3HYACTHI HOCHT
NPEUMYILIECTBEHHO ~ AU(QY3HOHHBIH  XapakTep. OTH  YCIOBUS  IO3BOJIIOT
KaueCTBEHHO MOHATh (DM3UKY SIBICHHUS TAaKXKE B CIIydae OTHOCHUTEIBHO YHCTOTO
(deppomarautHoro meramia ¢ 2/z 1 n 10 7T, (cm. obcyxnenue dopmyi (29),(30)).
OnHaKo TOYHBIE TPaHWYHBIC YCIOBUSI AJI MApHOH aMIUIUTY/bl B YMCTOM IIPENENe C
yaeroMm 2D mporiecco nepedpoca erie TpeOyroT CBOEro OKOHYATEIFHOTO BBIBOIA.
Hcnonp3oBaHHble B paHHUX Teoprsix 3¢dekra Omuzoctu [6,7,10,18,24,40,41]
st ctpykryp FM/S  rpanmunsie  ycnoBust KynpusiHoBa-Jlykuuera (KJI) [42]
SIBJISTIIOTCS YacTHBIM citydaeM ycnouii (17) nmpu = g = 0. BoiBesieHHbIE 171 KOHTaKTa
HOPMAJILBHOTO METAJLIa CO CBEPXIPOBOAHUKOM B Ipsi3HOM Ipenene ycnosust KJI [42]
HeagekBatHbl 3D npupone cnapusanus JIOO® B FM-cnosx. OHE IOMYyCKAOT JUILb
1D cocrostHuS © TIepeOpOCcOM MUMITyJIbca Iap TOJIBKO MO HOPMalIM K TpaHMIIe pasziena
FM/S. BcnenctBue storo BaxkHbld kiacc 3D cocrosamit JIODD c mepebpocom
UMITyJIbca Tap BIONb TOBepxXHOCTH FM/S wmcKimouaercst M3 paccMOTPEHHs, UTO
SBJIACTCS] OMMOOYHBIM, HECMOTPSI Ha TOMBITKY B KoMMeHTapuu [43] x 0030py [44]
OTpaB/IaTh MPUMEHUMOCTb rpaHi4HbIX yeinoBuid KJI k cucreme FM/S (moppoGHee cM.
Hatr oTBeT [45] Ha kommeHTapuit [43]). Takum 0Opasom, uctuHHas Teopus dddexra
Omr30cTH B cTpykTypax FM/S nomkHa ObITh TpexMepHoit. K coxkaenuro, He Bee 3TO
MOHMMAIOT U TPOJIOJDKAIOT IMyOJIMKOBaTh YacTHBIE Pe3yJIbTarhl, cienytomme u3 1D
Teopun dPdekra OAM30CTH. DTH pPe3yJbTaThl MOTYT IMPUBOJUTH K OIIMOOYHOM
TPaKTOBKE (DM3WKH SIBJICHUS 1 K 3aBBIIICHUIO WJIH, HAIIPOTHB, K 3aHIKEHHUIO TIapaMeT-
poB Teopun. [losToMy crapple OmHOMEpHBIE pEIICHHs, HECOMHEHHO, HYXHO Iiepe-
cMOTpeTh B cBeTe 3D rpaHnyHbIX ycioBuii THIa (17) 1 OTKOPPEKTHPOBATH JIOIKHBIM
obpazom. B cBszu ¢ 3tuM otMetuM Takoke 1D rpanmunHbie ycnoBus [46], 06o6mma-
torwme BoiBox yeiosuit KJI [42] u Ha ctpykTypbl FM/S. OueBumHO, 9TO IpUMEHEHME
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Takux 1D rpaHMYHBIX YCTIOBHI K BEIYUCIICHHIO KPUTHYECKOM TEMIIEPaTyphl IIPUBEACT
K MHOYKECTBEHHBIM OCLMJUIALMAM 3aBUCUMOCTH T(d;), XapaKTepHbIM JUIs KBa3HOHO-
MepHbIx cucteM FM/S (cM. 0630p [44]). COOCTBEHHO TOJBKO 3TO W TOATBEPIMIN
pacdeTsl Tex ke aBTopoB [47], OCHOBaHHBIC Ha WX K€ TPAaHUYHBIX YCIOBHAX [46]. B
TO K€ BPeMs peajbHble CTPYKTYpsl FM/S SBISIOTCS TpeXMEpHBIMH, a SKCIIEPHUMEH-
TaJIbHBIE 3aBUCUMOCTHU 1 (d)) 001ajaroT HEMOHOTOHHBIM MOBEICHUEM JPyroro BHJA,
HaIpuMep, ¢ SIPKO BBIPaKEHHBIM MUHIMYMOM WJIH €IHAYHBIM BCIUIECKOM [44].

BaxxHo ormeruTh, 4YTO M U OucioeB, w s cBepxpemietok FM/S
nosienenue 3D coctosHuit JIOD®, Hapsany ¢ cocrosHusiMu 1D, mpenoTBpamaer
paHHee oOpamieHne 7. B Hylb C POCTOM d; W yBENMYMBAeT IIOLIANb
CBEPXMNPOBOJALINX YYacTKOB (a3oBbIX nuarpamm 7.(dy). bonee Toro, MMeHHO
kackaa (azoBbix nepexonoB 3D-1D-3D orBedaer 3a HEMOHOTOHHBIH XapakTep
3aBUCHMOCTH T,(d) Tipu omnpejieNeHHbIX TonmMHax FM-cios M oTcyTcTBHE
OCLMJUIALMH ITPY GONBLIMX TOMIIMHAX dy. Halmn aHanu3 noKaselBaeT, YTO pasaHyus
B noBefieHnH QyHKUMK T,(dy) y pasHBIX SKCIEPUMEHTAIBHBIX IPYI JUISl OHUX U
TeX JKe€ TI0 COCTaBy MyJNbTUCIIOEB FM/S 00BsicHsIEeTCS, TIO-BHIUMOMY, Pa3IAIHsIMU
B BEJIMUMHE NapPaMETPOB G, U 2/14 T.€. B Ipo3payHocTH FM/S-rpanun n B uncrore
FM-cnoeB. B cBoro odepenp, 3T0 MOXKET OBITh CBSI3aHO C Pa3IHMYUSIMH B METOTUKE
1 YCIIOBUSIX TIPUTOTOBIIEHUS 00Pa3LOB.

ABTop riryboko OnaromapeH cBoeMy Yuureno npodeccopy KouenaeBy
Bopucy BanoBn4y 3a npuBHTHE (PU3NUECKOTO MBIIUICHHS U HOAJIEPIKKY TEPBBIX
LIaroB B HayKe. ABTOPY TakKe NPUSTHO BBIPa3UTh UCKPEHHIOK IPU3HATEILHOCTh
cBoemy kosuiere npodeccopy Ipommuny HO.H., npu HemocpeacTBEHHOM y4acTHH
KOTOpOro OBIIM TOJyYeHbl MHOTHME M3 MPEJACTABICHHBIX 37I€Ch PE3YJIbTaToB.
Kpome Toro, aBrop Gmaromaper MHCTHTYTY (HM3MKHM KOMIUIEKCHBIX CHCTEM HM.
Maxkca ITnanka (t. Ape3neH, ['epmanust) 3a BeNIUKOICTHBIE YCIOBHS I PabOTHL, a
Taoke npodeccopy Dyipae U ydacTHHKaM €ro ceMUHapa 3a 00CY)KIEHHE HOBBIX
Ppe3yIbTATOB, CBA3AHHBIX C IpOLecCaMHu Iiepedpoca.

PabGora wactmuno moamepxkaHa ¢doumamu PODU (04-0216761) u
CRDF (REC-007).
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NONUNIFORM SUPERCONDUCTING STATES
AND UMKLAPP PROCESSES
IN FERROMAGNET-SUPERCONDUCTOR NANOSTRUCTURES

M.G. Khusainov
Kazan state university, Kazan, Russia
Kazan state technical university, branch "Vostok", Chistopol', Russia

For the layered ferromagnetic metal/superconductor (FM/S) structures new boundary-value
problem, which takes into account a competition between the one-dimensional (1D) and three-
dimensional (3D) realizations of the Larkin-Ovchinnikov-Fulde-Ferrell states, is derived.
Superconductivity in the FM/S structures proves to be a superposition of the BCS pairing with
zero total momentum in the S layers and the FFLO paring with nonzero pair momentum k in
the FM layers. It is shown that processes of transition and mutual transformation of the BCS
and FFLO pairs at the FM/S boundary occur as the Umklapp processes during which the
coherent pair momentum k is conserved with exactness up to the reciprocal LOFF lattice
vector G. These Umklapp processes can occur both in normal (1D states) and in the tangent
(3D states) directions with respect to the FM/S interface. It is found that nonmonotonic
behavior of the critical temperature 7, in the FM/S billayers is caused by the oscillations of the
Cooper pairs flux through the S/FM boundary due to 3D-1D-3D phase transition cascade and
switching between normal and tangent Umklapp processes. For the FM/S superlattices the
existence of new m-magnetic On and t LOFF states, which at certain conditions can have a
much higher T, than earlier known 0-magnetic 00 and ©0 LOFF states, is discovered. The T,
nonmonotony in the FM/S superlattices may be due to the 3D(0mn)-1D(nw)-3D(nm) phase
transitions cascade at small S interlayer thickness or due to another chain of the
3D(00)-1D(n0)-3D(n0) transitions at larger S interlayer thickness.
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ENSEMBLE SILICON-BASED NMR QUANTUM COMPUTERS

A.A. Kokin, K.A. Valiev
Institute of Physics and Technology of RAS117218 Moscow, Russia

As an ensemble scheme of solid-state NMR quantum computers the scheme
based on the array of *'P donor atoms which are spaced lengthwise of the strip
gates is considered. The possible planar topology of such ensemble quantum
computer is suggested. The estimation of the output NMR signal is performed
and it is shown that for the number N > 10° of ensemble elements involving
L~10° qubits each, the standard NMR methods are usable. As main
mechanisms of decoherence for low temperature (<0.1K), the adiabatic
processes of random modulation of qubit resonance frequency determined by
secular part of nuclear spin hyperfine interaction with electron magnetic
moment of basic atom and dipole-dipole interaction with nuclear moments of
neighboring impurity atoms was considered, Estimations of allowed
concentrations of magnetic impurities and of spin temperature whereby the
required decoherence suppression are obtained. Semiclassical decoherence
model of two qubit entangled states is also presented.

Introduction

Atomic nuclei with spin quantum number /= 1/2 are the natural candidates for
qubits in quantum computers. The early approach to NMR quantum computers
was suggested in 1997 [1,2] and then confirmed in experiments [3,4]. In this
search several diamagnetic organic liquids whose individual molecules, having a
number of interacting non-equivalent nuclear spin-qubits with /=1/2 and being
nearly independent on one another where used. They act in parallel as an ensemble
of almost independent quantum molecule-microcomputers. In so doing the nuclear
spins of an individual molecule are described by mixed state density matrix of
reduced quantum ensemble. Initialization of the nuclear spin states in this case
means the transformation of mixed state into so called, effective or pseudo-pure
state [1,2,4,5].

The access to individual qubits in a liquid sample is replaced by
simultaneous access to related qubits in all molecules of a bulk ensemble.
Computers of this type are called bulk-ensemble quantum computers. The liquid-
based quantum computer can operate at room temperature. For control and
measurements of qubit states the standard NMR technique is used.

The principle one-coil scheme of experiment and some notations are shown
in Fig. 1. The sample is placed in the constant external magnetic field B and in the
alternating (say, linearly polarized) field b(¢), produced by RF voltage V, (¢):

B(¢) = B + b(f) = Bk + 2bcos(at + p)i, (1

where i and k are unit vectors along the axes x and z.
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Fig. 1. The principle one-coil scheme of NMR measurement
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Let the sample represent an ensemble of N molecule—microcomputers with L
qubits each at temperature 7=300 K, in the external magnetic fields B=1-10T.
The resonance nuclear spin frequency is @27~ y;BR2x<150MHz, y; is
gyromagnetic ratio of nuclear spin (7, ~ yy = 95.8 radMHz/T), i, /kT < 107,

The output oscillating voltage V() is

V(t)=0Kd®(t)/ dt = u,QKAdIM (t)/ dt , 2)
where @(¢) = L MM (t)dydz is magnetic flux produced by resonant spins in the

coil (uo=47-10"T’em’/J, L,= uy (KA)*/V, is solenoid inductance of the
resonance contour, V; is volume of the solenoid, K is the number and A4 is area of
coil turns, O = R/(w, L;)>10? is the quality factor of resonance contour for parallel
connected resistance R (Fig. 1). For resonance condition: @ = a, = (L,C) .

The maximum nuclear spin read-out magnetization M,,,,, (the liquid sample
is considered here to be a continuous medium and to have volume V'~ V) at
optimum resonance condition is defined by the amplitude of RF field

b=1/(y,{T,,T,,) [6] (see also (20) below):
Mxmux :Mzm \'TLI/T\V\I /2z}/1h/2(N/K)E(L)/2, (3)

where M., is maximum equilibrium nuclear magnetization, 7,, and 7|, are

effective transverse and longitudinal relaxation times, N is number of resonant
nuclear spins (one in a molecule) in volume V. Parameter (L) is the maximum
probability of the full nuclear polarization in pseudo-pure state P;=1 [7]. It may
be estimated by the difference of equilibrium population between the lowest and
the highest energy states. For nearly homonuclear L-spin system [7] it is:
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2sinh(Lhw, / 2kT)

2" cosh” (hw, /2kT)
In the high temperature limit Za,/(kT) 11 1 we have &(L)=L2™" Fiw,/(kT), that is, the
signal amplitude exponentially drops with the number of qubits, but it does not drop

for iw,/(kT) 0 1 when g(L) = 1 (the pure ground nuclear spin quantum state).
The maximum NMR signal intensity S is defined by amplitude

S =Vl =ty | HYOKAN IV,)y,he0 ,5(L) , 5)

&(l)= 4)

where the product K4 can also be expressed as
KA=(LYV,/1,)"" =RV, [(1,00,))"*. (6)
For the root-mean square noise voltage in the measurement circuit we write

V, =Ja4kTRAv 7)

where as a rule the amplifier bandwidth is Av ~1 Hz.
So for signal to noise ratio we obtain

hQh
/VNEl M}/{Na(l)»\/
8\ AV kT . (8)

~ 0.2\/(Q/VS)~(ha)A /kT)N&(L)-107°, (here ¥, incm)

(S/N)=

I/m ax

For example, for two qubit molecules (L =2), with, &L)=haw,/(2kT)~ 10, we can
make an estimation

(S/N)Y~(Q/V.)"*N-107". 9)

Thus, to keep the value (S/N) > 1, the number of resonant nuclear spins for
two qubit liquid ensemble at room temperature, ¥, ~ 1 cm® and Q ~ 10%, is bound
to be N> 10"

In the case of paramagnetic liquids, one would expect that the number of
polarized nuclei may be increased with dynamic polarization (say, Overhauser effect).
Assuming electron and nuclear gyromagnetic ratio /%~ 10° we obtain that in the
probability (L) for a L-qubits single state the value /i @,/(kT) in (8) should be replaced
by 10° %icw,/(kT). Therefore, for the same value &(L) and number of molecules N, the
allowed number of qubits L approximately will be estimated from

L27F 107, (10)

whence it follows that L < 12 qubits.

An additional increase of read-out NMR signal may be obtained in
paramagnetic liquids using the ENDOR technique. It is generally believed that for
the liquid bulk-ensemble quantum computers a limiting value is L < 20-30 [7].
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There are five basic criteria for realization of a large-scale NMR quantum
computer, which can outperform all traditional classical computers [8]:

1. For any physical system, which presents large-scale quantum register, the
necessary number of qubits in quantum register must be L > 10°.

One such example of this register is solid-state homonuclear system in
which identical atoms containing nuclear spins are housed at regular
intervals in a natural or an artificial solid-state structure.

2. There is a need to provide the conditions for preparation of initial basic
quantum register state. For a many-qubit solid-state NMR quantum computer
the quantum register state initializing can be obtained by going to extra-low
nuclear spin temperature (<1 mK at fields of order of several Tesla).

3. The decoherence time of qubit states 7, should be at least up to 10* times
longer than the ‘clock time’, that is value of order of several seconds for
NMR quantum computers. The decoherence suppression is one of the
important problems in realization of a large-scale quantum computers.

4. There is a need to perform during a decoherence time a set of quantum logic
operations determined by a logic unitary transformation. This set should contain
certain set of the one-qubit and two-qubit operations witch are shielded from
random errors. The electromagnetic pulses that control the quantum operation
should be performed with an accuracy of better than 10-10".

5. There is a need to provide accurate and sensitive read-out measurements
of the qubit states. This is another one of the important and hard problems.

The design of solid-state NMR quantum computers was proposed by B. Kane in
[9,10]. It was suggested to use a semiconductor MOS structure on a “*Si spinless
substrate, in a near-surface layer where stable phosphorus isotopes °'P, acting as
donors, are implanted in the form of a regular chain. These donors have a nuclear spin
I=1/2 and substitute silicon atoms at the lattice sites, producing shallow impurity
states. The number of donors or the qubit number L in such a quasi-one-dimensional
artificial ‘molecule’ may be arbitrary large. It is suggested an individual nuclear
spin-qubit electrical control and measurement of qubit states with the use of special
gate structures. The experimental implementation of Kane’s scheme is undertaken
now in Australian Centre for Quantum Computer Technology [11,12].

However, there are four essential difficulties in implementing this quantum
computer:

1. First of all, signal from the spin of an individual atom is very small and
high sensitive single-spin measurements are required.

2. TItis required for initialization of nuclear spin states to use very low nuclear
spin temperature (~mK).

3. It is required to use regular donors and gates arrangement with high
precision in nanometer scale.
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4. Tt is necessary to suppress the quantum states decoherence defined by
Sfluctuations of gate voltage.

As an alternative, we proposed the variant of an ensemble silicon-based
quantum computer [13,14]. One would expect that with the ensemble approach,
where many independent ‘molecules’ of Kane’s type work simultaneously, the
measurements would be greatly simplified. Here we will give some further
development of this scheme.

1. The silicon structure with regular system of strip gates

In this case, unlike the structure suggested in [9], gates A and J form a chain of
narrow (I~ 10 nm) and long strips along which donor atoms at /, distant from
each other are placed (Fig. 2). Thus, they form a regular structure of the planar
silicon topology type.

Fig. 2. The structure of two qubit cells for three-ensemble component

The separation between neighboring donor atoms in Si, as in Kane’s scheme,
must be /., <20 nm. In this case, the interqubit interaction is controlled by gates J.
The depth of donor d is ~20 nm. For /, 0 /, the exchange spin interaction between
electrons of donor atoms disposed along the strip gates (y-axis) is negligibly small.
Hence, such a system breaks down into an ensemble of near-independent Kane’s
artificial ‘molecule’, whose electronic spins at temperature 7 < 0.1 K are initially
fully aligned with the field of several Tesla (y.#B/kT [ 1). As in case of liquids, the
nuclear spin states of individual Kane’s chain-‘molecule’ will be described by
density matrix of reduced quantum ensemble. Access to individual qubits will be
replaced by simultaneous access to related qubits in all ‘molecules’ of ensemble.

The linear qubit density in the artificial ‘molecules’ is ~50 qubits on
micrometer. For the realization of considered structure, as well as of the Kane’s
scheme, the nanotechnology with resolution of the order of ~ 1 nm is also needed.
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For the initializing of all nuclear spin-qubit quantum states (fully polarized
nuclear spins) there is a need to attain, for the time being, nuclear spin temperature
T< 107 K. An output signal in this system, as in liquids, will be proportional to
the number of ‘molecules’ or donor atoms N (component number of our ensemble)
in the chain along axis y. In the following, the lower value of N will be estimated.

2. The states of insulated donor atoms in magnetic fields
The electron-nuclear spin Hamiltonian for a donor atom *'P has the form

H =y iBS—y,hBI + AIS , (11)

four energy levels of which are given by the well-known Breit-Rabi formula. For
I1=1/2, 8 =1/2 (the z-axis is parallel to B) this formula is written as

E(F,m.)= —%—thmF —-(=D" sign(1+mFX)§,/1+2mFX+X2 , (12)

where constant of hyperfine interaction A/(2zf)=116 MHz [15],
X=.+nwhB/A=yhB/A01, F=1+1/2=1,0, and mp=M+m=%1,0, if F=1
or mp=0, if F=0 (Here M =%1/2 and m = £1/2 are z-projections of electron and
nuclear spins accordingly). The energy level scheme is shown in Fig. 3. For the
energy of the ground spin state, "= 0 and mz = 0, hence, we obtain

E(0,0)=—A/4—(A/2N1+ X" . (13)
For the next, excited energy state, F = 1, mr=—1 we have
EQ,-1)=4/4—(y,—y,)hB/2. (14)

Thus, the energy difference between the two lower states of the nuclear spin
(the resonant qubit frequency), that interacts with an electron, whose state remains
unchanged, is described in simple terms (y, [l y, for X =y, hB/ A0 1):

ho' = E(1,=1)— E(0,0)= A/2+(y, —;/e)hB/2+§x/l+X2 ~

A A
~y hB+—+— 15
Vi 2 4y.hB’ (15)

heo, =EL1)-E1,0)~—y,iB+— 4 +— 4
! O e
For °'P donor atoms: z=176.08 radGHz/T, »=1.13y =108 radMHZT,
7/ %=1.62:10". In magnetic field B=1T: @, /2r=T5MHz, o, /27 =41MHz .
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The frequencies ws, wp, ¢, wp are in microwave, @, — in the RF ranges of

frequencies. The transitions with frequencies @s in the first approximation are
forbidden.

1,1
BEm) | Tt ¢ I,..-E()
. * B(1,0)

. ]

[

o

hay h, |°
'___L E1,-1)

‘l'l*

r L ‘E(0,0}

Fig. 3. Energy levels of an individual donor atom in magnetic field
The states |F, mF> in M,m basis are
|L1)=(1/2,1/2)
|L-1)=|-1/2,-1/2)
|1,0) =(1-a)"?|1/2,-1/2)+a"*|-1/2,1/2)

: 16
|0,0)=(1-a)"?|-1/2,1/2)—a'?|1/2,-1/2) (19

a =l(l—ij ~1/(4X7)<<1

20 J1+x?

The diagonal matrix elements of nuclear magnetization M, per one donor
atom for two lower energy states will be determined by

(0,0|M0,0)=(0,0 yhi2=y,h/2,

X

N1+ X7 17
(L=1M_|1,-1) =(L,=1| L |L,=1)y,h =—y,h/ 2.

The probabilities of the L-qubit lowest and highest energy fully filling states

for the same electron spin state M =—1/2, which correspond, as noted above, to
the maximum probability of the nuclear polarization in pseudo-pure state, are:

0,0)y,h =

IZ
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exp(—Lhw) / 2kT)
(exp(ha’; / 2kT) + exp(~hew’, / 2kT))"’
3 exp(Lhiw) /2kT)
(exp(ha’ / 2kT) +exp(~hew’, / 2kT))"
The possible maximum nuclear magnetization M., (the populations of states
1,1) and |1,0) are negligible for o, w0, [ @})is

p(L-1=
(18)
p"(0,0)

exp(Lhw) /2kT) B
(exp(hw’, | 2kT) +exp(~hw’, / 2kT))"
B exp(—Lhw} / 2kT)
(exp(ha’ | 2kT) +exp(~he’, / 2kT))*

Mzm :ylh/z.(N/V;)(
(19)

]=y,h/2-<N/Vc>s(L>

For Lhw, /2kT T 1 and X 0 1 we obtain (compare with (3))
M, ~y,h/2-(N/V,))-27" L(hw / kT). (20)

But for very low temperatures (hw; /2kT[1 1) we have the full nuclear
polarization M = y,h/2-(N/V.) and ¢(L) = 1.

3. The gain effect for NMR signal
Transitions between two lower states are induced by a RF magnetic field, applied at a

resonant frequency @} . The Rabi resonance frequency (2, which is defined by matrix
elements of the Hamiltonian of the spin interaction with the external RF field b(¢)

H, )= (S, ~y I )b (1),  b(t)=2bcos(w,t) (21)
can be found from

Q=7,b,,(X)=2/(0,0| H,.(0)[1,-1)| /7. (22)

b,
For the amplitude of effective RF field, acting on nuclear spin, b.4(X) we obtain

by (X)=b(a" (/7)) +(1-)"?) (23)

where b is the amplitude of circularly polarized field component.

The Rabi frequency has the maximum value for X=0 (a=1/2) and
monotonically reduces to value for the insulated nuclear spin (a=0),
7,b; (X 11 1) =y,b . From the rate of quantum operation standpoint it is desirable
to operate in relatively weak fields [10], at which y,/y,0 X =y hB/ A0 1 or
3.5T>B0 3.9-10°T.

210



A.A. Kokin, K.A. Valiev

In this case from (23) we will obtain
by =(+mbll b, (24)

where 7=A/(2y,#B)0 1 is the gain factor. Under these conditions, RF field

operates through the transverse component of electronic polarization. For
magnetic fields B=1T we have the value b,;= 4.4, and for B=0.01 T we have
the value b.;= 338b. The gain effect involves an increase of NMR signal and Rabi
frequency. This effect was indicated previously by K. Valiev in [16].

In the pulse technique, this effect makes it possible fo decrease the length of
pulse and along with it the times of logic operation performing. Moreover, the
computer operations, owing to this effect, can be performed at lower RF fields. At
last, it permits to reduce the RF field influence on the operation of neighboring
semiconductor devices.

To describe the nuclear dynamics for the two low-lying level systems being
discussed (X0 1), we can write the following Bloch-type equation with only two
effective relaxation times:

Mxi+M}’j (Mz _Mzm)k

aMm
—=7,[MxB |- , 25
d 7l (ﬁ“] T T (25)

L1 I

where i, j, k are orthogonal unit vectors (Fig. 1), M,,, is defined as (19),
B, =(w,/y7,)k+2b, cos(w)i. (26)

It follows from it that the value of maximum nuclear read-out magnetization in

NMR signal M, =M_ T, /T, /2 canbe obtained for b, (X)=1/(y,\|T,,T},).
Hence, the read-out NMR signal cannot be increased through the gain effect over its

maximum value, that corresponds to M_, JT,, /T, /2.

4. The signal to noise ratio for an ensemble silicon quantum computer

For the realization of an ensemble silicon quantum register, we propose a variant
of planar scheme [17], that, as an example, contains n p in parallel acting identical
blocks, and each block has N, in parallel connected L-qubit Kane’s linear
‘molecules’. This scheme is schematically depicted in Fig. 4.

Let the sample be the silicon (**Si) plate of thickness 0.1 cm. For the full number
of computer-‘molecules’ in ensemble N=p-Nyn, the volume of sample and of
solenoid is Vs = &-I-l,"L-N (the filling factor is assumed for simplicity to be one).

The read-out signal from such ensemble in parallel acting chains, as distinct
from liquid prototype, for full nuclear polarization or, what is the same, for nuclear
spin temperatures 7; < 10 K has instead of the small factor in intensity of the NMR
signal of type &L)=2"L-haw,/(kT) the factor £(L)=1. The NMR signal from our
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sample within a non-essential factor is the same as from macroscopic sample [17].
Therefore, with the expressions (4) and (8), A, /(kT7)) <1 (T;<1mK) and £ =1 we
will obtain as an estimation for maximum signal to noise ratio

(S/N) =~ \JOhw, (KTV,)-N-10" ~ JON /(S1,1,L) 10 7)

It is believed that for low temperatures O ~ 10°. Taking info account that the
effective volume of one ‘molecule’ for /,=20nm, /,=50nm, L= 10°,
Vi=0l1,L= 10 cm’® we receive that the read-out signal in our scheme may be
available for standard NMR technique, if the number of ‘molecules’ in ensemble
is of about N> 10°. High-sensitive devices for measurement of individual spin-
states are not needed.

TR R R ]

p NI

III| I|I IIEI III IlII I|I

|é———— nlL | —b‘

Fig. 4. The scheme of the proposed planar silicon topology with p-n parallel connected
blocks of the ensemble L-qubit quantum computers (the connections are not shown
here). The broad and narrow lines denote the A and J gates

To estimate the values n, p let us consider the square plate with
S0Nyp =20 - 10°n and N, = 100. As a result, we receive n ~ 16 and p ~63. The
area of the structure without passive regions is ~315 x 315 um®. This size is
sufficiently small for sample to be housed in the gap between the magnet poles of
a standard NMR spectrometer. Real plate may have considerably more area and
correspondingly more number of ‘molecules’ N.

For implementation of two-qubit logic operation it is required the controlled
by gates J interqubit indirect interaction with characteristic frequency
v~ 100 kHz 0 @, ~ 100 MHz. To bring about fault-tolerant quantum computations
on large-scale quantum computers the relative error for single logic operation
must be no more than ~107 [17]. Hence it follows that a resolution bound of the
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NMR spectrometer must be of the order of ~100kHz-10°~1Hz, that is
consistent with the usual requirements. It is significant that such high precision is
needed only for performing the logic quantum operation, but it is not needed for
read-out measurements.

The read-out signal may be more increased by means of an electron-nuclear
double resonance (ENDOR) methods [18] of observing the electron resonance at
transitions with frequencies @y and wc (Fig. 3).

Consequently, by the use of standard NMR and additionally of ENDOR
techniques the first main difficulty of Kane’s scheme can be overcome.

5. The cooling of nuclear spin system and nuclear state initialization by
means of dynamic polarization

The electron and nuclear longitudinal relaxation times for the allowed transitions
in four energy level system of phosphorus-doped silicon have been extensively
investigated experimentally in [18, 19]. For the allowed transitions with

frequencies @z and @c (Fig. 3) electron longitudinal relaxation times 7, ~ 7.

were found to be exceedingly long at low temperatures. They are of the order of
one hour at T=125K, B ~0.3 T, are independent of phosphorus concentration
below C ~10'"%cm™ (mean distance between phosphorus atoms is of the order of
45 nm) and are approximately inversely proportional to the lattice temperature T.

The nuclear longitudinal relaxation time 7, at the frequency @) was found to be

equal to 10 hours.
The relaxation time for transition with frequency @p, which involves a
simultaneous electron-nuclear spin flip-flop, at 7=125K, C~10"cm” and

B ~0.3Twas 7, ~30 hours[J 7,,,7..

The extremely long relaxation times of the electron and nuclear spins imply
that the required initializing of nuclear quantum states (full nuclear
nonequilibrium polarizations) can be attained by deep cooling of short duration of
only nuclear spin system to Ty < 1 mK without deep cooling of the lattice. There is
the possibility to reach it at the indirect cooling of nuclear spin system by means
of dynamic nuclear spin polarization techniques [19].

One such method of dynamic nuclear spin polarization for donor atoms is based
on the saturation by the microwave pumping of the forbidden transition (frequency ws
in Fig. 3), that is designated as the Abragam’s solid state effect [6,19].

Let us consider this effect as applied to the ensemble of *'P atoms. The
polarization of electrons Pg=2(S.) and of nuclei P;=2(I,) may be for the sake of
simplicity expressed as
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IDS = p(l,l)+p(130)_p(1,_1)_p(030)
P, = p(L1)+ p(0,0)— p(1,0) - p(1,=1)”

where p(F,m,;) are the populations of states |F ,mF> (Fig. 3). They also fulfill

(28)

the requirement

p(L1) +p(1,0) + p(1,-1) + p(0,0) = 1. (29)
The rate equations for the populations are (it is assumed, that the relaxation
rates for transitions at frequencies @, are equal to 1,):

@ = (L)~ p(0.0)r,)/ 7, + (p(L.0)~ p(0,0)r,) /7, +
+Hp(1,-1)~ p(0,0)r,))/ T,
dp(1,-1
% = (p(1,0)= p(,—1yre) 7+ (p(L1) = p(1,~1)) - 7, + o)
+(p(0,0)r; = p(L,-1)/T},
dp3£ D = (p(L-1y ~ p(L.0OY /7 + p(0.0)r, ~ p(1.0) +
+(p(L,) - p(1,0)r,)/ T,
dpc(llt,l) = (p(0,0)r, — p(LD)/ 7, +(p(L=1) = p(L1)- W, +

+(p(L,0)r, —p(L1)/ T,
where parameters 7 cp 4 = exp(—fiawpcp4/kT) are ratios of rates for the up and down
thermal transitions. For values hw, . ,/kT' [0 1, hey /KT 1 (T <0.1K) there are
the thermal electron P, ~ —1 and nuclear P,, =i, /kT [ 1 polarizations.

Let us assume next that the rate of induced forbidden electron transitions
1, 1>:>|1,—1> at frequency s, that is Wy and electron longitudinal relaxation

times satisfy the conditions:
-1 ~
Wy <t *tc U Tt tins 7js G

where 7jp, 75 are the longitudinal relaxation times of electron spins for the
forbidden transition. Hereafter we shall write

_dp(d(i’ O _ p(1.1)/7,, +(p( -1~ p(0,0))/T,
dp(1,—1)

== P07+ (LD = p(L=D) W, 4 (p(0,0)= p(1,=1) /T, (B2)
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-p(1,0)/ 7, +(p(1,1)— p(1,0))/ T},
dp(l,1) _
dt

__p(l’l)/z-uﬂ +(p(ls_l)_p(lsl))VVe +(p(1’0)_p(l’l))/7\'m .

With equations (28),(29),(31) we can obtain the rate equations for P; and Py
dP, /dt=~(P, + P)-W,~(P,+1)/1,,
dP,|di=—(P,+P)W,~F/T,

dp(1,0) _
dt

(33)

The steady-state saturation condition (W, 1/T,,) of the transition
|1, l) = |1,—l> gives rise to the equalization of the populations p(1,1) = p(1,-1) and
to the full nuclear spin polarization respectively

P, =P, = p(0,0)=1. (34)

It is obvious that this state is equivalent to the state with nuclear spin
temperature 7; < Ay /k ~ 1 0°K.

Hence, the initialization of nuclear states may be obtained by using ENDOR
technique at the lattice temperature of the order of 0.1 K and by this means that
the second difficulty of Kane’s scheme can be overcome.

Notice here that there is also another possibility of ensemble NMR
implementation, which does not have the gate system. The selectivity of nuclear
resonance frequencies for individual qubit in the ensemble of Kane’s chains can
be achieved, rather than using the A-gate voltage, with the applying of the external
magnetic field gradients along axis x. For neighboring qubits separated by
~20 nm it is required dB,/dx ~ 1 T/cm (that is feasible now), which produce a
resonance frequency difference ~ 100 Hz.

6. The decoherence of nuclear spin states due to the hyperfine interaction of
nuclear and electron spins

The relaxation of nonequilibrium state of the nuclear spin system represented by the
product of independent (nonentangled) one-qubit states, owing to the interaction with
isotropic environment, shows two processes. One is a slow establishment of
equilibrium state associated with dissipation of energy. For it, the diagonal elements of
density matrix decay with characteristic longitudinal (spin-lattice) relaxation time 7.
The decay of non-diagonal matrix elements called decoherence of quantum states is
characterized by a decoherence time 7 or transverse (spin-spin) relaxation time 7.
The longitudinal relaxation times 7 in the case of nuclear spin of 3'P atoms as qubits is
defined mainly by thermal modulation of qubit resonance frequency accompanied by
spin flips. It is usual that for solids 7', 0 7.
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The internal adiabatic decoherence mechanisms due to a random modulation
of qubit resonance frequency are produced by local fluctuating magnetic fields
without spin flips. These fields are determined by secular parts of interactions of
nuclear spins with electron spins of the basic phosphorus atoms, with impurity
paramagnetic atoms and also with nuclear spins of impurity atoms. We have
named this mechanism as internal. It seems to be the leading one.

The modulation of nuclear spin resonance frequency Aa(f), which is
determined by the secular part of hyperfine interaction, may be written as

Aw(1) = AD)S, (1)~ 4, (S.) = 4,(S. ()= (S, ) — A4(@)(S.) , 35)

where A(t) = Ay + AA(f), AA(¢) is the modulation of hyperfine interaction constant,
Ay="725rad MHz. The influence of gate voltage noise on this frequency
modulation was studied in [9,10,20] and it is not treated here (external
decoherence process).

Another (internal) modulation mechanism of A(¢) is the interaction of donor
atoms with acoustic phonons. It is our belief that for very low temperature this
mechanism is not essential [21].

Let us consider now the first term in (35). We shall follow the semiclassical
model of adiabatic decoherence of one-qubit state (Appendix). The correlation
function of frequency modulation Awg(t) = Ao (S.(f) —(S.)) is determined by the
fluctuations of electron spin polarization and depends on electron resonance
frequency s, longitudinal 7; (hours) and transverse 7 relaxation times. In
adiabatic case ws= yB > 1/7, 0 1/7; and we obtain:

(A0 Ay (0)) = <Aa)§>exp(—t/rl) (36)
where
(40?) = 4; (<Sf>—<SZ 5 ) = A2(1—tanh®(y hB/ 2kT)) /4 | (37)
Now, according to (62), for decoherence decrement we obtain
I(6)= {4037} (t/ 7, =1+ exp(~t/ 7,)) (38)

For 7, ~10* and ¢t~T, =1s, 10 <Aa)§>r]2 <(7,/T,)" we have the non-
Markovian random process (slow dampening fluctuations). In this case

I(t)= (Aa)§ >z2 /2 (39)

and the effective decoherence time can by estimated from 7, ~ (4w, .

The necessary value of decoherence time for the NMR quantum computer
clock time ~ 10“s should not exceed several seconds. Therefore, let us write the
requirement for y,#B/kT11 1 in the form
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1/T? ~ A>(1—tanh®(y,hB/ 2kT))/ 4 ~ 24 exp(=y,hB/ kT) < 1s?, (40)

from which we find that the decoherence suppression will be achieved only at
sufficiently large B/T > 30 T/K. It corresponds to B =2 T for lattice temperatures
7<0.06 K.

7. The adiabatic decoherence of nuclear spin states due to interaction with
nuclear spins of impurity atoms

The paramagnetic impurity atoms having magnetic moments play also a role of
environment for nuclear spins in solid state. However decoherence mechanism
due to dipole-dipole interaction of their magnetic moments with nuclear
spin-qubits is suppressed to a large extent at B/T> 30 T/K thanks to near-full
electron spin polarization [21].

Another mechanism of one qubit state decoherence is dipole-dipole
interaction with not fully polarized nuclear spins / #0 of impurity diamagnetic
atoms having concentration Cj . Isotope ’Si with Vimp =—53 rad MHz/T is one
of such atoms. The random fluctuating local field, produced by nuclear spins of
impurity atoms has the form

AB (Z)_ Z ﬁ(r (ﬂme(r[’t)_<1ﬁ,imp(ri)>)’ (41)
where
V1Y Lim 3,7,
D, 4, )—”0 — P(ﬁaﬂ— r_z'”] (42)

r, is the distance-vector to i-th impurity nuclear spin.
In this case correlation function of frequency modulation

(Awg (1) Awg(0)) =y} (B.(1)B.(0)) =

2 43
= Cpiny | 2Dy (0L, (00D, (1) =) 5, (0)) “3)
B

takes the form
(Asa)(t)Aa)s(O)>=< >exp( ~t/T,,,) (44)

where 7|y, = 10%s is impurity nuclear spin longitudinal relaxation time of isotope
S at low temperature [18]. Taking 7, to be much more than 7, ~ 1s, for the
determination of allowable impurity concentration we obtain equation

(luo}/l}/l,imph)z

T} ~
1 Limp 6072'(13

(1-tanh? (|, [ nB/24T;)), (45)
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where « is the minimal distance to impurity nuclear spin, and for Si a™ is of the
order of 5-10%cm .

For B/T>30T/K and for spin temperature 7; at which there is near-full
polarization of nuclear spins

Y1 B KT >1 (406)
or for 7;< 0.8 mK, we obtain that the allowed concentration of the isotope **Si is
Cip %0 <45 107 %. 47

This value can be increased due to the further decrease of nuclear spin
temperature 7, For comparison, natural abundance of isotope *’Si in natural
silicon is 4.7%. At present, the realized degree of cleaning **Si is 99.98%, which
does not fully suit for our purposes yet.

8. Adiabatic decoherence of entangled two qubit states
In the processes of input of information and logic operation performance, some
nonentangled initializing states of quantum register become entangled. The
adiabatic process of transverse relaxation may be also the main decoherence
mechanism of coherent entangled quantum states.

As a simple example let us consider here the adiabatic decoherence of the

pure fully entangled two qubit triplet state of EPR-type |l//EPR| =+/1/2 (|'Nz| + |¢T|)

with the zero projection of the total spin on the z-axis, which is described by
density matrix

Prerr = |‘//EPR><‘//EPR | = (48)

N | —
o o o o
—_—_ o
S = = o
o o o

0

S

The action of the environment on qubit states will be described
quasiclassically as correlated random modulation of the qubit resonance
frequencies A ,(f) and of indirect spin-spin interaction parameter
Aw (f) = Al(t)/2. The secular part of Hamiltonian for interaction with the
environment is represented by

H(1) = —Ao, ()0, ®1)/2— Aw,()(1®5,.)/ 2+ Aw, ()0, ®c,.)/2,  (49)

where 0y ,, are Pauli matrices.
The density matrix (48) under the action of random field in the rotating
frame with resonance frequency ay is described by expression
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Prpr () = U(t)il Prpr U (D). (50)
In the considered case, the unitary matrix 4x4 U(¢) is (¢, (¢) = J.Ot Aw, ,dt,
t
(=], Awdr).

U(t) = (cos(e, (t)/ 2)1+isin((¢,(¢)/ 2)o,. ) ® (cos(e, () / 2)1 +isin((@, (t)/ 2)0,, -

(51
“(cos @, (NA®D) +ising, (1)(0,, ®0,.)) Gh
For perturbed density matrix we obtain
0 0 0 0
110 1 exp(—i(@, () -, (1)) 0
Pepr () == . ] ? . (52)
210 exp(i(g ()~ 9, (1)) 1 0
0 0 0 0

We see that the modulation of spin-spin interaction has no effect on density
matrix of triplet EPR-state.

Let us assume now that the random phases ¢ ,(f) have mean value
(@1 2(%)) = 0 and belong to the reduced statistical ensemble, which is described by
the two-dimensional Gaussian distribution:

W@, (0).0,(0) = S
276, (1), (W (1~ P (1)) 5
exp{_ L .(¢§a>_2pu<n¢mn¢aa)+¢€a>j}
2(1-p, () o7 (D) o,(1)o, (1) o, (1)
Here
on, (0 =(pL(0) =2[ =) f,,(0)dz
are the variances and
2o (- d
plz(t) _ <¢71 (t)¢7z(t)>> > — .[0 (t T)flz(z-) r (54)
o,(t)o, (1) o,(t)o, ()
where
fi2(0) = (4w,,()40,,(0)),  fi,(1) =(40,(r)40,(0)). (55)

219



Ensemble silicon-based nmr quantum computers

The normalized mutual correlation function p;,(¢) takes values in interval
0<p, (<1,

After averaging (52) with (53) we have

0 0 0 0
1]o 1 exp(-1I(¢)) 0
pEPR (t) - 2 () exp(—r(t)) 1 0 ’ (56)
0 0 0 0
where
exp(—1'(1)) = I:o do, J.i do,w(@,, @, )exp(£i(p, — 9,)) = (57)

= exp{_(o—l2 ®- 20—1 (1)62 (t)plz ®+ 0-22 (t)}

In the absence of random field correlation pj,(f) = 0, the decrement /{¢) is
equal to the sum of decrements of two one qubit states:

I =(0} () +03(0)/2=21,(1) (58)

In the case of maximum correlation p5(f) =1 and @\(f) = ¢,(f) (the same
mode acts on both qubits), adiabatic decoherence disappears. The singlet EPR
state has analogous properties.

We see here that decoherence of interacting qubit states may differ essentially
from one qubit decoherence. Under the action of fully correlated random fields the
coherence of two mentioned entangled states is not violated and they may be
considered as the basis of decoherence-free substrate for logical qubits coding. Clearly,

the pure nonfully entangled states |W|:(\/1—a|T¢|+\/E |¢T|) have no such
properties.

Adiabatic decoherence of other two-qubit fully entangled quantum Bell
states |y/| =4/1/ 2(|TT|i|~L¢|) under the action of fully correlated random fields

with  pp(f)=1 now does not disappear. Its decrement equals to
I(t)=(o,(t)+0,(t))’ /2=20=4I(t), that is four times larger than for one
qubit decoherence.

Conclusion

1. The development of the large-scale ensemble NMR quantum computers has
certain advantage over Kane’s scheme. It consists in the possibility of
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employment of the standard NMR technique for the measurement of quantum
states at output of computer, like in the liquid prototype.

2. Methods of dynamic polarization may be proposed for the initialization of
nuclear spin states at temperature 7 ~0.1 K.

3. Analysis of proposed planar structure of ensemble silicon computer shows
the possibility of realization of large-scale NMR quantum computer for
ensemble component number N ~ 10°.

4. The main reasons for the internal decoherence of one qubit states are the
modulation of resonance qubit frequency due to hyperfine interaction with
fluctuating electron spin and due to interaction with randomly distributed
impurity diamagnetic atoms containing nuclear spins.

5. Analysis of different feasible ways for obtaining decoherence times large
enough shows that the values, needed to perform the required number of
quantum logic operations ~10° for large-scaled computations, can be
achieved.

Appendix

Semiclassical model of adiabatic decoherence of one-qubit state
We will consider a long-living non-equilibrium qubit state when diagonal
elements of density matrix may be treated as a constant.

The random modulation of resonance frequency Aa(f) that causes the
dephasing of a qubit state is determined by the random phase shifts

o(t) = jo Ao(t)dt. (59)

The one-qubit density matrix of pure state in the rotating frame with non-
perturbed resonance circular frequency will be

1 1+P, P exp(ip(t))
p(1) = —{ : } ,
2| P, exp(—ip(1)) 1-P,

where P, =P, +iP,, P,P,P. are Bloch vector components of length

x2Ty2tz
P=P+P +P’ =1.

By treating the resonance frequency modulation as Gaussian random process
after averaging (60) over phase distribution with ((p(t)) =0 we obtain

1 [ 1+P, P exp(-I" (t))}

O3 pexpcray 1-p

(60)

(61)

where
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1 t 2 t
I(t)= E<(j0 Aa)(t)dt) > = jo (t-7)(Aa(1)40(0)) d 7 (62)

f(@)= (Aw(t)Aco(O)) is the frequency correlation function of a random process,
which is characterized by variance <Aa)(0)2> and correlation time 7. such that

for t >z, <Aa)(t)Aa)(0)> = 0. For 7(f) > 0 the averaged density matrix presents a

mixed quantum state with two non-zero eigenstates
1/2-(1i\/1—(P\,2 +Pyz)(l—exp(—2f(t)))) (63)

and the populations of states p, =1/2(1+ P.(0)) at 7 (f) = oo.

Thus, the adiabatic decoherence problem is reduced to the determination of
the function /7(¢) or the correlation function of random frequency modulation.

In the case of an ensemble quantum register there is a need to average the
one-qubit density matrix and correlation function over ensemble of independent
equivalent spin-qubits.
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MATHUTHOE IIOJIE CBEPXITPOBO/IHUKOB II POJIA
B MOJIEJIX BUXPSA
C HOPMAJIbHOM CEPJAIEBUHOM KOHEYHOI'O PAJIMYCA

A.B. Munkus, C.JI. [{apeBckuit
Kaszanckuii eocyoapcmeennwviii ynusepcumem, 420008 Kazans

Jdnst  cBepxmpoBogumka Il poma paccMarpuBaeTcs MoOZIENb  BHUXPS
AOpHuKOCOBa ¢ HOPMAaJIbHOM CepaleBHMHONW KOHeyHoro pamamyca (x0 1, K
napamerp [uH30ypra-Jlanmay). Ha ocHOBe KBaHTOBOMEXaHHYECKOTO
0000uieHnss ypaBHeHHs1 JIOHZOHOB JUI CBEpXIPOBOJSLICTO TOKa B
MPEANONIOKEHHH HOPMAaNbHOM CEepILEeBUHBI BUXPS IIOKa3aHO, 4TO
YPaBHEHHUS [JIsi MarHUTHOTO TOJIS NEPEXOIAT B 00OOIIEHHOE YpaBHEHHE
JlonnoHoB (¢ TOYHOCTEIO 1/k). [TomyuyeHs! pemeHus 3TOro ypaBHEHHS JUIs
OJMHOYHOTO BHMXps B OCCKOHEYHOM CBEPXIPOBOAHMKE M JUI DPELIETKH
BUXpeH B MOJNYOSCKOHEYHOM CBEpXIPOBOJHUKE. IlOKa3aHO, YTO OSTH
pelIeHUs. SBISIIOTCS KOHEYHBIMH B JIOOOH TOYKE IPOCTPAHCTBA W,
CJIC/IOBATENBHO, YCTPAHEHUE PAaCXOJUMOCTEH IIPOUCXOANUT aBTOMaTHYECKH.
Mopens HOpMAaNEHOH CepALEBHHBI BHXPS MMEET INPEHUMYIIECTBO IIepes
Mozenbto Kiema, HOCkoibKy OHa MO3BOJISIET 0ojiee YCIEIIHO PELIUTh
KpaeByI0 3aj1auy JUlsl 0JTyOEeCKOHEUHOTO CBEPXIIPOBOIHUKA.

JUii  uHTepmpeTannd  SKCIIEPUMEHTANBHBIX  JaHHBIX, IOJYYaeMbIX IIPH
WCCIICJOBAaHUM  CBEPXNPOBOJHMKOB Il  poma  pasnmuuHBIME ~ METOJaMH
(MarHUTOCTaTHIECKUMH, PaIrOCTIEKTPOCKOINIECKUMH, HEWTPOHHBIMH,
MIOOHHBIMH H T.J.), HEOOXOJUMO 3HaTh pacHpeleseHie JOKaIbHOI0 MarHUTHOTO
monist h(r) pemetku Buxpeit AGpukocoBa B OCTOSSHHOM MarHuTHOM Toie H [1].
OO6b1uHO 1151 onpezencuus h(r) B mpoMexyTodHoit obnactu noneit Hyy < H < H,
(H., H, — mepBoe u BTOpoe KpuTHdeckue mois) mpu x0 1 (kK — mapamerp
I'mu30ypra-Jlangay) ucnonb3yercs: ypaBHeHue JIOHI0HOB, B KOTOPOM Cep/IlieBUHA
BUXPsI ONTUCHIBACTCS IIBYMEPHOM O-QyHKINEH ¢ 0COOEHHOCTBIO B LICHTPE BUXPSI.
VYpasuenue JIoHnoOHOB NMo3BoOJsAET NONyuuTh h(r) 1 OAMHOYHOrO BUXPS B
OeckoHeuHOM cBepxmnpoBoaHuke. 1lupoko ncnonesyercs ypaBHeHue JIoHmIOHOB
JUI PELIETKH BHUXPEH: HCIONIB3ys TPaHCISIIMOHHYIO CHMMETPHIO PELIETKH,
HaxomaT cHavaima Dyppe-kommoHeHTH h(G) marmutHOro monst (G — BekTop
00paTHO pemieTkn), a 3aTeM C MoMoIblo psaga Ddypbe BoccraHaBmuBaroT h(r)
(cm. HAmpumep, [2]). Takum crmoco6oM HaWACHO pelIeHHe IS MOy OeCKOHSTHOTO
aHU30TPOITHOTO CBEPXNMPOBOAHMKA W HaWaeHo h(r) kak BHYTpH, TaKk W BHE
rpaHUIbl cBepXmpoBoaHuKa [3]. OmgHaKo MOTyYeHHBIE TAKUM CIIOCOOOM perIeHus
ypaBHeHUs JIOHIOHOB AJIs TI0JTyOECKOHEYHOTO aHU30TPOITHOTO CBEPXIIPOBOIHUKA
HUMCIOT HEAOCTATOK: B LIECHTPC BUXPA PCUHICHUA CTAHOBATCA 6CCKOHC‘~IHbIMI/I. HJ’IH
OJMHOYHOTO BHUXPSl W pEIIEeTKH BUXpEH Oe3rpaHUyHOro CBEPXIPOBOIHUKA
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BO3HMKAIOIIYI0 OCOOCHHOCTHh JOBOJIBHO IIPOCTO YCTPAaHHUTH ITyTeM OOpe3aHHs
pelIeHus Ha pacCTOSHUAX ~ ¢ OT eHTpa BUXPs (¢ — [UMHA KOTepeHTHOCTH). [is
MoTyOECKOHEYHOTO CBEPXIIPOBOAHMKA B Toje H, HampaBieHHOM 1O HOpMalld K
MTOBEPXHOCTH CBEPXINPOBOJHNKA BOJN3M TPAaHMIBI CBEPXIPOBOIHUKA, MAarHUTHOE
MoJi€ W3 CHJIBHO HEOAHOPOAHOTO TOJIs BHXpeil AOpHKOCOBa IEpexXOIuT B
OJHOPOJHOE TI0JIE BHE CBEPXIIPOBOAHHUKA, TAK YTO HAa TPAHUIIE CBEPXIPOBOIHUKA
MOSABIISIIOTCSL  TAHTEHIMANBHBIC  COCTABILSIIONIME  MArHUTHOTO MONsA.  OJTa
nepexojHas o00JacTh HWMeEeT INyOMHY BHYTPH CBEpPXOpPOBOAHHMKA ~A (4 —
JIOH/IOHOBCKasl I'NTyOMHA POHUKHOBEHUSI MArHUTHOTO TI0JIS1 B CBEPXITPOBOAHHUK) U
BHE CBEpXIPOBOJHUKA ~ b (b — paccrosiHue mexnay Buxpsmu) [3]. [Ipouenypa
OTpaHWYEHUs] CHHTYJSIDHOI'O peIIeHust B 3TOH oOmactéd (M, OCOOECHHO, BHE
CBEPXITPOBOIHMKA) CTAHOBUTCS HE COBCEM SICHOMW; TaK, HallpuMep, Ha TpaHUIe
CBEPXIIPOBOJHMKA IIPHM  JIOCTAaTOYHO  pa3psHDKEHHOM — pelieTke  BUXpel
TaHTeHINATIBHBIE COCTABIISIONINE MArHUTHOTO IOJISI TOJDKHBI CTPEMHTBCS K HYITIO
B IIEHTPE BHUXPA (KaK 3TO ClexyeT M3 COOOpaXEHHH CHMMETPHH) W HE HMEIOT
cUHTYJIsIpHOCTH BoOOme. C [pyrodl CTOPOHBI, COBEpIIEHHO MOHSTHO, YTO
MOSABJIEHUE OCOOEHHOCTEH B pelIeHnAX ypaBHEHUs! JIOHJOHOB CBSI3aHO C TEM, YTO
B HUX CYMTAETCs, YTO H3MEHEHHE IapaMeTpa IOpsiKa NPOUCXOAWT JUIIb B
LeHTpe Buxps. Eciam cunTars, 4TO mapaMeTp mopsiaka U3MEHSETCS Ha PacCTOSHUU
~¢ OT UEHTpa BHXpS, TO IOCIEAOBATENBHBIA Y4YeT 3TOr0 OOCTOSTENbCTBA
NPUBOAMT K Mojudukanuu ypasHenus Jlonnonos nist h(r).

VYpaBHenuss  ['mn3Oypra-Jlanmay  juis marHutHoro  mosist  h(r)
CBEpXITPOBOIHUKOB B 0€3pa3MepHBIX eIMHUIAX, OOBIYHO HUCIIONIb3YEMBIX B TECOPHU
CBEPXIIPOBOJUMOCTH, UMEIOT BUJ [2]:

roth=-7’Q, Q=A-&Vy, ()

rne f=A/A", A — ammmryna mapamerpa mopsuka, A’ — ammmryna
napameTpa TOpsIKa B OTCYTCTBUHU TOJeH, y — (asza mapamerpa mopsaka, A —
BEKTOPHBIY TOTCHIMAT MarHUTHOTO 1oJist h (h = rot A).

PaccmoTtpum cHauanma OECKOHEUHBIH CBEPXIPOBOJHUK W HAMJIEM pEIICHUC
(1), obnamaromiee MIITHHIPHICCKONR CHMMETPHCH, T.€. HAWAEM IIOJIe OJMHOYHOTO
BHUXps. Bocnonb3yemcs MOJICNIBI0 BUXPSI ¢ HOPMAJIBHOW CepALIeBUHON paauyca &
Torzma ¢ TOYHOCTHIO JI0 & MOXKHO TIOTOKHTB f° = 0 BHYTPH CepALUCBHHBI U f~ % 0
BHE CepaueBHHBL BemeM Ttakke Oynkmmo g =1-—f2 IlycTe cepiueBHHa

HEHTpHUpoBaHa BIoIb ocu 0z, Toraa pemenue (1) 3aBUCHT OT p=+x"+)° U He

3aBHCUT OT z. BospMem rot ot obewx dwacteil ypaBHeHms (1) H, HCIONB3YS
(GYHKLUIO g, TTOTYyYUM:

h+rotroth=-gh, -6(p-S)le,,AA]+5(p—S)e., 2)
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rae h, — MarHuTHOE TOJIe BHYTPH CEPAIIEBUHBI BUXPS, a AA = lirfn()A =-A,($)
pE-

— CKa4OK (yHKUMHM A Ha OKPYKHOCTU O = &, €, €. — OPThbl LMJIHHIPHYECKON
cucrembl koopauHat. [lepBeie 1Ba craraeMbix B mpaBoii yacty (1) nmossBUIIMCH pu
muddepentmpoBannyu paspeiBHOW (yHKIMH gA [4]. TlosicHUM IpoHcXoXKaeHue

TpeThero ciaraemoro B (2). Ormerum, uto rot(f°Vy) paseH Hymo npu p< & u

p> & Ho npu p= & umeer ocobeHHOCTH, Tak uTo mpu p= & rot( f°Vy) cnemyer
JIOOTIPEICITUTh, UCXO/IS U3 HHTETPATbHBIX COOTHOIIEHHIA:

jrot (f’Vy)dS =
N

(€)

_ U-] £V pdl= 27, ecnu | 0XBaThIBAaET CEP/LIEBUHY BUXPS
v 0,ecn I' BHyTpH CepALIEBHHBI BHXPSI.
3nech ' — KOHTYp, OrpaHNYMBAIONIINHA TPOM3BOIBHYIO IUIOMAJIKY S HA IIOCKOCTH
x,y. CootHomenue (3) BomonHseTcs mnpu Jrobom [, ecnmu TOpPUHATH
rot(fVy) =xd(p—&)e, . Takoe ke BBIPAKEHHE MOXKHO MONYYMTh, UCTIOJB3YS

npasuiia quddepeHurpoBanus pa3peiBHBIX QYHKIMH [4].

ITockonpky mpu momydenuu (1) mcmonp3oBanock mpuOMMKEHHE MO & TO
BKJIaJIOM NEPBBIX IBYX ciaraembix (2) B h(r) MoxHO npeHneOpeus. B a3ToM MoxHO
yOenuTbes, ecii neperTi K (Qypbe-NpeacTaBIeHUIO ypaBHEHUS (2): MHTErpasbl
®ypbe OT NHEPBBIX JBYX ClIaraéMbIX MOXHO OIICHUTbH, HCIIOJB3YS TEOpEMY O
cpeaseM. OIEHKH TIOKa3bIBAIOT, 4TO OHU 6yayT nopsaaka Enk u &lnk ot neporo
1 BTOPOT'O CJIaraeéMoOro COOTBETCTBEHHO.

Wrak, mommduumpoBanHoe ypaBHenue JlonmoHoB s h(r) Buxps c
CepALIEBHHON paanyca ¢ IMEeT B

h+r0tr0th:L5(p—§)ez. 4
K

B cydae pemeTku BUXpei £ U g — Meproanueckue GyHKIHH PEIETKH, TaK
yro B mpaBod wacté (2) BMecTo JO(p—&) mMOSBATCS CyMMBl O-(DyHKIMH C

0COOCHHOCTSIMU Ha OKPY’KHOCTSIX pajauyca & IEHTPHPOBAaHHBIX HA BUXPSIX:

—ce.. )

h+rotroth = Zéé(b—pv

Ipencrasnss pemenue psgom Pyprse no BekTopam G 00paTHOH pemieTkwy,
JIeTKOo yOenuThesl, YTO BKJIaZaMU OT HOPMAJIBHOW YacTH BUXpEH MOXKHO CHOBa
npeHeOpedb. YpaBHeHHE (4) coxXpaHseT CBOH BUA W IS IOyOSCKOHEYHOTO
cBepxmpoBogHMKa mipu H, HampaBIeHHOM 10 HOPMaIM K IIOBEPXHOCTH
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CBEpXIIPOBO/IHMKA, T.K. f B 3TOM CIIydae OCTaeTcs NpexkHer [2], a OIleHKH BKIIaJI0B
OTOpachIBaeMBIX YWICHOB HMEIOT TOT e IMOPSIOK.
[IpuBenem HEKOTOPHIC pelIcHUs YpaBHEHUS (4).

1. OnquHo4HBIA BUXPH B 6e3rpannyHoM cBepxnpoBoanuke h(0,0,/)
®ypbe-KOMIIOHEHTa MarHUTHOTO TIOJIS B 3TOM CJIy4ae 3alHIIeTcs KaK

__ 1 (k5)
o 2ak(1+ k%)

rae Jo(x) — pynkius beccens HyneBoro nopsnka. Otcrona A(p):

h(p):{élo(p)Ko(f)%fKo(f), 0<p<g, ©)
Sl (DK (p) =K (p), 0<S<p.

3mece Iy(x), Ko(x) — momudunmpoBanasie pyHKINN beccens HyneBoro mopsuka.
Pemenne (6) mpaBMIIBHO OMHMCHIBAaET IMOBeneHHE /(p) KaKk BHE, TaK M BHYTPH
CEepILCBUHBI BHXPs. Pe3yibrarT cpaBHEHHs 3aBUCHMOCTEH /i(0), ONHCHIBAEMBIX
MOAMGHUIUPOBAHHBIM W HEMOAM(HUIMPOBAHHBIM  ypaBHeHHWEM JIOHIOHOB,
MpeCTaBIIeH Ha puc. 1.

200

180
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80

magretic field, Gs

60
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5
%10
Puc. 1. 3asucumocmo senuuumnbl MAZHUMHO20 NOAsL h OM paccmosiHusL P (P UMEPSIeMcst 6 CM).
Cnnownast TuHUA HA pucynke coomeememesyem pacnpedeneruro h(p) ¢ & = 0, a wmpux-
o

nyHKmMupHas aunus coomeemcmeyem pacnpeoenenuto h(p) ¢ &= 0.12 (.= 2700 A ).
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2. PennieTka BUXpeii B CBePXIPOBOTHHKE, 3AHUMAIOIEM MOJIYNPOCTPAHCTBO Z >
st dypoe-komnoHeHT h(G,z) u3 (5) nmeem:

d*h(G,z 27
SN2 L (14 6Pn(GL2) = 21, (GEe.
dz? xS,
2
iG,h,(G,2)+iG h (G,z) +L?’Z) =0, z>0, 7)
2
—G“P(G,z)+&(f’z)=o, h=-V¥, :z<0.

Pemenne ypaBHeHus (7) ¢ yd4eTOM CTaHAAPTHBIX TPAHUYHBIX YCIOBHHM s
MarHUTHOTO TIOJIsl HA TPAHMIIE CBEPXIIPOBOAHUK—BAKyyM UMEET BUII:
a) h(G,z) BHyTpH CBerHpOBO,Z[HI/IKa (z=0):

h, (GZ)—Z exp( V1+G*2),

h,(Gz)= z exp(—\/l +G*2), (®)
h(Gz)= {1 __od exp(—/1+ G’ z)} hy;
V1I+G?

6) h(G,z) BHe cBepxnpoBoaHuKa (z < 0):

h(Gz)=i Ggh exp(Gz),

G.dh,
h,(Gz)=i exp(Gz), 9)

h.(G,z) = dh, exp(Gz),

27[ 1
0= S 115 J,(£G), (10)

J1+G?
G+\1+G*

rae So — momanp s4yeliku bpase BuxpeBoi pemerku. Ilpm z —>-—o h=H,
H=27/(&Sy) (=Dy/S — B pazmepHbIx eaununax). Pemenue (8),(9) nepexomur B
pemieHue ypaBHeHHs JIOHZOHOB, B NMpaBOi YacTH KOTOPBIX CTOST O-(YHKIMHU C
0COOCHHOCTSIMU Ha IIEHTpax BUXpeH, eciu mojaoxuTh B (10) Jo(£G) = 1. Orcrona
BUJHO, 4YTO mnosiBieHHe MHoxurens Jo(SG) npu Oonpmimx G ynydinaer
ACHMITOTHKY /ip. ITO NPUBOANT K CXOAUMOCTH psiia Dyphe, NpeacTaBIIsIonIero
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h(r). MomudupoBannoe ypaBHenue JloHmoHOB (5) Oosiee TOYHO ONMUCHIBAET
MarHUTHOE TI0JI€ BUXPEBOM pELIETKH B IIMPOKOM UHTEpBaje mnoned H
(H. < H<H,), OTmMeTnM, HaKOHEI, YTO ypaBHEHHE (5) MOKHO 0000MIUTE U LIS
onucanud h(r) B aHU30TPONHBIX CBEPXNPOBOJHMKAX. Tak, UIsl OIHOOCHOTO
AQHM30TPOIIHOTO CBEPXIPOBOJHMKA B CIy4ae, €CIM BUXPH HANpPaBJICHbI BAOJb OCH
annzorponuu 0z, ypaBHEHHUE AJIsI TJOKAIBHOTO MarHuTHoro nois h(r) nmpumer Bua:

h+m, rotl,hrotjh:izﬁqp—pv -&e,, (11)
KE 5
TrJIe m;; — TEH30p Macc.

C nomomipto ypaBHenus (11) Takke MOXKHO ONUCATh COCTOSHUE
BbICOKOTeMHeparypHoro cBepxmnpoBoguuka (BTCII), mpu koTopoM BuXpH
AOpHKOcOBa 00pa3yloT HEpPETYJSIPHYIO BUXPEBYIO CTPYKTYypy. Takoe cocTosHHe
BTCII mnpuBomuT K psgy OCOOCHHOCTCH, HampuMmep: K HEMOHOTOHHOMN
3aBHCHMOCTH KpuTHUYeckoro Toka J.(H), “fishtail” apdexry [5], amexrpuueckoit
OoucrabmwipbHOCTH [6], W3MEHCHHIO XapakTepa TIOTJIOMCHUS MHUKPOBOIHOBOM
sHeprud [7] 4 T.1.

B kagectBe mepBoro mara ans HaxoxzaeHwus mois h(r) B HeperymspHOI
pemrerke Buxpei AOpukocoBa Hanzem pacmpenenenue h(r) mis ciydasi, xoraa
OJIMH U3 BUXPEN BUXPEBOM pELIETKH, IEPBOHAYAIBLHO LEHTPUPOBAHHBIN B Hadaje
KOOpJMHAT, CMEIeH B HEKOTOPYIO TOUKY a OT Hayaja koopauHat. Eciu |a| 0 A, To
o(jp — a] — &) MOKHO paziokuTh B psin Teitsopa mo BekTopy a. OrpaHuuuBasCh
JVHEHHBIMU 110 A YWICHAMH PA3JI0KEHHUs, IOy INM:

5(lp—a|-£=o(p| -5 - LLD @D
op P
ITpu noncranoBke (12) B (11) 3amMeTuM, YTO MEPBBIH YIEH Pa3IOKEHUS B
(12) Boiiner B cymMMy, OIpEAENSIONIYI0 MarHUTHOE TIOJIE PETYJISIPHOM pelIeTKH
BUXpEH, a BTOPOH WieH pa3iiokeHus! OyJeT ONpeAesaTh NCKaXEeHHE PeryJsipHOn
peurerku. B cury nureliHOoCcTH ypaBHeHU (11) h(r) MoXHO pecTaBUThH B BUJE:

h(r)=h, (r)+h(), (13)

(12)

rae hyg(r) — marHuTHOE moONE perynsApHOd pemeTrkn Buxped, h(r) —

BO3MYIIIEHHE MArHUTHOTO MOJIsi, BHI3BAHHOTO CMEIIEHHWEM OJIHOTO BHUXDS M3
touku (0,0) B Touky a(ay,ay). Pemenue mng h.,(r) Haxogum ananorudno (7) —
(9), xkak m B ciaydae H30TPOIHOTO CBEPXIpOBOAHMKA. lloaToMy ocraercs

TOJBKO HaliTu pewmenue ang h(r).
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OtmeruMm, uto h(r) yke He o0nmamaeT TpaHCIAIMOHHON CHMMeETpHUEH
pewierku Buxpeil, nosromy h(r) cnemyer mpencraButrh uHTerpaioM ®Pypre B

ockoctH (x,y). [To ananoruu ¢ (7) — (9) st pypbe-KOMIIOHEHT h(k,z) umeem:

o*h_(k - - oh_(k
—_— (2 Z) -¢’h (kz)=i T k. — (k2) ,
Oz m, 0Oz
azljl (k,Z) 5~ m, —m 6]; (kz)
y _ h k =7 1 3 k z >
oz* 1 y( ’Z) : m, L
o*h (k’Z) 27 @
——2 g h (kz)=—", 14
aZZ ql z( Z) ml ( )

1 1
e e R L
ml ml ml

p=ilk-a)J,(kS),
TIe M| = My, = My, U M3 =M., — I'IABHbIE 3HAYEHHS TEH30pa MacC B 0a3MCHBIX
ocsX KpHCTaJlIa.
Pemenne ypaBrenwuii (14) ¢ yueToM cTaHAApPTHBIX TPAHUYHBIX YCIOBHH AT
MarHUTHOTO TI0JI Ha TPaHUIle CBEPXIPOBOAHUK—BAKyyM UMEET BU:

a) h(k,z) BHyTpH cBepxmpoBoHKKa (z < 0):

l:;x (k,Z) =—i kx¢)
kd,

exp(¢,2),

k2 =2 expa2)
y > kd] ql b

1 k
hz(kaz) = 2 __¢exp(qlz);
mgq;  qd,

6) h(k,z) BHe cBepxmpoBogHHKa (z > 0):

k.o
h (K, z) = —i - exp(—kz),
(k,2) e xp(—kz)

X
1

~ k.o
h (k,z) = —i—*—exp(—kz),
L (K.z) d, p(—kz)

i (k,z) = diexp(—kz),

z
1

rac d] = m|q1(k+q1).
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Jns Haxoxmernss h(r) HeoOXoauMO BHIONHHUTE O00OpaTHOE IMPeoOpa3oBaHIES

®Oypre, T.e. BEMUCIUTH AByMepHbIA uHTeTpan @ypre. C BBMUCIUTETHHON TOYKH
3pEeHHs] 3TO O3HAYaeT HAXOXKACHWE WHTETPATBHOW CYMMBI, T.€. IPE/CTABICHUS
MCKOMOU (D)YHKIIMHU B BHIE IEPUOANYECKON (DYHKIIMHU, 00JIa/Iaf0IIIei TPaHCISIIIMOHHOM
CUMMETpUEH JIByMEpHOW pEUIeTKH C JOCTaTOYHO OONBIIMM  IEPUOIOM.
CrnenoBatenbHO I BBIMMCICHHS h(r) MOXHO BOCHONB30BAaThCSA MPOLEAYPOIt
obicTporo npeodpazoBanus Pypwre (BIID) ¢ mepwomom OonmbivMm, YeM HepUOX
perynsipHoii BuxpeBoil pemtetku. Iloacrasisst HaiineHHoe pacmpeneneHue h(r) u
h(r) (xoTOpOE, MoBTOpsEM, JIErKo Haxomutcs nmo avanoruu ¢ (7) — (9)) B (13)
Haiinem h(r). MarautHoe nosne Bo3bMeM H =2, KOTOpO€ 3HAYUTENILHO MPEBBIIIACT
H,,, a oTHOImEeHHE Macc BeIOepeM I = miz/m =25, KOTOpOe OTpayKaeT aHU30TPOIIHIO
BBICOKOTEMITEPaTYPHOTO cBepXmpoBoaHuKa Y Ba,Cu;O75 ¢ 7, =90 K [8].

Ha puc. 2 u 3 mpencraBneHsl KapThl pacnpeeneHuss MarauTHoro moist h(r) B
JJIEMEHTApHOM SUEHKE BUXPEBOW PELIETKH CO CMELUEHHBIM U HECMEIIECHHBIM LICHT-
POM CepaueBHUHBI BUXPs Ha TTyOMHE z =—5 (BHYTpPH CBEpXIpPOBOJHMKA). Bennunna
cvemenust ¢ =0.01 (HamoMHUM, 4YTO @, & M Zz M3MEPSIOTCS B eIUHHIEX ).
OnemeHTapHasi sYeiiKa BUXPEBOM peIeTKH paz0mBaeTcs Ha 256x256 Toyek, B
KOTOpBIX Bbramcisiercs h(r).

250 7/

minimum h=1.7549 maximum h=4 715

200

150

100

50

, .
50 100 150 200 250
=5
Puc. 2. Kapma pacnpedenenuss macnumuoeo nois h(r) enympu céepxnpogooHuxa (z =-5) ¢
He cmeweHHbIM yenmpom suxps paouyca & = 0.01. Konmyphvle tunuy Hapucosamul
6 HeOPMO2OHANLHOU cucmeme omcuema [3].

232



A.B. Munkun, C.JI. Ilapesckuit

minimum h=1.7362 maximum h=6.6135 deviation=0.01

; ! 1
50 100 150 200 250

z=-5
Puc. 3. Kapma pacnpedenenus macnumno2o noisa h(r) 8Hympu c6epxnpoeooHuxa (z=-3) co
cmewerHvim yeumpom euxpsa paouyca E=0.01. Cmewenue a=0.01. Konmyphuvie
JUHUU HAPUCOBAHDBL 8 HEOPMO2OHATILHOU cucmeme omcyema [3].

Ha pucyHkax BUAHO, UTO CMELEHUE OJHOTO BUXPS B PErYJIIPHON PEILIETKE
MIPUBOAUT K U3MEHEHUIO pacipeseneHus MaruuTHoro noist h(r). 3to Bepaxkaercs
TaKXK€ U B TOM, YTO U3MEHAETCS MAKCUMaIbHOE U MUHUMAJIBHOE 3HAYCHUE 1101 B
JJIEMEHTAPHON sueiike. YdYeT Takux H3MEHEHMH M BCEro IpPOCTPAHCTBA
CBEPXIIPOBOJHUKA MOXET 3HAUUTEIBHO H3MEHHUTHb KapTUHY PpacHpeaeicHUs
MarauTHOro moiist h(r) cBepxmpoBogHHKa [9], UTO MO3BOJHUT HMOCTPOHUTH (POpPMY
JINHAM MarHMTHOTO PE30HAHCA C YYETOM HEOJHOPOJHOIO YIIUPEHUS, BBI3BAHHOTO
HCKAKEHUSIMU PETYJISIPHON PELLETKU BUXPEN CBEPXIIPOBOJHUKA.

B 3axmroueHne aBTOPBI MOJIB3YIOTCS MPUATHON BO3MOXHOCTBIO MOOIAaroza-
pute bopuca MBanoBuua KouenaeBa 3a BHUMAHME U MHOTOYHCIICHHbBIE
00CYXIEHUs paCCMaTPUBAEMBIX B IaHHOH pabOTe BOIIPOCOB.

PaboTa BeimoniHeHa mpu nojaepkke rpanra CRDF (REC-007).
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MAGNETIC FIELD OF TYPE II SUPERCONDUCTORS
IN THE NORMAL FLUX CORE MODEL

A.V.Minkin, S.L.Tsarevskii
Kazan State University, 420008 Kazan, Russia

The model of the normal flux core of the Abrikosov’s vortex in a type II superconductor is
used (x0 1, x is the Ginzburg-Landau parameter). It is shown, that on the basis of the
quantum-mechanical generalization of the London’s equation for the superconducting
current with the supposition of the normal flux core the equations for the magnetic field
rearrange to the form of generalized London’s equation (with an accuracy 1/x). Solutions of
generalized London’s equation are obtained for a single vortex in infinite superconductor
and for the vortex lattice in a semi-infinite superconductor. It is shown, that these solutions
are finite in any point of the space and that the removal of divergences is getting
automatically. The normal flux core model offers an advantage over the Clem’s model, so
that it allows to solve the boundary-value problem more successfully for the vortex lattice
of the superconducting semispace.
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PEINIEHUE B-U-V MOAEJIM XABBAPJIA
B IPUBJIN)KEHUU CTATUYECKUX ®JIYKTYALIAN

I".1. MupoHos
Mapuiickuii 2ocydapcmeennbiil nedazoeudeckutl uncmumym, Howxap-Ona

[puBenens! pemenus Monenn XabOapaa, cojaeprkamieil [Ba y3na KpHcTai-
JTMYECKOH PelIeTKH, U IBYXMEpHOH Mozenu Xabbapsa ¢ yu4eToM KyJIOHOB-
CKOTO B3aMMOJEHCTBHS AIEKTPOHOB, HAXOJIIMXCA HAa COCETHUX y3lax
KPHCTAIIMYIECKON pEHIeTKH B MPHUOIMKEHHM CTaTHUECKHUX (IIyKTyaruit.
IlomyueHHBle pe3yabTaThl CPABHUBAIOTCA C TOUYHBIM pEIICHHEM JUIs
JMepa.

B mnocnennee BpeMsi 0COOGHHOE BHHUMAaHHUE YJEINSETCS HCCIIEOBAHUIO CHIIBHO
KOPPEIMPOBAHHBIX AJIEKTPOHHBIX CHCTEM, KOTOpBIE MOTYT OBITH OITMCaHBI B
pamkax monenu Xab06apma [1], Momenu Dmepu [2] wiu apyrux mopenei (cM.,
Harpumep, [2-9]).

Monens Xa00apaa 10 HACTOSIIETO BPEMEHM IPOIOIDKACT HCCIENOBATHCS
Pa3IUYHBIME MeTolaMH. bbin mosy4eHs! GyHIaMeHTaIbHBIE PE3YJIBTAThI O IPUPOJIS
OCHOBHOTO  COCTOSIHUSI, 3JIEMECHTapHBIX BO30OY)KICHHH, ITOCTPOEHBI (pa3oBBIC
nmuarpammel. B paborax [10-12] 6puto paspaboTaHo perreHne Mozenu Xabbapaa B
NPHOKEHNH CTaTUYECKUX (UIyKTyaluu ¢ BBeJEGHHEM U1 (PEpPMHEBCKHX OIepaTo-
POB «IIPE/ICTaBJICHNS TUIA MIPE/ICTABICHHUSI B3aMMOICHCTBHS. BbIIO Moka3aHo, 4To B
pamMKax BBIOPaHHOTO IPUONKEHHST OCHOBHOE COCTOSHUE CHUCTEMBI SIBJISCTCS IPU
TOYHO HAIOJIOBHHY 3aIlOJHEHHOW 30He aHTU(eppoMarHuTHbIM. B [12] Oblia BbIumC-
JICHa JHEPrusi OCHOBHOTO COCTOSIHUSI B ClIy4ac OWNApTUTHOW JBYXMEPHOH MOJENN
Xabbapna, a Takxke B 4aCTHOM CJIydae MOTy4eHO BhIpaXKEHHE /ISl SHEPTUH OCHOBHOTO
COCTOSIHUSI OJJTHOMEPHOM Mozen Xab0ap/a, UIst KOTOPOH M3BECTHO TOYHOE PEIICHUE
[13,14], nmomydyenHoe ¢ mnpumeneHueM Merona bere [15]. CpaBHeHue 3THX
PE3yIBTaTOB MOKA3aJIo, YTO B CIydasX cJIabOW M CHIIBHOM CBSI3€i SHEPTHN OCHOBHOTO
COCTOSIHMSI TIPAKTHYECKd OAWHAKOBBL, B CIydae NPOMEKYTOUHBIX KOPPEISIUHA
BBIPKECHIS TS 3HEPTUi COBMAaiM ¢ TOYHOCTHIO Hopsiaka 18%. Bee 3o mosBossier
HAIeAThCs, YTO NPHOMMDKEHHE CTAaTHYeCKHX (IIyKTyauuid B Hpesiesax CHIBHOH M
cnaboii KOppersimii MOXKEeT aJIeKBaTHO ONMCHIBAaTh IMOBEJACHHE Mopaenu Xabbapra.
Jnst Toro, ytoObI YIOCTOBEPUTHCS B 3TOM, HEOOXOJMMO CPaBHEHHE C IPYTHMH
TOYHBIMHU pereHusMH. B [16] ObUIO MoTydeHO TOYHOE pelieHHe s AuMepa (IByX
Y3JI0B KPUCTAJUTMYECKOM pELIeTKH, MOMENIEHHBIX B TepMocTar). beuio momydeHo
AQHAJIOTMYHOE DEIICHHE B TNPUONIDKEHUHH CTATUUECKUX (IIyKTyaluid, CpaBHEHHE
TOYHOTO W MPHUOJIMKEHHOTO BBIUMCIICHUH MOKa3allo, YTO BBIOPaHHOE MpUOIIIDKEHHE
MIPUBOAUT K OAMHAKOBBIM C TOYHBIM pelleHHeM pesynbTatam. OpHako B [16] nHe
YUHUTHIBAIOCH MEKY3€IbHOE KyJOHOBCKOE OTTAIKHBAHWE 3JIEKTpOHOB. lLlembro



Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

HaCTOSHIIeﬁ paGOTLI ABJKICTCA  HMCCJIICAOBAHHUC MOJCIIN Xa66apna C Yy4ucTOM
KYJIOHOBCKOT'O BSaHMOHeﬁCTBHH 3JICKTPOHOB, HaxXOAAIIUXCSA KaK Ha OIHOM Y3JI€
I(pPICTEUIJIPI‘IGCKOﬁ PEHIETKU, TaK U HA COCCTHUX Yy3JIaxX.

1. Tounoe penienne AByXy3eJbHO Moaeau Xa0dapaa

B tepmocraT nomecTuMm JABa y3ja KpUCTANIMYECKOW PELIETKH, B3aUMOJECHCTBUE
MeXIy y3namu OyneM ONHCHIBAaTh TaMHJIBTOHHMAHOM Xa0bapnaa, SBHBIH BHI
raMHUJIBbTOHHAHA, OMUCHIBAIOIIETO B3aUMOICHCTBIE MEXKAY y3JIaMH KpUCTAJUINYeC-
KOH peleTKku U TePMOCTATOM, BBINUCHIBATh He OyneM. ['aMUIbTOHHAH CUCTEMBI C
Y4EeTOM MEXKY3elIbHOI0 KYJIOHOBCKOTO B3aWMOJICHCTBUS 3JIEKTPOHOB COCETHHX
y3J10B 3anunieM B Buae (i,j=1,2):

H= anw +Bz ama/(T +_Z”:anm +— Z Mgl s (1)

i#j,0 z:zjzr
3lIeCh £ — COOCTBEHHAsT dHEprus deKkTpoHa;, U, V — SHEprum KyJIOHOBCKOTO
B3aUMOJICHCTBUSl JJEKTPOHOB HAa OJHOM y3J€ M Ha JBYX COCEAHHUX y3JaxX C
pa3HBIMU TPOEKUMUSMU CIMHOB, COOTBETCTBEHHO; B — HHTErpan MepeHoca,
ONMCHIBAIOLIMI MEPECKOKU IEKTPOHOB C y3Ja I Ha ySen J 33 CYET TEIUIOBBIX

(ITyKTyaluii U SHEPrUN KPHCTAIMYECKOTO MO, 7, = d, d, — OTepaTop 4YHcia

iocio

+

YacTHIl Ha y3/I€ i pemeTKH CO CIMHOM O, O =-0; 4, ,d, — OINepaTopsl

ioc? "o
POXIICHHS ¥ YHUUTOXKEHHS DJICKTPOHOB Ha y3ne pELIEeTKH i CO CIIMHOM O.
VpaBHEHHe JBIKESHHS [UIsl oreparopa a, (7) B mpeacTapieHnn | eiisenGepra

(7 = if) nmeeT BUIT:

%am(r) sa ()+Un_a,
3aech i #j; i,j=1,2.

HamncaB ypaBHeHUs! ABM)KEHHS Ul BHOBb ITOSBUBIIMXCS B ypaBHEHHH (2)
OIIepaTopoB, MBI MOJIYYUM cHcTeMy 24 cBs3aHHBIX AU(depeHIIHATBHBIX
ypaBHeHWH. BBuay rpoMosaxoctd HU camu auddepeHnuansHple ypaBHEHUs, HUA
pemeHust cuctembl Au(QepeHnnanbHEIX ypaBHEHUH BBIMCHIBATH HE OyaeM.
(Pemenne »Tux ypaBHeHMH B dYacTHOM ciydae V=0 mnpuseneHo B [16]).
Hcnonb3ysi moMydeHHBIE pEIICHHs, MOXXHO BBIYHMCINUTH AHTHKOMMYTATOPHBIC
¢byukimu ['puna 1 ux ¢pypbe-o0pas3pl. MoKHO, HallpUMep, MOJYYHTh, YTO:

(fofa)). =5 20 G

IZle BBEJCHBI CIeNylomne O003HA4YEHHs ISl KOPPEISLIUOHHBIX (QYHKIUH W
3HAUYEHUH SHEPIUM:

o (D) +V - a,(v)+Ba,(7), 2)
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K1,2 :E{l_<nia>_2<ni3>+xl +X2 +X32 _X42 iY;l $Y21 $Yzl inu}a
1 _ _
K4 :E{<nicr>_Xl X, + X, FY, 1Y, 1Y, FY, ),

K5,6 :Z{<ni5>_X2 X+ X, FY, 2V, 1Y FY,, + 2,3,

22 —

K7,8 ZZ{<ni5>_X1 _st +X42 $Y12 iY21 iYsz $Y41 +Zz}

1 _
K9,10 :Z{X] _X42+Y21 1y, +Y41 +Zl}9

22 —

1 _
K11,12 :Z{Xz _X4z +Y31 1Y, +Y41 +Zz}»

32 —

1 1 _
K13,14 :E{st _X42 inu}’ K]s,m :E{Xn +Y:u}’

1 [U-V 1 ju-r
K, :—{—LI +(y+ ZB)LZ}, K, =—{—L3 +(r —2B)L4},
8y | 2 8y L 2

K, = —i{ug +(r —ZB)LZ}, K, = —i{uL; +(r+ 2B)L4},
8y 2 8 2
K;l:-l—{—gi:l:Ll+(7—FZB)L5},K;z2-1—{—££:I:L3+(7“2B)L6}
8y 2 8y 2

1 (U-V 4
K :_{—LI _(7_23)145}: Ky :_{—L3 _(7+ZB)L6}’
8y 2 8y 2

L,=—X, + X, 2V, + Y, FY, Y, + Z, - Z,,
Ly, =2{n_)=X, =X, =2X;, +2X,, *
1Y, + Y, FY, + Y, FY, F2Y, — 7, - Z,,
Lig=X,+ X, -2X,, TV, FY, FY, FY, +2Y, ~ 7, Z,,

32 —

X, =<n[;njo>, X, =<”m”,~g>> X, =<n. n >, X5, =<”,-;n_,~;>’

ioc""jo

X, =<njan/,;nio>, X, =<n/,;nj0ni;>, X = <n/fn n-n >,

jo joic i

Y, = <a;'raai6>’ 1, :<a,+-5ai5>’ Y, :<n‘,‘5a+ a >’ v, :<” ata»*>v

Jjo o Jjo " jo lic

_ + _ + _ +
Y31 - <n,’;aj0'ai0'>’y32 - <ni0'a‘/*;a,;>’Y41 - <n P (Bl >’

jo Jjoic Tio
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

Y<nana>Z <aaaa>Z =a'-a _a-a

Jjo " jo i Tio jo ic o jo JjoTig io”
&,=€xB,g,=¢xB, &,=c+V*B, &,=6+UtB,

£ =€+UxB, ¢,,=¢+V*B, &;,=¢+U+V B,

V
Esi6=ETU+VEB, &, =€+ +7+8B,
_ V _
Eig0 =€+ -7¥+B, Eyp =€+ +7¥+B,
2
Epgy =&+ +V—7$B, y= (U—;Vj +4B’

BerHI/Iﬁ 3HaK B HPHUBCACHHBLIX BBIIIEC BBIPAKCHUAX COOTBCTCTBYCT IEPBOMY
UHJEKCY, HUKHUHA — BTOPOMY.

[omoca pynkuum 'puna (3) onpenenstor BO3MOXKHBIA SHEPTETHIECKUH CIIEKTP
CHCTEMBI — BCETO Mbl UMeEM 24 KOPHS C & IO &y, HEKOTOPBIE SHEPTETUYECKHE YPOBHH
SIBJISIFOTCSL BBIPOKICHHBIMU. J11 TOrO, 4TOOBI YCTAHOBHTH KAaKHe KOPHH COOTBET-
CTBYIOT TofrocaM (yHKIMH ['prHa, HEOOXOMMMO BBIYMCIIUTD 3HAYEHHS YUCIHTEICH
COOTBETCTBYIOIINX ApOOEH, KOTOpBIE ONPEACIIIOT «EMKOCTH» BHEPreTHUECKHX
YpOBHEW (BEpOSITHOCTH MPEOBIBAHMS SIICKTPOHOB HAa COOTBETCTBYIOLIMX YPOBHSIX
sHepruy). s TOro, 9ToOBI BBIMHCIUTH 3HAYCHUS TEPMOIMHAMHYECKHX CPEIHHX
(xoppemsinioHHbIX - QyHKIMHA) B (3) HEOOXOMMMO C MOMOIIBIO (DIYKTyallMOHHO-
JIICCUTIAITMOHHON TeopeMsl [17] ot dyHkmmii ['prHa mepeiTr K TepMOIIHAMIYECKIM
CPEIHNM, HAITICATh COOTBETCTBYIOIIEE KOJIIMYECTBO YPABHEHHI U PELIIUTD 3TY CHCTEMY
ypaBHeHuil. Hac wuHTepecyer ciydail, KOrja Ha KaXIbld y3el KPUCTALIMYECKON
PELISTKH IPUXOJIUTCS OIMH JIEKTPOH.

Pemenne cucrembl ypaBHEHWI I KOPPENSIIMOHHBIX (QYHKIMH TpU

temreparype T=0 W KOHUEHTpauuu n= <n,¢> + <nl. ¢> =1 [OpuBOIUT K

cnenyronum pesynstatam (U > B, 1):
e=—(U+7)/2,

(n,)=12.(n_)=1/2.% =(n_n_)=1/2,%,=(nn_)=0,
X, :<ni6nﬂ7>=0, X, =<nl_;n‘/;>:0,X4 <n non, >
Xy =<nj;njgni;> =0, X; <n njgnmnw> 0,

Y, = <a;aaia> =0, %, = <a;;a,-;> =0,

p— + p— ja—
Y, = <nj;a_/.5a,.(,> =0,7, = <nlaaj am> =0,
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Y=<na a>=O,Y32 <na a> 0,

ic joic jo ic

Y, :<n,—a n-a, >:O Y, :<nj6a:;nwai;>=0,

41 jo Jo g io 2742

1 jo

Z :<af afa “a, > 1/2 Z, <af—af a-a >=0.
jo jo e o

Ocobo orMeTn™M, 4YTO <a asa.a, >=1/2 — BEPOSITHOCTb  B3aMMHOIO

jo " joicio

repexoJia IEKTPOHOB C TMPOTUBOIOJIOKHBIMUA OPUEHTAIMSMHU TPOEKIMA CIIMHOB C
OJTHOTO y3Jia Ha JApyroi paBHa 1/2. Oka3bIBacTCs, YTO XOTS MBI B raMmibToHHaHe (1)
HC YUMTBIBACM IIApHBIC NICPECKOKHW, OHM BO3HUKAIOT MPU TOYHOM PCHICHHH. Takum
00pa3oM, MOHWKCHHE OSHEPTHH OCHOBHOTO COCTOSHHS CHCTEMbI, OIHCBIBACMOMN
raMUJIbTOHHAHOM Xab0ap/a, MPOUCKOAUT HE TOJBKO 3a CYET KOCBEHHOTO OOMEHa
(cynepobmena) (cM. Hampumep, [17], ctp. 36), korga 3eKTpoOH 1O JeHCTBHEM
raMUJIBTOHHAHA, ONIMCHIBAIOIIETO IIEPECKOKH, TIEPEXOIUT HA COCSIHHM LIEHTP, a 3aTeM
HoJ JICHCTBHEM TOrO K€ T'aMWJIBTOHHAHA BO3BpallacTcss OOpaTHO, HO W 3a CYeT
napHoro nepeckoka. Kak u B ciiydae KOCBEHHOTo OOMEHa, IpU MapHOM MEPECKOKe
MIOHMKEHUE DPHEPTUH OCHOBHOTO COCTOSIHUSI OOYCIJIOBJICHO BBIMIPBIIIEM B SHEPTHH 32
CUET JIOMOHUTENBHON JeTIOKaIM3aliH IEeKTPOHOB. [1o-BUIMMOMY, IMEHHO MapHbIe
MEPECKOKH B CIydyae JAUMepa UMEIOT OMpeeNsoniee 3HaueHne npu GopMupoBaHnm

CTPYKTYpbI 0CHOBHOTO coctositmst. Taioke ormerim, uto (n,,n,.) = (nn,, ) =1/2

OCHOBHOE COCTOSIHME AuMepa sBisieTcsl aHTHdeppoMarHuTHBIM. [Ipn 3toMm, ecnu
BBECTH ITOHSTHE CPEIHEro 3HA4YEHHUs! MPOSKIMK crvHa S (CM., HanpuMmep, GpopMyIIbl

(9)-(12)), To oKa3bIBaeTCs, YTO Ha KaXIOM y3i1e aumepa S = 0 ((n,.6> = (nl.&> =1/2).
Oyukuys ['pura (3) mpu 5TOM NPUHAMAET BHIT;:

aw>> i 1/4 i 1/4

<<a,; =— +— +
2”E+%—%—B 2”E+%—%+B
4
L 1/4 L 1/4 @
mp UV g 2mp UV g
2 2 2

Takum 00pa3oM, «EMKOCTH» JIMIIb YEThIPEX JSHEPreTHYECKHX YPOBHEH W3
JIBAANATH 4YeThIpex He paBHBI Hymo. [lomoca ¢ynkiun ['puna (4) ompenensior
SHEPreTHYECKHUH CIIEKTP CUCTEMBI:

E_,=+U-V)/2+B . (5)

B ciyuae 3amosHEeHUs IBYX Y370B ABYMsI 3JEKTPOHAMH B 3HEPreTHUECKOM
CIIEKTPE MMEIOTCS BCETO YETHIPE OAHOIIEKTPOHHBIX YPOBHS: J1Ba BEPXHHX U /IBA
HWDKHHX, pa3lielieHHbIX dHeprueir U-V , BEpOsSTHOCTh MX 3aroJHEeHUs paBHa 1/4.
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

VY4er KyJIOHOBCKOTO B3aMMOJICHCTBHS 3JICKTPOHOB, HaXOJSIIMXCS Ha pPa3HBIX
y3J1aX KPHUCTAJUTMUYECKOH PElIeTKH, MPUBOJUT K IEPEHOPMUPOBKE KYJIOHOBCKOM
SHEPTUM B3aUMOJICHCTBUS SIICKTPOHOB, HAXOJIIIUXCS Ha OJHOM OpOWTalw, W K
MIEpEHOPMHUPOBKE XUMITOTeHIIMaNa. OCHOBHOE COCTOSHHE CHCTEMBI OKasaloch
aHTH(eppOMarHUTHBIM, YTO COOTBETCTBYET Teopeme JInba—Marruca [19].

OT™MeTnMm, 9TO CIIeKTp auMepa (5) HECKOJIBKO OTIIMYAETCS OT HOTyICHHBIX paHee
pe3ynbraToB (cM., Hanpumep, [20,21]). Hemno, mo-BuauMomMy, B ToM, B pabdotax [20,21]
OTPaHMYMBAIOTCS HATOHAIM3ALMEH MaTpUIBI SHEPTHUHM pa3MepoM 6x6, Tpu 3TOM
MPEHEOPEratoT MHOTUMH IPOIIECCAMH, TPOUCXOUIIIMMU B CHCTEME, OIHCHIBAEMOM
ramwibToHranoM (1), Hampumep, MPOLECCOM B3aMMHOTO IEpEeX0jia AJIEKTPOHOB C
IIPOTUBOIIOJIOKHBIMA OPUEHTALMAMHU CIIMHOB C OJHOIO y3Jla Ha APYrodl — MapHbIMU
IMEPECKOKaMU. le/l TOYHOM JuaroHajin3aluyu HaMH YYTCHBI BCE 3TH IPOLECCHI, IPU
9TOM TONy4aeTcss MaTpuna sSHepruu 24x24 (eciu B ramumbToHuane (1) s
cpaBHeHus ¢ pabdotamu [20,21] monoxuts V' =0, TO MaTpuIla SHEPIHU TOIYIaeTCs
pa3MepHoCTH 22x22).

[Mony4eHHbI pe3yabTaT A SHEPreTHYECKOro CHeKTpa Mojenu Xabbapnaa
OOBSCHSIETCS IOBOJBLHO NMpocTo. Hiknue ypoBau sHeprun K, pasbl &+V 1B —
YPOBEHb 3HEPIHH, CKIIa/IBIBAIOIIUNCS U3 COOCTBEHHON SHEPTUH AIIEKTPOHA U SHEPTUH
KyJIOHOBCKOTO OTTAJIKBAHUS JIEKTPOHA OT JIEKTPOHA, HAXOAIIETOCs Ha COCEIHEM
y31e, “pa3MbIBaeTCA”’ Ha JBa MOAYPOBHS (TI0 YMCIy y3/I0B). Brlmenexamnue ypoBHU
sHeprun E;, paBHbl £+ U £ B — korna 00a >IeKTpoHa HaXxO[ATCA Ha OJHOM Y3JIE,
YPOBEHb SHEPTUH, TOIYUYaIOIMHCS B Pe3yJIbTaTe CIOXKEHNSI COOCTBEHHOM SHEPIHU 1
SHEPTUM KYJIIOHOBCKOTO OTTAIKMBAHMUS SJIEKTPOHOB, ‘‘pa3MbIBacTCs’ TaKkKe Ha JIBa
noypoBHsi. OTMETHM B CBSI3H C BBILICCKA3aHHbIM, 4T0 & = —(U + V) /2.

2. Pemmienue nByXy3e/1bHOI Moen Xa00apaa MeTOA0M CIIHHOBBIX (MIYKTyalui
lamunbronnan Xab6apaa (1) npeacraBum B BUjE:

H=H,+H, , (6)
HO = EZ (I’lla +n20) + BZ (al-:;aZO' +a§6alo')’

Hy = Uy +npgny )+ V (mgny, + 1, 1ys).

CoracHO TOJIy4YEeHHOMY BBIIIE PE3YJIbTaTy OCHOBHOE COCTOSIHHE JuUMepa —
aatudeppomarautHoe. g pemieHns rammibToHHaHa (9) METONOM CHHHOBBIX
GIIyKTyanuii IpearmoIokKiuM Tenepb, YTO B CHCTEME €CTb aHTH(EepPOMarHUTHOE
ynopsioueHue. Torga KOHIEHTPAUUIO 72 ¥ CpeljHee 3HaYCHHE MPOEKIMU CUHA S
BBIpa3uM clexyromum oopasom [18]:

n=(ng)+(ng) = (1) + (1), ™
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28 =(n, )= (n;)={(n,;)—(n,,). 8)
U3 (7)-(8) npu n = 1 cnenyer, uto
(n,)=1/2+S8, 9)
(ns)=1/2-5, (10)

rae S = <Sl> = —<S2‘"> (paBeHCTBO <Sl> = —<S2‘"> O3HAyaeT, YTO CIHH DJIEKTPOHA

Ha OJIHOM Y3JI€ OpPUEHTUPOBAH MPEUMYIIECTBEHHO B OJIHY CTOPOHY, a CIUH
AJIGKTPOHA HA COCETHEM Y3JI€ — B IPYTYIO cTOpOoHY). ClieZI0BaTeNbHO,

(ny,)=1/2-35, (11)

(nyz)=1/2+S8. (12)

Jns Toro, 4ToOBI y4YecTb CIMHOBBIC (IIYKTyallMH, BBEIEM OIIepaTop

¢urykryanum npoekipn crimHa AS = AS® cnenyrommM o0pazoM (M. GOpMyJIBI
(10), (12)):

n, =1/2-S-AS, (13)

n,=1/2+S+AS . (14)

B (13) -(14) MBI mpenrmosioXuiIn, YTO omeparop (UIYKTyald HPOEKLUH

CIMHA HE 3aBHCUT OT HoMepa y3ia. Mcnoasdys dopmydst (16), (17), ypaBHeHus
JBYDKCHWMS (2), 3aIAIIeM B BHJIC:

d + + + ' +
Eala (7) = &a,,(7) + Ba,, (7) - U'ASa,, (7), (15)
%a;, (v) =&,a,, () + Ba, (v) +U'ASa,, (1), (16)
rue
&=c+U(1/2-8)+V (1/2+5),
&=c+tU(1/2+8)+V (1/2-5),
u=Uu-v.

BBenem Ui OmepartopoB  NPEACTABIEHME TUNA  MPEACTABIECHUS

B3aMMOJICHCTBHSA ™ CieqyonM oopasoM (= 1,2):
a;,(t) = exp(H,r) exp(~H 7)ay, (r) exp(H,r) exp(-H,7) =

, (17)
= exp(H,7)dy, (r)exp(—H,7)
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

rae H, — raMMIbTOHHMAH, BXOAAmuil B (6) ¢ y4eTOM HEPEHOPMHPOBOK & —> &,
& —¢&,. C yuerom (17) u3 ypaBHeHuil apuwxenus (15), (16) MOXXHO MOITy4uTh
CJIC/TyIOIIIE YPABHEHUS [Tl HEN3BECTHBIX OIIEPaTOPOB:

it ()= UAS @i, (1) | (18)
dr
d azc(T) UAS(T)aZU(T) s (19)
dr

e AS’(T) =exp(—H,r)AS(r)exp(H,r) , (AS(r) — omneparop QuyKTyanun
MPOSKIINH CIHHA B TpencTaBieHnH [ eizenOepra). OTMETHM, YTO YpaBHEHUS
mewkeHus (18), (19) Taxke, kak u (15), (16), sBusroTcs TouHbIME. Tak Kak

%nlE(‘[) =B (a;E (Da;(7) - a;; (T)aZE(T)) )

u3 (13) To moxy4aeTcs cienyromiee ypaBHEeHHE ABKCHHA 11 oniepatopa AS(7) :
d . "
o AS(0) = =B(a3;(D)as (1) - 4 () (7))

YpaBHeHHE OBIKEHUS [T OTIepaTopa AS(7) Oyzner MMeTh BUI:
d -

—AS(r)=0,

r ()

cresioBaTerbHo, oneparop AS(r) smisercs nuterpanom asikenns: AS(z) = AS(0) .
VpaBuenue asmwkeHust ais omneparopa AS(0)a,, (7) :

diAS(O)dfa () =-U'AS*(0)d/,(z) . (20)
T

W3 paBenctBa n,_n,; =n,; ¥ onpeaencHus (13) MOXXHO HOIyYUTh, YTO
S* =1/4-S*-2SAS . @2n
U3 (18)-(21) BbITeKaeT cleayromas CUCTEMa 3aMKHYTHIX TU((EpeHIMATBHBIX

ypaBHEHHH ((I)2 =1/4- S2) :
d
d_a“’ (r)=-U'AS(0)a/ (7) , (22)
di AS(0)a; (z) =2SU'AS(0)a;, (v) -U'D’a;, () . (23)
T
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Pemenns cuctemsl (22)-(23) paBHBIL:

ar, (v) ={a,(0)[ch (U'r/2)~28sh(U'r/2)] -

24)
~2A5(0)ay, (0)sh (U'z/2)} - exp(U'S7)
AS(0)ay, (r) = {~aj, (0)®*2sh (U'z/2) + AS(0)a;, (0)
25
[ch(U'z/2)+28sh(U'z/2) ]} exp(U'ST) @)
B citywae BToporo y3na noixyyum
d =G (1) =U'AS(0)a:, (1) , (26)
dr
diAS(O) (1) =-2SU'AS(0)a;, () + U'Da: (7). (27)
Permenus nuddepenHnmanbHpIX ypaBHeHUH (26), (27) paBHBIL:
a,(z) ={a;,(0)[ch(U't/2)+2Ssh(U'z/2) |+
28
+AS(0)a;, (0)2sh (U'z/2)}- exp(~-U'ST) @9
AS(0)ds, (7) ={a;,(0)®*2sh (U'z/2) + AS(0)a;,(0)-
(29)

[eh(U'z/2)-28sh(U'r/2) ]} exp(~U'ST).

CornacHo ompenenenuto (17) obmiee perneHue, HampuMep, UL OMepaTopa
a; (r) umeer BUA:

a; (7) =exp(H,r)a, (r)exp(—H,7) = exp(H,7)a,, (0)exp(—H,7)-

{ch (% rj —2S8sh (U?, rﬂ exp(U'St) —2exp(H,r)AS(0)exp(—H,7)- (30)

’

-exp(H,7)a; (0)exp(H,r)sh (U? r] exp(U'S7).

Beenmem cnenyromee 0603HaYCHHE JUTS OIIEPATOPOB:
a;,(z) = exp(H,7)a;, (0)exp(~H,z), f =1,2. 31)

VYpaBHEHUs JBM)KEHUS [ BBEJICHHBIX HaMU orepaTopoB (31) uMmeroT Bua

4 g (0) = 575, (0) + Ba, (7) (32)
dr
L g (2) = o7, (7)+ B (7). (33)
dr
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

Pemenue mst cucremsl (32)-(33) pasuo (a, (0)=a, (0), a, (0)=a,,(0)):

a(r)=a; (0){51 %2 sh(t,7)+ch (tBT)} exp(z(e, +&,)/2)+
2,
, (34)
+a;, (O)tﬁsh (t57)exp(z(e, +&,)/2)
@, (r)=a, (0){62 — % sh(t,7)+ch (th')} exp(z(e, +&,)/2) +
2,
) (35)
+a, (O)tﬁsh (157)exp(z(e, +¢,)/2)
e t, = (¢, — &)/2) + B> .
Torna pemenne (30) OyneT paBHO:
a’(r) = {a;, (0){512; “2 sh(1,7) + ch(tBr)} +a, (O)tﬁsh(tBr)}x
X {ch [% z’j —2Ssh (% rﬂ exp(U'St)exp(z(g, +¢,)/2) -
,  (36)

—AS(7) {a; (0){81 —& sh(z,7)+ ch(tBr)} +a,, (O)tﬁsh(tgr)}x

2t, 5

’

x 2sh [U? z’j exp(USt)exp(r(e, +&,)/2)

rne AS(r) — omeparop B mpencraBieHun | eiizenOepra. BblumciiiM aHTHKOMMY-

taropHyto (yHkumio I'puHa, umes petenre (36), o METOAMKE, U3I0XKEHHOH B [12].
ITomyunm, uro

E S+—
2
1 l—S 1+SU
212 ty
+ " I + (37
g-& 282 —U’(S+j+t
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1 l+S 1——SU 1 l+S 1+&

212 ty 202 Is
1 1

E-4T% _pls "oy, E-ST% _yls-|iy,
2 2 2 2

C mnomompio crekTpanbHOM Teopemsl [17] w3 (37) MOXHO HammcaTh
ypaBHEHHE I OIpeIelCHHs <”1a>~ AHanornyHbEIM  00pa3oM MBI MOXKEM
MONTyYUTh YpaBHEHHUE IS (nl 5) . C moMompto 3THX YpaBHEHUI MOYKHO HAITUCATh
ypaBHEHHE IJsl XUMNoTeHIMana 4 (4 =-—& ) u U1 HamMarandeHHoctu 25. U3
STHX YpaBHEHHWH ClleAyeT, 4Yro mpu Temmepatype 7 =0 ycnoBuro n=1
cootBerctByer paenctBo  £=—(U+V)/2. W3 ypasHemns ke s

HAMarHMYeHHOCTH CJIEAyeT, 4To Ipu n=| BenuumHa mnpoekuumu cruHa S = 0.
[onaras, uto S = 0 mpu #n=1 u3 (37) momyumnm:

. i 1/4 1/4
(a),]a,) =— , + , +
£ 2z |E-U'/2-B E-U'/2+B

38
1/4 1/4 } (38)
+

+
E+U'/2-B E+U'/2+B

AHTHKOMMYTaTOpHAsI GbyHKIMS I'puna (3%) COBIAJIAET c
aHTUKOMMYyTaTopHOH ¢yHKImed ['puna (4), Berumciennoi npu 7 =0 TOUHO.
Takum oOpa3zom, B cirydae IBYX y3JIOB pa3BUTasi B 3TOW IJIaBE METOJMKA pacyueTa
npuBoAuT npu 7'=0 K COBHNAJEHHUIO C TOYHBIM PE3YIBTaTOM. OTO MO3BOJIAET
HaJEsThCS, YTO JAHHYIO METOJUKY MOXKHO IHPUMEHSTH, HO-BHIMMOMY, M JUIS
pacdera COOTBETCTBYIOLINX BEIUYMH B CIIydae ABYX M TPEX U3MEPEHHH.

3. DHepreTHYecKuii ceKTp AByXMepHOil Mmogenn Xab0apaa
lamuneronnan Xa0O0apaa 3amumieM ¢ y4eTOM OTTAJKHUBaHUS DIIEKTPOHOB,
HaxXOAIINXCS HAa COCETHUX Y3J1aX KPUCTAJUTMYECKON PEIIeTKHU:

H=H,+H, , (39)
Hy= SZ Mo + Z B, a;,4, ,
f.o f#l,o
U 14 14
H == 0+ D Nl +—= D iy,
2 fio 2 f#l.o 2 f#l,o

B ramuiibToHunaH (39) MbI IOMOJIHUATENBHO BBEJIH ClIaraeMoe, OIIMCHIBAIOIIEE
KYJIOHOBCKOE OTTaJIKMBAHUE 3JIEKTPOHOB C OAMHAKOBBIMHU MPOEKLUSMU CIIHHOB,
HAXOJAALINXCS Ha COCEHUX y3JIaX PEUIeTKH, IOTOMY YTO B OTJIMYUE OT AUMEpPA Ha
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COCEJTHMX Y3J1aX KPHCTAJUIMYECKON PEIISTKH M3-3a MEPECKOKOB MOTYT OKa3aThCs
3NEKTPOHBI C Pa3THUHbIME OpHeHTaiuamu criros (kak TV, tak u TT, 44).

BBens mpencraBieHMs O IOAPEIISTKAX B CHCTEME, XapaKTepH3yeMOil
raMuIbTOHHAHOM (39), MOKHO TTOJTyYUTH CIEIYIOLINE YPaBHEHUS IBKCHUS IS
OIIEpaTOPOB  POXIEHMS YaCTHI[ pPa3HBIX IIOAPEHICTOK B IPEICTaBICHUN
Ieiizenbepra:

dia;.a =e¢a;, + ZBNa; +Un zayp, + Vz Nay, + Vz n,ay, ,
dT I ! I (40)
—a, =¢a + Z Bfﬁ,a}g +Unja,, + Vz nﬁa,; + VZ nfga,; .
dr / ! !
[Monaras, ananornuno (13), (14):
nf(;:1/2—S—AS,n_ﬂ,:1/2+S+AS, (41)
ns=1/2+S+AS,n, =1/2-S—AS , (42)

rae S = <S;> = —<Sf> (I=f+A ,Bekrop A coegmHsCT coceqHUEe aTOMEHI [18]),

n =1, oneparop ¢uryKkTyaruu npoeknuu ciimaa AS = AS. 1o Hamemy mpeamnoso-
KEHHIO SIBJISICTCS OJHOPOIHBIM B KKIOH M3 MOAPEUIETOK M HE 3aBUCHUT OT HOME-
pa y3ia.

C yuerom (41), (42) nupdepennumnanbubie ypaBaenus (40) HanuiieM B BUJE:

d + + + +
e (r)=¢&4a},(v)+ Z B, a; (t)—UASa;,(7) , (43)

d + + + +
E a,,(t)=&a,(r)+ Z/: B, a;, (r) +UASa,, (1) (44)

rie
g =€+ U(I/Z—S) +4V (1/2+ S)+4V(1/2—S),
& =c+U(1/2+8)+4V (1/2-8)+4V (1/2+85),
Bgens npexacraBieHue “TUMa MpeCcTaBICHUS B3aUMOJCHCTBUS
a’,(v) = exp(H,0)a, (v)exp(~Hz) , 1), 45)

rne Hy — ramunbronnad B (39) ¢ y4eToM nepeHOpMHUPOBOK COOCTBEHHBIX YHEPTHH
JNEKTPOHOB (€ —> &, € = &, ). B 3TOM ciydae nosy4um ciieyrouye ypaBHEHUS

JUISL HEM3BECTHBIX OMEPATOPOB:
dia;a (1) =—UAS(2)a;, (7) , (46)
~a
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dia,o (r)= UAS(r)a,G (), 47)
T

rae AS(7) = exp(—H,7)AS(r)exp(H,7) , AS(r) — onepaTop (IyKTyaluu CIUHA
B nipesicTaBieHnH | eit3enOepra. YpaBHeHHE IBIKEHHS JJIsI OrlepaTopa AS (7) :
d

= AS(r) = iexp(—Hor)AS(z') exp(H,r) = [HO, AS’(T)] +
dr
( )

+exp(—H 7) exp(H,r) = ZB (a/gdfc? _d}ﬁdﬁ)_

_Z B/l (‘71&&/’& - afEaIE) =0.
7

Takmm oOpazom, omepatop AS(r) SBISIETCS WHTETPalOM JIBIKCHHS:

AS(r) = AS(0) . B sTOM cMBICTE BBIOpaHHOE HaMM NPUOIIDKEHHE NP PELICHUH

Mozenn Xab6apa OymeM Ha3hIBaTh TPHOIDKCHHEM CTaTHIeCKuX (urykTyarmii [10].
HWcnonw3yst cBoiicTBO oneparopa AS = AS(0) :

AS? =®% —285AS, ®* =1/4-57 , (48)
MBI MOYKEM HAIHCATh CICAYIONINE YPABHECHHS IBUKCHHSL:
d \ga
d—AS - (1) =28UAS(0)a,, ()~ UCDzaﬂ, (), (49)
diAS(O)ala (r) =-2SUAS(0)a,, (r) + UG, (7) . (50)
T

Pemenus cuctemsl tuddepeHnuanbHbix ypaBHeHui (46), (49) paBHbI:
a;,(r)=exp(USt)-

51
{a},(0)[ch(Uz/2)~28sh(Ur/2)]-2AS a;,(0)sh(Uz/2)} Gh
ASa;, (7) = exp(USt)- 5
{ASa;, (0)[ch(Uz/2)+ 28 sh(Ut/2)]-2®%a;, (0)sh(Uz/2)} 2)
Cucrema ypaBHenuit (47), (50) umeer peuieHus:
a, (r) =exp(-US7)-
, (53)
{a, (0)[ch(Uz/2)+ 28 sh(Ut/2)]+2AS a;, (0)sh(Uz/2)}
ASa, (7) = exp(-US7)- (54)

{ASa;, (0)[ch(Uz/2)-28 sh(Ut/2)]+2d%a;, (0)sh(Uz/2)}
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Tornma obmee pemenue (45) Oyner paBHO:
a,;,(7) =exp(H,7)d;, (r)exp(—H,7) = exp(UST)-
{@},(0)[eh(Uz/2) - 28 sh(Uz/2)]-2AS(1) @}, (r)sh(Ut/2)}
a, (7) =exp(-US7)-
{a, (0)[ch(Ur/2)+28sh(Uz/2)]+ 2AS(7) @, (r)sh(Ut/ 2)}

(35)

(56)

rae AS(7) — omepaTop B reii3eHOEProBCKOM IMPECTaBICHUH (P STOM MBI BOC-
nonb30Bamich npubmkenneM AS(7) = AS(0)) i BBeICHbI ONEPATOPEL:
a;,(z) = exp(H,r)a;, (0)exp(-H,7), (j = f.]) . 7

YpaBHEHUsI IBIKEHUS JUIS TOCIEAHUX, BBEJICHHBIX HAMHU, OIIEPaTOpPOB, Kak
cnenyert u3 (43), (44), UMeIOT BH:

%a—f; (r)=¢a;,(r)+ Z B,a, (7) > (58)
L) = e, () + EACE (59)
[Mocne mpeobpazoBanus Dyprwe [22]: |
ar, =2/ N)"?Y a;, exp(=ikr,) » (60)
a; = (2/N)”2§k:b;0 exp(—ikr,) > (61)
MOJIy4YHUM CIEAYIOIIYIO CUCTEMY ypaBerHI/Iﬁ
%a;, (t)=¢ga, (r)+ B,b..(7) » (62)
5 ()= b, (0)+ B, () - (63)

rae By =-2B(cos(ka)tcos(k,a)), a — mapaMerp pemieTkd. PeileHus ypaBHEHMi
(62), (63) paBHsI:

a4, () = exp((, +£,)7/2)-
(64)

-{a,:'c (0) { ‘912; %2 shir,0) + ch(tkr)} + %b;o (0) sh(tkz')} ’

b (v)=exp((&, +&,)7/2)-
(65)

.{b,; (0) {_ 812: £ sh(z,7)+ch(t, T)i| + % a,_(0)sh(z, T)} >

k k
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rie
t,=(((&-5)/2" + B)'", @,(0)=a;,(0), b, (0) = b, (0) -
Pemtenus (58), (59) nocie npeodpazoBanust Dypee (63), (64) OyayT UMETh BUIL:
)

a.,(7) = {akﬁ, (0){ B

k

B, ..
sh(¢,7) +ch(t, r)} + Z b (0)sh(z, z’)} . ’ (66)

[ch(U7/2)=2(S +AS(r))sh(Ut / 2) |exp((¢, + &,)7/ 2) exp(UST)

b, (7) = {b[a 0) [—

&

—& B .
S e z’)} + a0 sh(tkr)} )
[ch(Ur /2)+2(S+AS(r))sh(Ur/ 2)] exp((&, +&,)r/2)exp(-USt)

B (66), (67) 3akmoueHa Bcs uHGbOpMANUs 0 (GU3MICCKHX CBOMCTBAX MOJCITH
Xabbapaa B pamkax BeIOpaHHOro npuoimkenus. Hac B riepByro ouepenp UHTEpeCyeT
SHEPreTHYecKnii crekTp cucteMbl. C 3TOH LENbl0 BBIYMCINM aHTHKOMMYTATOPHYIO
¢ynxuto I'puna. Kak crenyer m3 (66), (67) dypbe-00pa3sl aHTUKOMMYTATOPHBIX
¢ynkmit ['prHa paBHBL

(e lasr)), =

_ i ;[;_SJ(I_ifJ . ;(;+SJ(1‘ifj o

7 le-8r5oy(Les)-n £-80%00(35)-

1(1_5] 14539 1(14_5) 1459
202 f, L2 f,

E-8%% gy l+S +1, E-87% y l—S +1,
2 2 2

(i

i 202 t, 202 1, ;
Tor 1 i te 1 i
2 E—W—U(—Sj—tk E—‘9‘2+U(+S]—tk
2 2 2 2

1(1+S) _—

282 t,

PO B l—S +1, -85,y l+S +1,
2 2 2 2
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

g +e U
rme —4—~2 = g+?+4V . OT™MeTHuM, 4TO

({eiclac)), = (e o),
({eiolaa), = (8 o),

C mnomomupo  (QIyKTyalmoHHO-IMCCUTIALMOHHOK Teopembl [17] MOXHO
HOJYYUTh, YTO

et [ (258
e e I T
rsglies) (el
(a,;a,“;):<b,jgbk6>:%{(%+SjK1+i—kUjf (225 u(Los)en )+
O T K8 (S T
s (gtalis)oo (- (5 nl-o))

U3 pasencts (70), (71) MOXXHO HOIYyYUTh YpaBHEHUE HA XMMIIOTEHIUAM:

n= %Z<a,:0a,m> ,

k.o

M3 KOTOPOTO CJEIyeT, YTO NMPH TOYHO HAIMOJIOBHHY 3allOJHEHHOHW 30HE (1 =1)
coOCTBeHHas SHEPrUsl £ (XMMIOTEHIMAN 4 = —¢& ) paBHa!

-(U+8r)/2. (72)

9Hepremqec1<m71 CIICKTp MOJCIN Xa66apzla B ClIy4a€ TOYHOI'O MOJTY3allOJTHCHUS

HNMEECT BU.
E = iU(l+ S] +1,,
2 (73)

E, iU(%— S] +1
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Otmernm, uTo criekTp (73) MHBapUaHTEH OTHOCHTENBHO 3aMeH Kak S — —S, Tak
u B— —B. Cnextp sneMeHTapHbIX Bo30yxaeHud B ciydae S = 0.45 mokaszaH Ha
puc. 1. Ilpu BHIOpaHHBIX 3HAYEHMSIX MapaMeTpoB Mojeian Xabbapia B 3TOM cirydae
00pa3yroTcsl TpU IOJ30HBL, CPEAHASA IOJ30HA COCTOUT U3 LIECTU HEPEKPhIBAIOIINXCS
BeTBel. BeTBH sHepreTnueckux BO30YKICHHI 3aITOIHSIOTCS JIEKTPOHAMHU C Pa3HBI-
MH BeposTHOCTsAMU. Ha puc. 2 moka3aHbl BEPOSITHOCTH 3aMOJHEHWS ABYX HIDKHHX
BETBEW, U3 PHUCYHKA CIEAYET, YTO «EMKOCTH» JHEPreTHUYECKUX YPOBHEU HIDKHEH
BETBU NPAKTUUYECKH He oTmyaercs oT Hymsl. [Ipu crpemmennu S — 1/2, kak Oymer
TIOKa3aHo HIDKE, U3 BOCHMH BETBEH OCTaHyTCS TOJIBKO /IBE BETBU.

Puc. 1. Dnepeemuueckuti cnekmp 08yxmep- Puc. 2. Beposmmnocmu 3anonnenust 08yx
Hotl modenu Xabbapoa mnpu cre- HUDICHUX 6emeell dHepeemuyec-
OVIOWUX  3HAUEHUAX NaAPAMEMPO8 K020 CHeKmpad, U300PAHCEHHO20
§=045 U=¢6eV, B=15 n=1. Ha puc. 1 npu mex dice 3Ha4eHUsX
Cnekmp cocmoum u3  60coMU napamempos, ymo u Ha puc. 1.
eemeell Huoicnuit  epagpux  coomeemem-

8Yen 3anOTHEHUIO HUMICHell 6em-
6uU, GepxHull epaguk — 6mopoii
CHU3Y BEmBU DHEPLEMUUECKO20
cnekmpa

B caywae cmipHOTO B3aUMOJICHCTBUS paHee Obuto momydeHo [11], dro
S=1/2. B atom cny4yae ¢ypre-00pa3bl aHTHKOMMYTATOpHBIX (GyHKIuH ['puna
(68), (69) OynyT OIpenensaThCs CIeIyIOIUM 00pa3oM:

N . 1 l—U/Zt 1 U/2t
<<a’“’ a"°>>E =<< i bk&>>£ zii E—t, o J;5+tk k

; (74)
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Pewenue B-U-V mooenu Xaboapoa ¢ npudnuxcenuu cmamuieckux Qaykmyayuii.

i (o

[omoca ¢yskuuit 'puna (74), (75) ompenensioT SHEPTETHUECKHI CIIEKTP
CUCTCMBbI.

bko’>> _ i1 1+U/2t, +1—U/2tk . (75)
E 2r2| E-t, E+t,

E = i\/(U /2)* +4B*(cos(k.a) + cos(kya))2 . (76)

Bun cmektpa (76) xapakTepeH IS aHTH()EPPOMAarHUTHOTO OCHOBHOTO
cocrostHus. Mozenn XaObapaa [23]. Crekrp (76) mpuBener Ha puc. 3. Ilpu n=1
OCHOBHOE COCTOSHHME Mozenu XaO0Oapia B peXHME CHIBHBIX KOpPpeJIuii
SBJIACTCA AHTU()EPPOMarHUTHBIM W AMAICKTpHYecKUM. OTMETHUM, YTO LIMpHHA
noa3oH Xabbapaa ymeHbinaercs u3-3a 3((GeKTa CHIBHBIX KOPPENSHUA 10
CPaBHEHHIO CO ClIyyaeM mpejenia ciaadbix Koppensnuii, korga S = 0.

4. O6cy:xaeHue pe3yJabTaTOB
[puBeneHHas B paboTe METOMKa pacye-
Ta (yHKuuHd ['prHa M KOpPEIIMOHHBIX
(YHKIMH TO3BOJISIET BBIYUCINTE JHEpre-
TUYECKU CIIeKTp Momermn XabOapna.
TouHoe perieHHe B ciaydae MOJeNu Xa-
.’.' 00apma, comepKaIero apa y3jia KpUCTall-
R

%
Q“”’

9.9% i
‘.’.‘.‘." _ IMMECKOH  PEIICTKY, — 1OKa3aNo, {10
OCHOBHOE COCTOSIHUE 3TOH CHCTEMBI Xa-
paKkTepu3yeTcs CIECAyIOIMMI PaBEHCTBa-
MU JIA TCPMOANHAMUYCCKUX CPCAHMX:

(n,)=(nz)= <”ianj6> =

={a’a_a.a,_)=1/2, 77
< )

Jjo " joic o

Puc. 3. Duepeemuueckuii cnexmp 08yx- <n"‘7nﬂ’> - <n"0ni5 > =0.

MepHOIL MoOenu Xa66apc)t} 6 npe- PeleHne 5TOH e 3aa4d B IpH-

dene cunbHbLY Koppensiuli OMMKEHUHM — CTaTHYecKUX  (UIyKTyaruit

$=12,n=1 MOKa3ajo, 4YTO  AHTUKOMMYTAaTOpHas
¢bynkupst ['prHa, SHEPreTHYecKUid CHEKTP, KOPPENsIMOHHbIE (DYHKIHU MOJHOCTHIO
COBIIAJIAIOT C TOUYHBIMHU PE3YJIbTATaAMH, TI03TOMY 3TO MPHOIIDKEHHE ObLIO TIPUMEHEHO
JUIsL pacyeTa XapaKTepHCTUK IByXMepHOW Mopenu XaObapma. Ilomyueno, uto B
peXUMe CUITLHBIX KOPPEJISIHiA B CUCTEME MPY TOYHO HATIOJIOBUHY 3aIllOJTHEHHOM 30HE
OCHOBHBIM COCTOSHHEM SIBIIICTCS aHTH(EPPOMArHWTHOE COCTOsSHHE. B pamkax
JTAHHOW CTAaThbU MBI HE 3aTparvBajid TAKUE TEMBI, KaK IMPUPO/Ia OCHOBHOTO COCTOSHUS
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npu 7 # 1 , paspylieHne JaJIbHEro NOPsAKa IIPH JONUPOBAHNH, THIIBI JJIEMEHTAPHBIX
BO30YIKIIEHMH, KOTOpble BO3HMKAaIOT B ciydae n# 1 . [lo-Bupumomy, pazsuras B

HacTosliel pabore Meroquka pacyera (yHKuuid ['puHa M KOpPEIAIMOHHBIX
MO3BOJISIET MCCNENIOBaTh W 3TH TpoliieMbl. MBI ke oTMeTUM cliiefyrouiee. M3
ypaBHeHus (46), mocne npeodpasoBanus Dypee (63), (64) MOKHO MOTYYUTH TOYHOE
ypaBHEHHUE JUIsl aHTHKOMMYTAaTOPHBIX (QyHKIMI [ prHa:

(@ 0na,] )=

=& ([a,(a, ] )+ B (b (e, ] )-U([A50)a, (0).a,, ] )

AHanornyHoe ypaBHEHHUE MOXKHO MOJYy4uTh M U3 JuddepeHumansHOro
ypaBHenus (44). AntukommyrtatopHble QyHkuuu I'puna B (78), 3aBucsmme oT
«BPEMCHW» 7, MOXKHO BBIUMCIIUTH C MOMOIIBIO pereHuid (66) u (67), B ciyuae
TOYHOTO IOJTy3aIl0JIHeHHUS 30HbI (7 = 1) momy4nm:

(@, (a,] )= {glz_t %2 sh(t,7) + ch(tkr)} .

(78)

(79)
[Ch(UT /2)=28sh(Uz/ 2)] exp(USt)exp((g, +&,)t/2)
+ )
<[AS(r)aka (0), akgl> - ® {T sh(z,7) + ch(t,(z')} : )
2sh(Ur /2)exp(USt)exp((g, + &,)7/2)
. _B )
<[ka (t).a,, ]) = sh(1,7)[ch(U/2)+ 28 sh(Uz/ )] )

-exp(=USt)exp((g, +¢&,)7/2)

[oncraBnss modyumBIIMecs BbIpakeHus ans ¢yukuuii ['puna (79)-(81) B
nuddepenmagbHoe ypaBHeHHE (78), MOXKHO MMOKa3aTh, 9To Kak mpu S =0, Tak u
npu S=1/2 antukommyraropHble QyHkuuu I'puna (79)—(81) ymoBnerBopsoT
ypaBHeHuto nBuxkeHus (78). Takum 00pa3oMm, B Cliydae TOUHOTO MOJTY3aTOTHCHHUS
30HBI Kak npu S = 0, Tak u ipu S = 1/2, dynkuuu ['puna (79)—(81), mo-suaumomy,
BBIYKCIIEHBI BIIOJIHE KOPPEKTHO. DJTO K€ CaMoe KacaeTcsi M APYIHX ypaBHEHHWH
JBIKeHUs. [loirydeHHble pe3ysIbTaThl MTO3BOJISIFOT HA/ESATHCS, YTO M3JIaracMblii B
paborte MeTo CIIMHOBHIX (uIyKTyaruii HanOosee 3(GeKTUBHO paboTaeT BOIU3H
S=0usS=1/2.

ABTop BBIpakaer OmaromapHocTh P.P. Hurmarymmmay 3a oOcyxneHue
pe3yapTaToB paboTEHL.
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THE INVESTIGATION OF THE B-U-V HUBBARD MODEL
IN THE STATIC-FLUCTUATION APPROXIMATION

G.I. Mironov.
Mari State Pedagogical Institute, 424002 loshkar-Ola

We investigate the B-U-V Hubbard model in the Static-Fluctuation Approximation. The
first part of the article is devoted to the exact solution of the Hubbard model in the case of
two sites of the crystal lattice. We got and solved system of 24 differential equations for the
24 Fermi operators. The anticommutator Green's function for dimer was derived.

In the second part we calculate the anticommutator Green's function for dimer in the Static-
Fluctuation Approximation. Comparison of the exact and approximate solutions shows that
the Static-Fluctuation Approximation adequately describes the Hubbard model for case of
two sites of the crystal lattice. The third part is concerned with the solution in the Static-
Fluctuation Approximation of the two-dimensional Hubbard model. We investigate the
energy spectrum of the two-dimensional Hubbard model, the numerator of the
anticommutator Green's function. It should be noted that in the case of strong correlations,
the ground-state energy of the antiferromagnetic phase is found to be lower than that of the
paramagnetic phase.
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SPIN DYNAMICS IN La, Sr,CuO, DOPED WITH Fe: AN ESR-STUDY
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Y University of Augsburg, 86135 Augsburg, Germany
* Technical University of Darmstadt, 64289 Darmstadt, Germany

The electron-spin resonance (ESR) of La,_,Sr,Cu;_,Fe, O, is investigated on
polycrystalline samples for 0 <x<0.3 and 0 <y <0.1. The ESR spectrum
consists of the superposition of two Lorentzian lines, which can be
unambiguously attributed to Fe** and intrinsic Cu-spin polaron signals. The
simultaneous observation of both signals allows to describe the temperature
dependence of the relaxation of the Fe'" ions in terms of Cu-spin
fluctuations.

1. Introduction

Since the discovery of high-temperature superconductivity in hole-doped
La,CuO,4 by Bednorz and Miiller [1], layered cuprates have become a central
research field in modern solid-state physics, and an enormous number of
experimental and theoretical investigations deals with the correlation of
magnetism and superconductivity in these transition-metal oxides [2,3].
Thereby, the dynamic susceptibility of the Cu-spin system plays a key role in
understanding the complex physics in cuprates. Besides neutron scattering and
nuclear magnetic resonance (NMR), electron-spin resonance (ESR) provides a
microscopic probe for the spin dynamics of the electronic system. After a
number of early unsuccessful attempts to measure directly the intrinsic ESR
signal of the Cu spins in high-temperature superconductors, theoretical analyses
derived an estimate for the order of magnitude of the linewidth for the ESR
signal of the Cu-spins (AH = 190 kOe at 380 K). Due to this large linewidth the
Cu resonance could not be detected in conventional ESR experiments [4,5,6].
Nevertheless, intrinsic Cu signals have been detected later on in La,_,Sr,CuQO,
single crystals and explained by the formation of three-spin magnetic polarons
of two Cu spins coupled via a hole spin residing on the bridging oxygen
between the Cu ions [7,8]. A related phenomenon is the intrinsic signal from
chain fragments in YBa,Cu;0O4.s single crystals [9,10].

Many ESR experiments have been carried out by doping small amounts of
paramagnetic ions, e.g. rare-earth ions like Er’* or Gd*" on the La** or Y*" site or
the 3d-ion Mn>" on the Cu®" site, which indirectly probe the dynamic Cu
susceptibility [11]. Detailed ESR investigations by Kochelaev and coworkers have
been devoted to the spin dynamics of La,_,Sr,CuO,4 doped with Mn?" ions [12,13].
As a consequence of the relatively strong isotropic superexchange between the Cu
and the Mn ions and their nearly coincident Larmor frequencies, the spin systems
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of the Mn®" impurities and the Cu®" ions display a collective motion of their total
magnetic moments My, and Mc, in an external magnetic field. The relaxation
rates between the Mn and the Cu ions are much larger than the relaxation rates to
the lattice, and hence the conditions for the well-known "bottleneck" effect are
fulfilled (see e.g. Ref.[14]). The lattice includes phonons, charge carriers like
oxygen-holes, and spin waves. As a striking sign of the strong bottleneck regime
the linewidth is proportional to the inverse Mn concentration, i.e. the higher the
Mn-concentration the narrower the ESR line at a fixed temperature.

Here we present ESR results obtained in Fe-doped La,,SryCu;. Fe,O4 At
first sight, one would expect that the Fe ions behave like the Mn ions with all the
consequences which are evidenced in Ref. [12]. But there is an important
difference: The fact that we observe ESR spectra even at room temperature shows
that one deals with Fe'" (S=5/2; L =0). We found that only samples with x >0
contained dissolved Fe ions. In the x = 0 samples the Fe is clustering and the ESR
signal behaves in a peculiar way. This finding is a strong indication that we truly
deal with Fe’* on a Cu®" site and that each Fe'" needs at least one Sr** for charge
compensation. Mn®" has indeed the same electron configuration, hence there is no
necessity for charge compensation on a Cu®" site.

Several reports exist already about iron ESR in La, ,Sr.Cu,.,Fe,O4 [15-
22]. These investigations were confined to either the variation of the Sr
concentration x at constant Fe doping y or the variation of the Fe doping y for
a fixed Sr concentration x. Usually, a single resonance was detected near g = 2
with a linewidth of the order of 1kOe, which increases both to high
temperatures and low temperatures with a minimum in between. A strong
correlation has been found to exist between the temperatures of the minimum
in the linewidth and the minimum observed in the electrical resistance [15,
19], suggesting the importance of charge-carrier localization for the low-
temperature increase of the linewidth. The high-temperature increase of the
linewidth has been discussed controversely in terms of a Korringa process [19]
or in terms of Cu-spin fluctuations [17].

The aim of our present work is a comprehensive ESR study of
La,.,Sr,Cu,,Fe,O4 dependent on Sr and Fe content in a wide concentration range
0<x<0.3 and 0 <y <0.1. This enables us to elaborate a systematic dependence
of the ESR results on the hole concentration p = x — y and to show that the Cu-spin
fluctuations are the dominant relaxation bath for the Fe-spin.

2. Sample Preparation and Characterization

Polycrystalline samples of La,,SrCu;,Fe,O45 were prepared by solid-state
reaction from the oxides La,O;, SrCO;, CuO, and Fe,O; in a concentration range
0<x<0.34 and 0 <y <£0.1. Stoichiometric amounts of the starting materials were
homogeneously mixed, ground in a mortar, and prereacted in an Al,O; crucible at
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950°C in air for 8 hours. Then the material was repeatedly powdered, pressed into
pellets, and annealed in oxygen stream at 1150°C for 40 minutes. The forth
annealing was done for 57 hours and followed by additional 72 hours at 500°C in
oxygen stream. This forth step was immediately repeated and then the samples
were subtracted from the oven. X-ray powder diffraction confirmed the proper
K,NiF, structure, and additional microprobe analysis revealed a good
homogeneity of the samples. The oxygen stoichiometry d was checked in the iron-
free samples by means of iodometric titration. As result we found a slight oxygen
surplus of 0 < §<0.02 for x < 0.18 and a deficiency —0.03 < 6<0 for x > 0.2. The
resistivity of the iron-free samples was found in good agreement with literature
data [24], revealing superconductivity for 0.06 <x<0.33 with a maximum
T(x=0.15)~37K. Already 2-3% Fe are enough to suppress the
superconductivity. The general effect of the Fe substitution on the conductivity is
characterized by the fact that trivalent iron annihilates the holes created by
divalent strontium. The conductivity at room temperature exhibits a linear
decrease on increasing Fe concentration at a given Sr concentration [11].
Comparison of three sets x = 0.1, 0.2, and 0.3 reveals a similar conductivity for the
same effective charge-carrier density p =x—y. Thus the presence of the Fe’
impurities has no additional influence on the scattering of the holes. To explain
this, it seems to be reasonable that the additional charge of Fe** with respect to
Cu”" leads to a strong binding of the electrons in the neighboring oxygen p orbitals
that these orbitals cannot be occupied by holes any more. This hypothesis will be
corroborated by the ESR results described below.

3. Experimental

The electron-spin resonance (ESR) experiments were performed with a VARIAN
E-101 spectrometer working at a microwave frequency of 9.3 GHz. ESR measures
the power absorption P from the transverse magnetic microwave field dependent
on the static magnetic field H. To improve the signal-to-noise ratio the spectra are
recorded as the field derivative dP/dH by lock-in technique with 100 kHz field
modulation. The magnetic field was controlled by a temperature-stabilized Hall
probe (Bruker). For cooling a continuous-flow He cryostat (Oxford Instruments)
was used allowing for temperatures 4.2 < 7'< 300 K.

For the ESR measurements, the polycrystalline samples were powdered to grains
as fine as possible to avoid the skin effect. Defined amounts of the powder (20-30 mg)
were filled into suprasil quartz-glass tubes and fixed with paraffin. The knowledge of
the mass under investigation was necessary for a direct comparison of the signal
intensities. For samples which are superconductors, it was not possible to record ESR
spectra for 7'< T, due to the very strong noise near the superconducting transition and
the general broadening of the ESR lines at low temperature.
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4. Results and Discussion

4.1. Identification of Fe and Cu signals

In Mn-doped La,_Sr,CuQy, it was possible to obtain a satisfactory fit for the Mn-
spectra by a single Lorentzian line [12]. The strong superexchange between Mn
and Cu prevents the appearance of any fine- or hyperfine structure in the line. The
substantial fit parameters were the linewidth AH and the resonance field H,s. This
procedure is not successful any more in the case of the Fe-doped samples. In most
cases we need the superposition of two Lorentzian lines with very similar
resonance fields A, and H, near a g-value of g =2, but with different linewidths
AH, and AH, (here we use the full width at half maximum — FWHM — linewidth)
for an appropriate fit of the ESR spectra:

P(i) < Y AH,./ZJ;a(H—H,.)Z N AHi/ZJga(H+H,,)2 '
A (H-H)Y +(AH, /2 (H+H,) +(AH. /2)

Q)

Due to the large linewidth we have to take into account both circular
components (£H;) of each resonance. Although we use powdered samples, the
skin effect can give rise to small contributions («(11) of dispersion to the
absorption signal [14].

Fig. 1 shows such a typical ESR spectrum. The center of the signal is
strongly disturbed by the well-known narrow Cu-oxygen-hole resonance [23]. We
could minimize this spurious signal by a very careful sample preparation, but
nevertheless, it was always observable. That is why we ignored the central part of
the line for the fitting procedure. The remaining spectrum consists of a narrower
line (dotted), which we will identify with the iron signal, and a broader resonance
(dash line), which will turn out to originate from the Cu-spin system.

"t La1.84sr0.150u0.99Fe O

0014

O signal ;
—fit: CusFe } /

dP/dH (arb. units)

R e J v=93GHz
—ee— zero line T=190K
0 5 10

H (kOe)

Fig. 1. Typical ESR spectrum as observed in La,.Sr«Cu;.Fe,O,. The fit by two resonance
lines is discussed in the text
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Fig. 2. Temperature dependence of linewidth

and intensity (insets) for the resonance lines of 2
iron (upper frame) and copper (lower frame) for
a set of La,,SrCu;,Fe,Oy with constant hole
concentration p =x —y. The solid lines in the
upper inset indicate Curie laws of the Fe
intensities

(Ragllel ®

La2_‘erCul‘_yFeYO‘

Fig.2 gives an overview of the of
results obtained within a series of samples 15[
with a constant hole concentration and
enables us to assign the two resonance
lines unambiguously to Fe and Cu. In the
lower frame the linewidth of the broader
line is depicted. This broad signal is
visible even in the sample without iron
doping. Besides an upturn to low 0 100 200 300
temperatures all data increase linearly T (K)
with increasing temperature above 100 K,
but the slope strongly decreases with increasing iron content y and remains
constant for y > 0.05. The inset shows the corresponding intensities, which have
been obtained as /oc AAH?, where A denotes the amplitude of the derivative
dP/dH. The skin effect can be neglected here, because the dispersion contribution
is always found to be a [ 1, i.e. the skin depth is large compared to the grain size.
The intensities, which represent the local spin susceptibilities, all are
approximately temperature independent above 60 K, (the intensities of the sample
with y = 0.08 have been omitted because of strong scattering of the data). Such a
Pauli-like spin susceptibility has also been observed in La, Sr,CuO, single
crystals and has been explained as intrinsic Cu-ESR line, where a three-spin
magnetic polaron in the CuO, plane is regarded as the active ESR center [7,8]. In
addition, the temperature dependence of the linewidth observed in the undoped
polycrystal is — although shifted to higher values — in satisfactory agreement with
the linewidth of the single crystal as well. Hence, we can assign the broad
component of the ESR spectra to the intrinsic Cu signal.

The upper frame of Fig. 2 shows the same quantities for the narrower line,
which is only present in the iron doped samples. Qualitatively, the temperature
dependence is similar to that observed for the Cu signal, but the data nearly
coincide for all values of y. This is a strong hint that for iron the hole
concentration p is the decisive parameter, as will be discussed in detail below. The
intensities, shown in the inset, follow quite well a Curie behavior indicated by the
solid lines. Such a spin susceptibility is expected for localized magnetic impurities
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Fig. 3. Temperature dependence of the copper
linewidth  for two sets of
La,.SrxCu;.Fe,0, with 1% Fe (upper
frame) and 5% Fe (lower frame). The
lines are drawn to guide the eye

and, therefore, clearly identifies the Fe
spins as the corresponding magnetic
centers. The suppression of the intensity,
which is observed below 80 K for higher
Fe doping and which is accompanied by an
increase of the Cu intensity, probably
results from strong antiferromagnetic
correlations with the surrounding Cu spins.

4.2. Cu and Fe linewidth

Having identified the magnetic centers of the
two ESR lines in La, Sr,Cu,; Fe,O4 we turn
now to the detailed investigation of the
linewidth dependence on the composition

parameters x and y. Figs. 3 and 4 summarize the results obtained for 1%- and 5%-Fe
doped samples in the full Sr-concentration range under consideration for the Cu
resonance as well as for the Fe resonance. In general, all data show a similar topology
with a monotonous increase to high temperatures, a strong broadening to low

3t Lal,‘,_)‘Sr,!Cul_vFeyQ1 y=0.01 -
S 2f
=
3 1t
0
K
g 2f
2
31}
0 1 1 1
0 100 200 300
T (K)
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temperatures, and a minimum in between.
Starting with the copper resonance in
samples of 1% Fe doping, which is shown
in the upper frame of Fig. 3, its
temperature dependence is qualitatively
comparable to that observed in both poly-
and single crystals of the iron-free
compounds [7,8]. With increasing Sr
concentration x the slope b¢, of the linear
high-temperature regime increases up to
bc, =28 Oe/K at x=0.1 (as compared to

Fig. 4. Temperature dependence of the
copper linewidth for two sets of
La; SrxCu,.Fe,O4 with 1% Fe (upper
frame) and 5% Fe (lower frame). The
lines are drawn to guide the eye. The
right-hand axis of the upper frame is
valid for x = 0.3
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bcu(x =0.1) = 40 Oe/K for the iron-free sample) and remains nearly unchanged for
higher x. At the same time, all data for x> 0.1 exhibit a parallel shift to higher
linewidth values, which increases with increasing Sr concentration. The iron
resonance of the 1% Fe-doped series, which is shown in the upper frame of Fig. 4,
first also evolves a linear increase at high temperatures of about b, = 6 Oe/K for
x=0.1. But with further increasing Sr concentration the slope is gradually
suppressed and vanishes completely at x = 0.3, whereas the all-over value of the
linewidth increases strongly.

Now we focus on the series with 5% Fe doping. Again the Cu resonance, shown
in the lower frame of Fig. 3, evolves a linear high-temperature regime with increasing
Sr concentration, but its slope remains at bc, =~ 11 Oe/K for x > 0.14. Like in the case
of 1% Fe doping all data for x > 0.14 reveal the increasing parallel shift with increasing
x. The Fe-linewidth obtained for y = 0.05 is depicted in the lower frame of Fig. 4. Its
behavior is now quite similar to that of the Cu resonance, but the absolute values of the
linewidth are about a factor of 2 smaller than for the copper signal.

For higher Fe concentrations the linewidths of Fe and Cu signal are fully
correlated above T~30K, as one can see for example in Fig.5 for
La; §Srg,CugoFeq 04 For 30 <7< 130 K the logarithmic plot of AHc, and
AHg, versus the inverse temperature reveals an exponential dependence exp(—
A/T) with A = 60 K for both quantities. Below 29 the Cu linewidth increases
further exponentially with A = 20 K, whereas the Fe linewidth decreases with

approximately the same slope in 10 — . -
logarithmic representation like above 9 FoeeealT)
29 K, but with negative sign. At the . g N |
same time the Cu-resonance field i < Aok
strongly shifts to lower fields with g 6rs 2 4] A .
decreasing temperature down to 2 kOe =< | 'i % | A=BEK
at 14K, where the signal becomes L [ * 0 4 8
undetectable. At the temperature, 8 s 100/ T (K") J
where the correlation breaks, the Cu I . IR a
intensity exhibits a pronounced peak. 0 A"
The Fe intensity follows a Curie-law at : La. Sr Cu _Fe O
. 18~ 02 09 0174
high temperatures but reveals a broad .
7201 oa = Cu 7 | w1
Fig. 5. Temperature dependence of Fe and Cu & |== & Fe Q 8f J"- 1
linewidth (upper frame, inset: AH as _E - 3 ;
function of inverse temperature) and Fe & 10F % £ 2f L7
and Cu intensity (lower frame) in — | A% " e 0 ‘T."‘q‘ 50
La; ¢Sry,CugoFey 0, The dotted line "aaw .éll:hﬁ"ﬁ?"ﬂ"ﬂ!--a--g..g.p
indicates a Curie law for the Fe o= L L
intensity. Inset: low-temperature 0 100 200 300
resonance field for the Cu signal T (K)
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maximum around 50 K and vanishes at about 20 K, probably due to the
antiferromagnetic coupling to the Cu neighbors.

4.3. Analysis

In metallic compounds with localized magnetic moments the probing spin can relax
both via the mobile charge carriers and via the spin fluctuations of the localized
moments. The first process is the well-known Korringa relaxation giving rise to a
linear temperature dependence [14]

AH, =bT ?)
with the slope b o« N?(Ef) proportional to the squared density of states N at the
Fermi energy (Er). The second process, which is mediated via super-exchange or
RKKY-like interactions, contributes as [25]

AH, ocng Q) 3)

with the imaginary part of the dynamic susceptibility y, "(Q,) of the fluctuating

spin system. Neglecting the dependence on the momentum transfer Q and using a
purely relaxational ansatz the frequency dependence can be approximated as

" ot

W) =—— 4

Zf() 1+a)212}(° ()

with the spin-correlation time 7 and the static spin susceptibility y,. For correlation

times 7 short as compared to the inverse probing frequency 1/, i. e. w70 1 this
results in

AH, T y,r (%)

which yields a measure for the spin-correlation time, as the static susceptibility is
known.

Based on these fundamental relations, we analyze the complex spin dynamics in
iron doped La,.,Sr,CuO;. The fluctuating system (/(Q,®)) of localized moments has
to be identified with the entire Cu**-spin system, which cannot be detected directly by
ESR experiments because of the relaxation processes being too fast [6]. The mobile
charge carriers are the holes induced by Sr** substitution for La®". Beside the Fe*" ESR
probes there are the Cu-spin polarons with properties strongly related to the entire Cu
system. The polaron signal has been discussed in detail [8,27] for the pure compound,
where it behaves very similar to the 1% Fe-doped samples (cf. upper frame in Fig. 3).
Although several reasons for the high-temperature behavior of the linewidth are under
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debate, it seems reasonable to assume a Korringa-like relaxation of the polarons to the
mobile holes as the dominant mechanism. This is supported by the evident similarity
of the concentration dependence of the square-root of the high-temperature slope in
AH(T) and the averaged electronic density of states at the Fermi energy determined by
optical reflectivity [28]. This mechanism is also consistent with the additional
influence of the iron, as we will explain immediately.

Fig. 6 summarizes the high-temperature behavior of both Cu and Fe linewidth
obtained at room temperature as a function of the hole concentration p =x —y. For iron
the linewidth shows a monotonous increase with increasing hole concentration,
independent on the specific Sr : Fe ratio (cf. also Fig. 2). Interestingly the slope of this
increase exhibits an abrupt change near the optimal doping concentration (p =0.15),
where the highest 7. is reached for y = 0. Taking into account that at high temperatures
the Fe linewidth increases approximately linear with temperature in most of the
samples under investigation, at first glance the 7-linear increase of AHf. could be
interpreted as Korringa broadening via scattering at the charge carriers, which should
be the same for all samples with the same charge-carrier concentration p. The copper
linewidth also monotonously increases with p at a given iron content y, as indicated by
the open triangles (y =0.01) and circles (y = 0.05), but it exhibits an additional strong
pronounced dependence on y itself, as one can see from the series of constant Sr
contents (x=0.1, 0.2, and 0.3), which are connected via the dash lines. The strong
decrease of AH,, in spite of constant p but with increasing y, shows that the Fe ions
obviously provide a reduction of the number of mobile charge carriers. In particular at
the borderline x =0.1/0.2 for p=0.1 or at x=0.2/0.3 for p=0.2, there is always a
prominent broadening on the side of low Fe : . : : .
concentration, whereas on the side of high 10FT=300K  x=g2" ]

Fe concentration the lines are much ® o x=04
narrower. Hence, we conclude that the Fe* § =01 sl -
ions act as localization centers for the 3 o[ T A .‘r'. ]
mobile charge carriers, i.e. the number of LT | - i

those is reduced with larger Fe ) _zf_'__.:--.zz"

concentration. This assumption is also . '

supported by the Cu-linewidth data in

Fig. 6. Dependence of the room-temperature
linewidth on hole concentration
p =x-y for La,.SrCu,.Fe,O, for the
copper signal (upper frame - dotted
lines connect data points of y = const,

AH,, (kOe)

dash lines connect series of x = const) La, Sr.Cu, Fe O,
and the iron signal (lower frame - 0 L ST
solid lines indicate the different slope 0.0 0.1 0.2 0.3
below and above p = 0.15) p =Xy
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Fig. 2, where the samples with the higher y-values show the smaller Korringa slope at
high temperatures. It is important to note that no such localization effects are visible in
AHy.. It seems that the charge carriers (holes in the oxygen p-orbitals) are hardly
scattered by the Fe'" ions. The evolution of AHg(y=0.01) with increasing x reveals
just the opposite behavior than AH,, i.e. the Korringa-like increase visible for x = 0.1
becomes completely suppressed up to x = 0.3, where a large temperature-independent
linewidth is observed. This is in contradiction to the Korringa relaxation at all, as we
know that the electronic density of states is approximately constant for 0.1 <x <0.3
[28]. Therefore the Korringa process can be ruled out for the line broadening of the Fe
resonance, which is consistent with the resistivity results described above, where the
conductivity was only dependent on p but not affected by the presence of Fe*" as
additional scattering center.

Without Korringa scattering, the relaxation of the iron spins should be
fully determined by the dynamic susceptibility of the copper-spin system.
Hence, we try to evaluate the linewidth data in terms of Eq. 5 now. The static
copper susceptibility is approximately constant in temperature. Then a linear
increase of AHr.(T) with increasing temperature indicates a temperature-
independent spin-correlation time 7=const, whereas a temperature-
independent linewidth yields a «(T) oc 1/T behavior. In the latter case, the spin
fluctuations follow the so called @/T scaling, which has been observed for La,.
Sr,CuOy4 by neutron-scattering experiments e.g. for x =0.02 [30], x = 0.04
[29], x = 0.07 [31], and x = 0.14 [32].

Regarding the high-temperature behavior of AHg(T) for y = 0.01 in the upper
frame of Fig. 4, the temperature-independent linewidth, which indicates a/T
scaling of the copper-spin fluctuations, is approached above x > 0.1. For lower Sr
concentrations, the linear high-temperature increase indicates temperature-
independent spin fluctuations, which seem to be in contradiction to the neutron-
scattering results. However, this can be understood in terms of the localization
effect: The Fe’" ion repels the holes and, therefore, reduces the coupling of the
holes with the neighboring Cu®* spins. The missing interaction with the charge
carriers obviously yields a temperature-independent spin-correlation time of these
copper spins. As the iron spin primarily couples to its nearest copper neighbors,
these fluctuations, which do not follow the @/T scaling, dominate its relaxation
behavior at low Sr concentration x. With increasing x this localization effect for
the copper spins, which surround the Fe'* ion, is overcome by the increasing
number of mobile holes, resulting in the temperature independent linewidth.

So far we can explain the asymptotic high-temperature behavior of the iron
linewidth by the copper-spin fluctuations and localization of holes. Now we will
extend our approach to the full temperature range, as the simultaneous observation
of iron and copper resonance allows to extract the spin-correlation time T as a
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Fig. 7. Temperature dependence of the Fe = 2F la Sr Cu FeO
linewidth (upper frame) Cu intensity Q A A et
(middle frame) and inverse spin = a0 o g P L
fluctuation time (lower frame) for ILE 1L t- -' ;.'-‘ % |
La,.Sr.Cu,Fe,0y < e ut

function of temperature. This has been ' '
O y=001 W y=002
C y=003 ® y=004

‘ A y=005 A y=-008

done in Flg 7 for LaLgSI'o'zCll]_yFCyO;‘
with 0.01 <y <0.06, which shows the
iron linewidth AHg. in the upper frame
and the corresponding intensity /¢, of the
Cu-polaron signal in the middle frame.
The inverse spin-correlation time, shown
in the lower frame, was determined
assuming Ic, as proportional the spin
susceptibility of the entire Cu system.
This yields a very reasonable result. For
low Fe concentration y we obtain an
approximately linear dependence 1/7cc T,
indicative for spin fluctuations following the @/T scaling, which gradually changes
into the (1/7=const) behavior with increasing y, when the localization becomes
dominant.

This analysis shows that Eq. 5 even correctly describes the line broadening at
low temperatures, where the Cu-intensity strongly increases. The increase of the
Cu intensity can be understood from the ferromagnetic polarization of the Cu
spins by the interaction with the holes [33]. The transition from itinerant to
localized holes yields an amplification of the ferromagnetic polarizarion and hence
of the local Cu susceptibility. The localization mechanism is further supported by
the exponential temperature dependence of both Fe and Cu linewidth as indicated
in Fig. 5. In pure La,CuQO, the temperature dependence of the linewidth can be
related to the exponential temperature dependence of the correlation length of the
Cu-spin fluctuations [4]. However, this model fails for the Sr-doping regime of the
metal-to-insulator transition, because here a temperature-independent correlation
length was found by neutron-scattering experiments [29]. Considering the hole
localization, the ferromagnetic polarization of the Cu spins is connected with the
duration time, which the hole resides in a localized orbital. The thermal activation
of the holes results in the exponential temperature dependence of the local Cu
susceptibility and in turn of the linewidth of Fe and Cu-polaron signal.

The behavior below the peak in the Cu intensity at 29 K is difficult to
interpret. Probably the peak can be identified with the transition into the spin-glass
phase [17]. This is also supported by the strong shift of the Cu resonance below
29 K. Here the hopping motion of the holes freezes and only tunneling processes
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with lower activation energy take place, resulting in the change of the slope in the
logarithmic plot of the Cu linewidth. The Cu intensity reduces due to local
antiferromagnetic order of the Cu spins. This opens a gap in the spin-fluctuation
spectrum, which decouples the relaxation of the Fe signal resulting in the observed
decrease of the Fe linewidth.

With a nearly symmetric shape in the 1/T representation, the peak in the Fe
linewidth reminds to the characteristics of a Bloembergen-Purcell-Pound (BPP)
mechanism. From NMR experiments this is known to appear in the nuclear spin-
lattice relaxation rate 1/7), if the fluctuation rate slows down on lowering the
temperature and, thereby, crosses the experimental frequency[34]. Indeed the BPP
mechanism was suggested to explain the NMR-relaxation rate 1/7} of *’La in
La; ¢7Eu,Srj.13Cu0,4, which exhibits a slightly asymmetric peak near 9 K [35].
Additionally, a slowing down of the antiferromagnetic dynamics has been
reported from Gd**-ESR experiments in La; ¢sGdg o1 Eug4Stg1CuO,4, where the
fluctuation frequencies have been found to decrease from 10'> Hz by three orders
of magnitude below 50 K [36], i.e. the approximation used to derive Eq. 5 is not
valid any more at lowest temperatures. More systematic ESR investigations at
different probing frequencies and accompanying '*’La-NMR measurements on the
same samples are necessary to characterize the low-temperature behavior in detail.

5. Summary

By a careful analysis of the ESR line shape of La,.,Sr,Cu;,Fe,O45 we could
separate the Fe and the Cu resonances. There is no Korringa broadening in the Fe
resonance. Its broadening in the temperature range 80 < 77< 300 K is only caused
by fluctuations in the Cu-bath. The Cu-bath exhibits two components of spin
fluctuations - one with a temperature-dependent (zoc 1/7) and the other with a
temperature-independent correlation time, where the second one characterizes the
Cu spins in the direct neighborhood of the Fe spin. The addition of Fe’" ions
favors a localization of the charge carriers. The exchange between the Fe and the
Cu system is obviously not strong enough to establish a bottleneck effect like in
Mn-doped La,,Sr,CuO,4 Normally, the ESR of 3d-ions in metals is only
observable in the bottleneck regime. It seems that La, Sr,Cu,Fe,O4 forms the
first exception from this rule, probably due to the weak coupling with the charge
carriers. From our investigations we infer that p =x — y, i.e. the number of charge
carriers is a crucial parameter to compare the various experimental results.
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TO THE NATURE OF IRREVERSIBILITY IN LINEAR SYSTEMS

R.R. Nigmatullin', A. Le Mehaute
' Kazan State University, 420008 Kazan, Russia
2 Institute Superieur des Materiaux du Mans, 72000 Le Mans — France

New scenario of irreversibility for linear systems has been found and
discussed. This scenario is based on the interpretation of the
geometrical/physical meaning of the temporal fractional integral with
complex and real fractional exponents. It has been shown that imaginary
part of the fractional integral related to discrete-scale invariance (DSI)
phenomenon and observed only for frue regular (discrete) fractals.
Numerical experiments show that the imaginary part of the complex
fractional exponent can be well approximated by simple and finite
combination of the leading sine/cosine log-periodical functions with period
Iné (& is a scaling parameter). In the most cases analyzed the leading
Fourier components give a pair of complex conjugated exponents defining
the imaginary part of the complex fractional integral. For random fractals,
where invariant scaling properties are realized only in the statistical sense
the imaginary part of the complex exponent is averaged and the result is
expressed in the form of the conventional Riemann-Liouville integral. The
conditions for realization of reind and recaps elements with complex power-
law exponents have been found. The fractal structures leading to pure log-
periodic oscillations related to fractional integration with complex exponent
are analyzed. Description of relaxation processes by kinetic equations
containing complex fractional exponent and their possible recognition in the
dielectric spectroscopy is discussed.

1. Introduction

As it is known [1], all equations describing the kinetic stage of evolution should
have clearly expressed irreversibility with respect to the temporal variable ¢. This
inherent irreversible property should be derived from the basic reversible equation
for density matrix (Liouville equation). The correct procedure of such deduction is
reduced to some decoupling procedure as it is done usually in the Mori-Zwanzig
formalism [2] or to the procedure of the reduced description based on the
hypothesis of an intermediate local equilibrium. The last hypothesis is the basic
one in the Zubarev's formalism for nonequilibrium statistical operator [3]. But
these two procedures are rather approximate and not well justified.

Now it is becoming clear that for nonlinear systems a natural scenario of
transition from reversible systems to irreversible ones should use the dynamical
chaos conceptions [4]. For linear systems the well-justified correct procedure for
creation of a kinetic scenario from the initial reversible equations is absent. In our
opinion, this procedure for wide class of dynamical systems should include a
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formalism of the fractional calculus [5]. As it is well-known, the non-integer
fractional operators of differentiation and integration have the property of the
partial irreversibility or, in other words, the property of the 'remnant' memory
considered in [6]. So, the problem of correct deduction of the fractional integral
from usual integer integration operation is appeared.

Recently much attention has been paid to existence of equations containing real
fractional exponent [7-9]. Now it becomes evident that equations with fractional
derivatives will play a crucial role in description of kinetic and transfer phenomena in
mesoscale region. As it was already discussed in paper [10] the frontiers of science are
rapidly shifting from the investigation of the basic bricks of matter to the elucidation of
mesoscopic principles of its organization. Moving in this way we need a mathematical
apparatus, which adequately corresponds to a true description of kinetic properties of a
matter on mesoscale region. From our point of view this necessary mathematical
instrument should lie in deep understating of the 'physics' of the fractional calculus.
The first attempt to understand the result of averaging of a smooth function over the
given fractal (Cantor) set has been undertaken in [7]. In the note [11] and later in paper
[12] some doubts were raised to the reliability of the previously obtained result. The
criticism expressed in these publications forced the author (RRN) to reconsider the
former result, and the detailed study of this problem showed that the doubts had some
grounds and were directly linked with the relatively delicate questions of averaging a
smooth function over fractal sets, in particular, on Cantor set and its generalizations.
But we cannot agree with final conclusion made in [12]: "no direct relation between
fractional calculus and the fractals has been established yet".

In order to dissipate these doubts and realize mathematically correct
averaging procedure over fractal sets it was necessary to carry out a special study.
This investigation has been given in the book [8], where the correct averaging
procedure was considered in detail. The further generalization for more general
Cantor sets has been realized in papers of Prof. Fu-Yao Ren with co-authors
[13-15]. Another approach leading to the fractional integral and related to coarse
graining time averaging is considered in the recent book [16]. Independent
analysis of above-cited papers could lead to a conclusion that the physical
meaning of the fractional integral with real exponent has been understood.
Temporal fractional integral can be interpreted as a conservation of part of states
localized on a self-similar (fractal) object if the physical system considered has at
least two parts of different states. One part is distributed inside a fractal set (the
conserved part of states) and another part of states is located outside of the fractal
set (the lost part of states). That’s why it is easy to understand the fractional
integral of one-half order, when for its understanding any fractal object is not
necessary. Half of states is lost automatically in diffusion process with semi-
infinite boundary conditions [8]. From the geometrical point of view the temporal
fractional integral is associated with Cantor set or its generalizations, occupying
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an intermediate position between the classical Euclidean point and continuous
line. But the meaning of fractional integral with real fractional exponent is not
complete in the light of recent papers [10], [17-20], where the correct
understanding of different self-similar objects with complex fractal dimension is
discussed. These interesting ideas forced the authors of this paper to reconsider
their previous results obtained in [8] and gave a possibility to understand the
geometrical/physical meaning of mathematical operator with complex fractional
exponent. So the basic question, which we are going to consider and discuss in
this paper, can be formulated as follows: how to come to understanding of
fractional integral with complex fractional exponent through the correct
averaging procedure of a smooth function over the temporal fractal set? We are
going to show that details of averaging procedure developed in [8] will help us to
find the answer formulated in the title of this paper.

The following content of this article obeys the next structure. In the Section 2 we
present the basic details of the averaging procedure including some new
generalizations, which are absolutely necessary for further understanding. In Section 3
following to the basic ideas of the scale-invariance objects with complex fractal
dimension we justify the geometrical/physical meaning of imaginary part of the
complex fractional exponent. In this section the results of numerical calculations are
also given. They are important in understanding of the imaginary part of the complex
fractional exponent. We found also geometrical structures leading to a ‘pure’ fractional
integration containing only an imaginary part of the complex exponent. This
investigation (considered in Section 4) helps to introduce passive two-pole elements
with complex fractional exponent, realizing the fractional integration/differentiation
operation in time domain. The last Section 4 includes also a brief consideration of
kinetic equations containing complex fractional exponent. The basic results are
collected and discussed in the final Section 5.

2. Procedure of averaging of a smooth function over the given fractal set

2.1. Binary Cantor set and the temporal fractional integral

Let us suppose that a physical value J(¢) is related with a smooth function f{f) by
means of convolution operation

J(t)=K(t)*f(t)=jK(t—T)f(T)dT, ()

where the function K(¢) is determined on the segment [0,7] and can be expressed
by using of the conventional step-function

K(t)= l[K(t) -x(t-T)]. )
T

Here
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k(1) = 1L,t>0 3)
0,t<0

is the conventional Heaviside unit function. The constant 1/7 in (2) appears as the
result of the normalization of all states covered by the function K{(#) to the unit value

j.K(t)dt =1. 4)
0
Laplace-image of K(#) with the use of retardation theorem
fi=a)=exp(—pa) [(p). )
takes the form
K2 K(p) = [ KO oxpt-poas = LT ©
0

LT
Here and below the symbol = means that the left and right side functions are

related to each other by the conventional Laplace transform.

In order to find the kernel K" () on the Nth stage of the Cantor binary set
construction, having fractal dimension v=1n2/In(1/£) and concentrated on the
interval [0,7], it is necessary to write the recurrence relation directly for the kernel
K ;NV) () which coincides with the normalized density of the binary set

K0 = [ K0+ K5 @ -1-91)]. ™)
Here K,°\(1)=K(t) defined by (2). The height of each Cantor ‘stripe’ on the Nth
stage is equaled to 1/(2&)"T and provides the conservation of normalization to the
unit on each stage of its construction.

In recurrence relation (7) and below the parameter & is the scaling factor,
which shows the ‘degree of compressing’ (&< 1) of binary set on each stage of its
construction. The values of ¢ lie in the interval [0,1/2]. Now we are ready to find
the answer for the following concrete question:

What is the result of the convolution of the function f(t) with the normalized
density K;{\/V) (t) in the limit N — o, i.e

J@0) = lim J,,(0) = lim (K2 @0)* () = (K, (0% 1) ®)
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Here and below K, () is the limiting value of K;"(r). For further
investigations of the last expression (8) it is convenient to use the Laplace
transform of the function K"’

WV

(¢). From recurrence relationship (7) we obtain

K (p) =%[1+exp(—pT(l—é))]K,;?;”(m. )

Repeating this procedure N time, we have

ir 1-exp(-pTE")
M ()= N () = -1, 10
KT,V ) KT,V (p) PTE" Oy [pT(l ég)] (10)
where
0y(2) =2 [] (1 +exp(-2&")), (11)

n=0
with z=pT(1 - &).
So, the Laplace-image of Jy(p) accepts the form
J(p)=K7\)(p)f(p)

For the large values of N (N1 1) and Re(pT&") 11 1 we have in the limit N — oo

J(p)=0[pT(1-O)] f(p) =K, (P)f(P). (13)
Here Q[pT(1 — &)] is the limiting value of the product (11). So, the limiting value
of the integral kernel K (p) is reduced to the investigation of the limiting value
of the product (11).

(12)

2.2. Generalization for an arbitrary self-similar process
The last result (13) allows in generalizing of previous calculations for any self-

similar process. One can notice that result (10) for K}fvv) (1) at N0 1 can be written

in the form
K;f\?(t) =A/T)* At/ ET)*..x At/ EN'TY* Kt/ ENT). (14)
Here

AG) =[50+ 8(r—(1-&)]
2
: (15)

N 1 N N
K(t/ & T)ZgNTI:K‘(t/f T)-x((t/& T)—1)]
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The analysis of formulae (14) and (15) prompts us to consider more general
expressions for an arbitrary memory function K“(f) figuring in (14). Let us
consider more general recurrencece relationship

K1) =By glay )*K" (). (16)

Here g(f) is an arbitrary function, {¢.}, {£.1} (©=1,2,...,N,...) are sets of the
constants. Applying the Laplace transform to the last expression we have

N-1
K(p)= ﬂg[i] . a7
n=0 Y, an
We took into account the relationship
LT & a
glan = £90) (8)
a
and initial condition
K(0) = Bog(ent). (19)

Relatively to product (17) we are making two suppositions:
S1. We put

1
a =pf=—\, 20
n ﬁn Tén ( )
and write product (17) in the form
N N-1 N-1 N-1
KM@= T gG&=11eEe]]a¢Ee™). 21
n=—(N-1) n=0 n=l1

Here we took into account the relationship (20) and extended the product also for
negative values of n.
S2. We suppose that Laplace-image of g(z) has the following decompositions

for Re(z) 0 1

g(@)=l+cz+c, 2" +..., (22)
for Re(z) 0 1
A A
g(2)=g+—L+—=+.... (23)
z z

Mathematical calculations realized in [8] show that:
(A) There is a limit of K™(z)

}/im K™M(2)=K,(z) =

7, (In(z))
- (24a)
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where
_Ing) (24b)
In($)
and 7,[In(z)] is a periodical function with the period of In&
z,(In(z)xIn¢&) =7, (In(z)). (25)

(B) The averaged value of the function 7,[In(p7)] over the period In& is defined by
expression
1/2

C(v)=(z,(In(z2))) = j 7, (In(z)+ xIn &)dx (26)
where the value of the constant C(v) can be evaluated and equals
1-g g'w) ,
Cv)= 27
) han L (cf)f " Sy } @7
(C) In the limit N — oo one can obtain
¢ Cv)
J0=(K.@)r0 =2 [10)]= rros) (-0 far e®)
the desired relation with the fractional Riemann-Liouville integral
1/2 C(V) L v-l1
(kw)= | Ko )(fj ~rolr) 2
In the partial case
o) =22, (30)

for the binary Cantor set considered in the previous section the calculations give

)

§=5, Cv)= n2) : €2))

The basic result of this section (24) can be easily understood if we notice the
fulfillment of the following relationship, which is exact for any finite N

(N) _ g(sz ) (N)
K" (¢z)= —g(szN”) K™ (2). (32)
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Taking into account the conditions (23) in the limit N — oo relationship (32) for
the fixed N is reduced to the scaling functional equation of the type

1
K(§z)=—K(2), (33)
g
having the solution (24) for any sequence {& & &...&y ...} distributed on any
countable set. If the sequence {&} is continuous then we immediately restore the
previous result [7] expressed by formulae (28) and (29).

3. The fractional integral with complex exponent

3.1. Consideration of the Cantor set with M bars. One mode approximation

The principal result (24) obtained in the previous section for wide class of
functions g(z) with a variable z, which can accept real or complex values, helps
to understand the meaning of fractional integral with the complex exponent.
Following to ideas developed in [16] the periodical function with unit period can
be expanded into the infinite Fourier series

@) _§ .In(z)
" (m(é)] LG eXP[z”’” ln@J : (34)

Taking into account the definition (24b) for v and the last expression one can
present expression (24) in the form

K,(2)= Y C, exp (m(éjum} In() | _ > C exp[(-v+iQ,)In(2)]. (35)
s g In(&) | =

Here the real exponent v is defined by expression (24b), Q, = 2zm/Iné is a set of

frequencies providing a periodicity with Iné of product (24a). Let us suppose that

this infinite series can be replaced approximately by three terms

K, (2)=z"(Cy+A4,exp(i<Q>Inz)+ 4, exp(-i <Q>nz))

. .- GO
=27 (C, +|4,|cos(< Q> Inz—y))=Coz™ + A,z + 4727

Here <Q> is the averaged frequency referring to the leading term with an
averaged value of n and the complex amplitude A4,= |An|exp(i w). These
parameters determine the contribution of the leading term in the corresponding
series (35). The value <> is defined as

2r<n>

<Q>=————
Iné

(37
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For verification of expression (366 one can use the eigen-coordinates (ECs)
method and consider the values C,, |4, | , <> and y as a set of the fitting
parameters. As an initial product one can take Laplace expression for M Cantor

bars obtained in [8]
1—ex (_ZMJ
A WY

@)= ( - ]
l-exp| ——
M -1

(38)

In particular case M = 2 this generalized expression coincides with (30). The basic
principles of the ECs method have been considered in papers [21-25]. So, it is not
necessary to repeat here the basic ideas. Here we are giving only the ECs for the
function

y(z)=C, + |An |cos(< Q>In(z)-y), K (z2)=z"y(z). (39)
In accordance with the ideology of the ECs method expression (39) initially
including some nonlinear fitting parameters (<Q>,l/l ) can be transformed
identically into the basic linear relationship
Y(x)=CX,(x)+C,X,(x)+C, X, (x). (40)
Here
Yx)=y—-<..>

X, (x)= J(x—u)y(u)du—<...>, C=—<Q>%,

! (41)

<Q>?C,
2

X,(x)=x—<..> C :(<Q > Cyx, +y'(x0))

X,(x)=x’-<..> C,=

>

is a linear combination of some functions depending on the variable x = In(z).
Relationship (40) helps to find two important fitting parameters C, and <>
Other two parameters |An |and y are found from another basic linear relationship

U(x)= 4 cos(< Q>x)+ A4,sin(< Q> x), (42)
where
U(x)= y(x)_coa Al =

A}'l

cosy, A, =|A4, |siny . (43)

So, with the help of last expressions one can verify numerically the supposition
(36) and calculate the necessary values of the fitting parameters Cp, <(2>, |An and .
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Numerical calculations are realized by means of the following procedure:

1.
2.

Calculation of the function y(x) in accordance with definition (39).
Calculation of the fitting constants C; (k=1,2,3) in accordance with linear
relationship (40) by the linear least-square method (LLSM). They should
present a set of sloping lines if supposition (36) is correct. The sloping
lines C; and C, for M =2 are shown in Fig.1

Calculation the necessary set of the fitting parameters (C,, <€2>, |A,, |, w).
The final verification of expressions (37). This final stage is presented by
Figs. 2 and 3 respectively.
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(a) Plot for the constant C; calculated for number of bars M = 2. The sloping line
indicates that the corresponding hypothesis for y(x) presented by (37) is correct. The
tangent of the sloping line equals —5.85979. (b) Plot for the constant C, calculated for
M =2. Again the sloping line indicates that the corresponding hypothesis for y(x)
presented by expression (37) is correct. The tangent of the sloping line equals 1.88859.
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(a) Oscillating part of y(x) shown by open points and its fit (shown by solid lines)
calculated with the help of the ECs method for M = 2. The values of the fitting
parameters are collected in Table I. (b) Oscillating part of y(x) shown by open
points and its fit (shown by solid lines) calculated by the ECs method for M = 7.
The values of the fitting parameters are collected in Table 1.
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004

Fig.3. Calculated values of the product corresponding to the function defined by
expression (36) for different values of bars, which are defined by parameter M.
Their fitting curves corresponding to function (37) are shown by solid lines. The
values of the fitting parameters are collected in Table 1.

The values of the fitting parameters for various M and & are collected in
Table I. These numerical calculations prove that supposition (36) is correct and
physically reflects the true discrete structure of the fractal considered. It is
interesting to note from analysis of the parameters given in Table I that the basic
contribution to approximate expression (36) comes from the first Fourier
components (<n> = 1). Other parameters exhibit a monotonic behavior with
respect to number of bars M. See, for example, Figs. 4a and 4b.

Table 1. The basic initial (the first 3 rows) and the fitting parameters (rest rows)
obtained in the result of numerical verification of expressions (37)

M g v CO AO Al Q \ <n> Stdev
21 0.125 [0.3333| 0.63 | 0.0082 | -0.0015 | 3.01161 | -0.1748 | 0.9967 |9.5E-5
5] 0.05 |0.5372(0.6117] 0.0217 | 0.028 [2.09144 | 0.9068 | 0.9972 |6.1E-4
7 10.0357| 0.584 |0.6106| 0.0252 | 0.0404 | 1.8853 | 1.0137 | 1.0000 |8.3E-4
10| 0.025 | 0.624 | 0.609 | 0.0293 | 0.0533 | 1.7045 | 1.06874 | 1.0001 |1.3E-3
13/0.0192/0.6492|0.6074 | 0.0382 | 0.0621 | 1.5911 |[1.08429 | 1.1011 |1.7E-3
1510.0167]0.6614 | 0.606 | 0.0353 | 0.0661 | 1.5331 | 1.08074 ] 0.9991 |2.1E-3

Based on Laplace image (39) it is easy to come back in time-domain
generalizing the value of the fractional Riemann-Liouville integral for complex
values of the fractional exponent. Using relationship [26]

ta—l LT

" (44)

one can present expression (36) in the form

vl v+i<Q>-1 v=i<Q>-1
t t t

*

K, (t)=C, +4, —+ A4, —.
r'(v) I'(v+iQ) I'(v-iQ)

(45)
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Fig4. (a) Dependence of the basic fitting parameters against the number of bars (M) is
monotonic. Here we show the functions (M) and y(M). (b) Dependence of the basic
fitting parameters Ay = A/ cos( W and A; = A/ sin( W) against the number of bars (M)
exhibits again a monotonic dependence. Other parameters are collected in Table 1.

It is easy to note that the first term in the last expression represents itself the
evaluation of the kernel K,(¢) in the continual approximation, other two terms
reflect the discrete scale invariance phenomenon existing for true discrete
fractals. The averaging procedure (see expression (26)) developed in the book
[2] leads to zero values for the two last terms and effect of a “fractal
digitization” is disappearing. So, coming back to objections expressed in
papers of R. Rutman [11,12] one can say that initially this effect was not
noticed and a “naive” attempt to replace a discrete product (17) by its
continuous analog can be considered as approximate. The correct replacement
requires the additional averaging procedure (26) or consideration of the fractal
periodical effect, which in the simplest form can be expressed by two
additional terms figuring in expression (45).

So, one can prove that the difference between random fractal, which accept any
value of a scale from the given interval (0,7) and discrete fractal that accept only
countable set of scales leads to phenomenon of discrete scale invariance [4,17-20]. This
phenomenon is expressed in the form of log-periodical functions with period depending
on the scaling parameter Iné. The eigen-coordinates method helps to identify the function
W(z) (39) and find the necessary fitting parameters Cy, <C2>, |An | and w.

Attentive analysis of exact relationship (32) helps to find self-similar
structures leading in time-domain to the complex fractional integral. Let us
consider the additive sums of the following type appearing in averaging of a
physical value over a discrete fractal structure [8]

N-1

Sy(2)= D, b f(z"). (46)

n=-—N+1

282



R.R. Nigmatullin, A. Le Mehaute

Here and below the variable z can accept any real or complex value. This sum for
any finite N has the following scaling property

Sy(z6) = %SN @)+ 7 f(2E") b f(2E). (47)

If the function f{z) is chosen in a way that contribution of the last two terms in the
limit N — oo becomes negligible then we obtain again the scaling equation of the
type (33) with solution

S(éfZ)=—S( ) 5 =D,

(43)
where 7z(In(z)) again is a log-periodical function, satisfying to condition (25),
= In(b)/In(¢). Solutions of the scaling equations of more general type obtained
by variation of arbitrary constants are considered in the Mathematical Appendix.
For g,b=4%1 in Eqns. (33), (48) v=0 and one can expect ‘pure’ log-periodical
oscillations. For verification of these suppositions we chose two functions.
For the product (32) the probe function has a form
g(z&")=1-2cos(z&")exp(—z<&"), (49a)
which for 0 < & < 0.5 provides the boundary conditions g(z&™) = -1, g(z&" ™ = 1.
For the sum (46) with b = 1 the function has the form
f(zE") =[1-cos(z&") |exp(~z&") , (49b)

which for the same interval of the scaling parameter 0 < £< 0.5 provides zero
boundary conditions f{z&™) =0, fz&N") = 0. The set of Figs. 5 depict the
desired oscillations obtained for ‘pure’ complex’ case with v=0. The
parameters of the fitting function (39) for some values of & are given in Table
II. Finishing this section one can say that possible complex solution of the
scaling equation (33) always exist for one of the negative values

2(z&Y), g(z&™*") . For this case we have the solution
K(2) =8 (in(z) (€)= -x(n(2) (50)

with v =In(1/g)/In(1/&). So, decomposition of the log-periodic function for this
case into the Fourier series should contain only odd components

Sy (@)=Y [em)] Fz[pm)]"). (51)
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function (49a). Here we reproduce
the product (32) calculated for
=01, 015 and 05 The
parameters of the fitting function
defined by expression (36) are
given in Table II. The range of
variable z is located in the interval
[0.1 +10000]. The function (25) at
v=0 satisfies to condition:
7, (ln(z) tIn f) =-r, (ln(z)) :
(b) Numerical verification of the
function (49b). Here we reproduce
the calculated values of sum (46)
for £=0.1, 0.15 and 0.35. The
parameters of the function defined
by (36) are given in Table II. The
range of variable z is located in the

same interval [0.1 +10000]

Table II. The calculated fitting parameters obtained for product (32) with function (49a)
(the first nine rows marked bold) and sum (46) with function (49b) (the last eight rows).
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S, =Y [pm)] Fz[p(m)]")

£ Co Ao Ay Q v <n> Stdev

0.1 [-0.24E-4 0.486081  [0.414370 [1.361998 |0.705923  |0.499128 [0.00964

0.15 [3.927E-5 |0.410544  |0.258893 |1.653635 [0.5626226 [0.499293 |0.005364
0.2 |-1.3E-5 0.33813 0.13424 1.94831  [0.377924  0.499059 0.0038366
0.25 |6.88E-5 0.27102 0.046309 |2.26341 [0.1692346 [0.499389 |0.003052
0.3 [2.163E-6 |-0.203831 0.017272 |2.599207 |0.08453686 [0.49805546 |0.003325
0.35 |-7.62E-7  |-0.1404406 |0.0481402 |2.97784 0.330228 |0.4975498 |0.0031357
0.4 [1.948E-8 0.0820374 |-0.057847 |3.406445 [0.6141585 ]0.4967693 |0.0031405
0.45 |-1.63E-7  10.03623903 |-0.0530627 |3.901106 |0.971607  |0.495778  |0.0033237
0.5 [2.288E-8 |-0.006377 |0.0374794 |4.481137 [1.402258  0.4943492 |0.0029298
0.1 [0.150513 ]0.0284258 |0.0630613 ]2.7203411 |1.14731 0.996917  10.0023746
0.15 [0.1826834 |-0.0031946 10.051340 ]3.29363  |1.50865 0.994466  10.0015673
0.2 [0.21534 -0.020898 0.0292423 |3.871489 |-0.9503057 |0.991682  [0.001787
0.2510.25 -0.0227797 [0.0068779 [4.4808124 |-0.2932225 |0.9886267 [0.0017665
0.3 [0.287858 |-0.0130835 |-0.0070482 |5.1412523 |0.4941338 |0.985158 |0.0017137
0.35 {0.33012601 |-0.0011869 |-0.0082609 |5.867455 [1.428099  [0.9803601 ]0.0014721
0.4 [0.378235 ]0.0033914 |-0.002246 ]6.6804012]0.585039  [0.9742176 |0.001067
0.45 0.434027 10.0010721 ]0.0010717 ]7.6022915]0.785196  [0.9661482 0.0006704

3.2 Some generalizations
Let us consider the sum or the product of the following type
(52a)



R.R. Nigmatullin, A. Le Mehaute
K™ (z)= Hg(zgo(n)“ ) . (52b)

It is supposed that the values of the discrete variable 7 is located in the interval,
which keeps the real values of the function ¢(n). These expressions can be
transformed to the following forms

N-1

Sy@2) =Y [om] Fiz[pm)] )= >, b*F(z&"), (53a)
n K=—(N-1)

KV =TTe(zem )= T 2. (53b)
n K=—(N-1)

Here b = exp(f), £=exp(a), K = In[@(n)]. If the initial values of n are chosen in
such a way that discrete values of K are located in the interval [-N+ 1 < K< N-—
1] then the mapping ¢(n) = exp(K) keeps invariant all properties proved initially
for product (32) and finite sum (46). So, one can say that fractional integral with
real or complex exponent exists not only for genuine fractal structures. The
mapping ¢(n) = exp(K) considerably increases the results obtained for new type of
structures, which can be reduced to the fractal ones on mesoscale region. It has a
sense to define these structures as quasi-fractals structures. In particular, in
chapter 8 of the book [8] we consider the model of coordination spheres, when
n=@n). As numerical verifications show the dependences N, = Ny* and
R, = Ry n® approximate very well the number of particles N, and their radiuses R,
as a function of a number of the current coordination sphere n (n =0,1,2,...). The
model of coordination spheres can be applied for calculation of number of
particles for wide number of heterogeneous substances including clusters of
different nature. No needless to say that similar quasi-fractal structures leading
also to the fractional integral of the Riemann-Liouville type are needed in more
detailed investigations as new potential objects figuring in mesoscale region.

4. Recap and reind elements with complex exponents
4.1. Possibility of existence of reind and recap elements with complex exponents
In our book [8] it has been proved that self-similar structures combined from R
(resistance), C (capacitance) and L (inductance) elements form passive two-poles,
which we defined as recap (resistance + capacitance) and reind (resistance +
inductance) elements. Their impedances are expressed in the form
N m( i (0 <<
Z,(je)=R(jo) " (O0<vs) 5
Z,(jo)=R(jo) (0<v<1)

The first expression defines the complex impedance of recap; the second one
belongs to reind element. All analytical evaluations, which lead to expressions
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(54) were performed in the continual limit [8]. One can expect that calculations
realized for true discrete structures will contain log-periodic functions, reflecting
discrete scale invariance phenomenon. In fact, these log-periodic functions are
contained definitely as solutions of the scaling equation

O(z5) = bd(z) , (35)

if parameters b and £ form independent countable sets [8]. For other fractal
structures, which are not satisfied to functional equation (55) the existence of log-
periodic solutions needs in a special investigation. Consider, for example, the
chain of two elements: resistance R and capacitance Z = R/(jwz&") (1= RC, £<1)
connected in series. The total admittance of these elements (-N+1<n<N-1)
connected in parallel is expressed in the form [2]

YN(z):%(l—SN(z)). (56a)

If these two elements R and Z=R/(jwrE™) (r=RC, z=jwr) are connected in
parallel, then the total impedance of these elements connected in series is
expressed in the form

Z,(2)=RS,(2). (56b)
For ‘extraction’ of log-periodic solutions we consider the sum
N-1 1
Sy(2)= -, (57)
v n:,%,:,l) 1+z¢&

figuring in both expressions (56). According to expression (47) we have the
following scaling equation (if {z&™) = 1, Az&V") = 0)

S(z&)=S(z)+1. (58)
Solution of this equation (see Mathematical Appendix) can be written in the form

S(z) =7Z(ln(2))+%. (59)

Figs. 6a and 6b show the results of numerical verification of solution (59). In
Fig. 6a we depict the situation, when possible oscillations are completely Aidden and
suppressed totally by the second term In(z)/In(¢). After subtraction of the second term in
(59) possible oscillations evoked by discrete circuit structure become visible. Oscillations
S(z) — In(z)/In(&) shown on Fig. 6b are described well by the fitting function
ﬂ(ln(z)) =C, +C, exp(i < Q > In(2)) + C, exp(~i < Q > In(2))
o 2 <n> > (60)
In(1/&)
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with the following values of the fitting parameters £=0.1, Cy=34.5, C; = A4exp(iy)
(41 =-3.19382E-5, w=1.53985, <n>=0.996368, <(0>=2.71884). The standard
deviation of the absolute difference between the left and the right parts of expression
(60) equals Stdev = 1.45291E-5.

£
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Fig.6. (a) The calculated sum defined by expression (59) (gray points) and the fitting function
(solid line) defined by expression y(z) = Inz)/In(é + B (£=0.1, B=34.5115). In this
presentation a possible discrete structure is completely hidden. In order to see possible
oscillations it is necessary to analyze the difference expressed by (60). (b) The log-
periodic function and its fitting (expression (60)) obtained by the ECs method. The fitting
parameters calculated for £ = 0.1 are given in the text.

In more general cases for discrete self-similar structures one can write the
following generalization of expressions (54)

z,(jo) = R[ (jo) " +C(jo) " +C" (jo) " | 0sv <) o
Z,(jo) = R| (jo) +C(jo) 7" +C" (jo) " | (0<v <)

Here R is a dimension value, C is a dimensionless complex constant of the order
of unity, Q is a leading frequency defined by expression (60). The structure of
expressions (61), when terms containing complex exponents form a complex-
conjugated pair follows from general expression (34).

The existence of the generalized expressions (61) is confirmed by numerical
calculations but it would be interesting to discover this behavior in real
experimental situations analyzing impedances/admittances frequency behavior of
various heterogeneous structures.

4.2. ‘Strange’ fractal kinetics

A strong evidence has been presented earlier [9,27,28] that the generalized kinetic
equations containing fractional derivatives and integrals describe well raw dielectric
spectroscopy (DS) data, which, in turn, are related to measurements of complex
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permittivity in frequency domain. For this aim the special recognition procedure has
been developed. It includes a presentation of DS data in the so-called rafio format. The
special separation procedure helps to identify the number of relaxation processes and
determines at least qualitatively the possible structure of fractional equation describing
the relaxation of the total polarization in time-domain. Experimental DS data are
described very well by complex permittivity functions, which correspond to new
identified kinetic equations with fractal derivatives in time-domain. As a basic result,
which follows from this new approach one can obtain a new interpretation of the
empirical Vogel-Fulcher-Tamman (VFT) equation together with its possible
corrections [27]. This equation taken in the conventional and generalized forms
describes the temperature dependence of low-frequency loss peak for wide class of
heterogeneous materials. These papers can be considered as an essential argument that
"fractal" kinetics really exists in nature. These identified and recognized kinetic
equations have the following forms

(e D) + 73D )(P(6) = P(t)) + P(t) = 0,
» (62)
(7D +7,2 D, ) (P(t)=P(ty))+ P(t) = 0.

Here P(¢) is a value of the total polarization, 7, are characteristic relaxation times,
vi, are fractional exponents located presumably in the interval [0,1]. It is
interesting to mark that the second equation in (47) contains a linear combination
of fractional integral operations, but this combination taken in inverse degree
gives again a specific fractional derivative. The stationary solutions of these
equations lead to the following expressions for complex susceptibility.

. £(0)-¢,
sl@)=e.+ L+ (jor,)" +(jor,)"
: (63)
e(jw)=¢, + £0)-¢,

1+ [(jan'l )"+ (Jjor, )% ]71

These expressions help to give a new interpretation of the VFT equation. This
statement is confirmed by independent verification of randomly taken (from various
international dielectric laboratories) raw DS data measured for complex permittivity.

These identified kinetic equations can be easily generalized. More general
form of kinetic equation which can be considered as a potential candidate for
description of DS complex permittivity data in wide class of heterogeneous
materials can be written in the form

n

> (0D )(P() - P(t,)) + P(6) = 0- (64)

k=1
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In partial cases (=1, v=1 and n=1, v#1) the last kinetic equation for the
total polarization P(f) coincides correspondingly with the known kinetics of the
Debye's and Cole-Cole's type. The physical meaning of the last kinetic equation is the
following. We suppose that all relaxation system including a set of strongly correlated
microdipoles can be divided on 7 subsystems. It might be a set of dipole clusters or
ensemble of strongly correlated molecules. Each subsystem is interacting with
thermostat with the help of collision/rotation mechanism, which is expressed by means
of fractional derivative. Each subsystem &k (k = 1,2,...,n) is characterized by own
characteristic relaxation time 7, showing the contribution of the chosen relaxation unit
into the general process of relaxation. The number of subsystems, giving an additive
contribution to the general picture of relaxation, is defined by a structure of the
concrete heterogeneous material considered. At an initial stage the kinetic equation
(64) can be considered as a reasonable and phenomenological hypothesis, which is
recognized from correct treatment of DS data. After identification of this type of
kinetic equation on a wide class of heterogeneous materials the further theoretical
attempts should be undertaken in explanation of their microscopic origin. Probably, it
will require the generalization of the Liouville equation for density matrix and
introduction of new ideas related to irreversibility of time. At the present stage we
suppose that this equation describing the relaxation of the total polarization in a bulk
material can serve a basis of signal processing in the modern dielectric spectroscopy.

Now it becomes clear how to generalize the identified kinetic equation of the
type (62) for the complex fractional exponents and clarify their physical meaning.
Let us suppose that discrete scale structure in the heterogeneous material
considered is conserved. The reasons of conservation of a discrete structure in
some concrete material need a special consideration. If some materials exhibit the
discrete scale invariant (DSI) property then it is necessary to replace a real
fractional exponent by the triad of the following type

T D = 1) Dt + Cr) /% DI 4 O ple I (65)
0 0 0 0

The last two terms in (65) reflect the influence of a possible DSI property of a
self-similar structure into the general process of relaxation. Physically this
replacement can be interpreted as relaxation process taking place on a discrete log-
periodical structure with a basic mode <> and having the statesv, which are kept
on this structure. For random fractals the effect of log-periodicity is lost and only
the real part of the total complex exponent is conserved. So, one can see the close
relationship between geometrical (structural) and physical (relaxation) properties
taking place on log-periodical self-similar structures. The most fascinating thing
which follows from this generalization is the prediction of a ‘strange’ (unusual)
kinetics, when the complex exponents accept a weak dependence on time. The
contribution of one complex exponent coming from a genuine discrete structure
into the general picture of relaxation can be presented in the form
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(Tvat:m + CZ.V(t)+/'Q(t)Dt:(tH./‘Q(t) + C*Z.V(t)—jQ(t)Dt:(t)—jﬂ(t) )(P(t) —P(to)) +
+P(t)=0

The kinetic equations of the type (64) and (66) with possible inclusion and
evolution in time of complex fractional exponents (if their existence will be
definitely proved in the nearest future) can require a deep reconsideration of the
basics of the modern nonequilibrium statistical mechanics. We suppose that
understanding of the physical meaning of complex fractional exponent opens new
directions not only for dielectric spectroscopy, where the corresponding kinetic
equations containing fractional integral/derivatives have been identified. It will
give a stimulus for other branches of physics and chemistry of heterogeneous
materials, where the discovery of fractional kinetics with any value of derivative
(including the complex exponents) is still waiting its proper time.

(66)

5. Results and discussion

Based on the scale invariance property, which exists for fractals with clearly
expressed discrete structure, it becomes possible to understand the
geometrical/physical meaning of the fractional derivatives and integrals with
complex fractional exponents. The true form of this complex structure, which can
enter into kinetic equation with fractional derivative, has been found. These
kinetic equations can solve the problem of the correct deduction of irreversibility
phenomenon for /inear systems. The fractional derivative with complex exponent
should enter into a linear kinetic equation as a structure containing three basic
terms. The first term reflects a possible continuous structure. Other two complex-
conjugated terms reflect a log-periodicity of a scale, which forms the discrete
fractal structure considered. This complex triad structure is confirmed by
numerical calculations. We found also possible structures when real exponent
v=20. It can be happened at consideration of sum (46) at b= 1 and product (32)
when one of the limiting value becomes negative or these values in asymptotic
limit coincides with each other. We found also guasi-fractal objects, which keep
invariant the Riemann-Liouville definition of the fractional integral with real and
complex exponents. These objects considerably increase the applicability of the
conception of the fractional integral obtained previously for true fractal structures.
The understanding of geometrical meaning of complex fractional exponents helps
to generalize the conception of recap and reind elements and put forward an idea
of existence of kinetic equations with complex fractional derivatives. The
conception of the fractional exponent helps to understand deeper the principal
difference between discrete and continuous organization of a matter on mesoscale
region and identify a set of genuine discrete self-similar structures, taking part in
transfer and relaxation processes.
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Mathematical Appendix

The solution of the generalized scaling equations

Here we want to generalize scaling equations of the type (32) and (47) and give their
solutions obtained by the method of an arbitrary constant variation. Another method of
finding of solutions of some set of scaling equations was considered in [29].

At first, one can notice that it is easier to obtain solutions of the generalized scaling
equation (47). The corresponding solution of the generalized equation (32) is obtained by
ordinary exponentiating. In the Table III given below we use the following notations:
(In(z)) is a log-periodic function, which in the most cases can be expressed in the form

7[(111(2)) =C, +C exp(i <Q>In(z)) + C]* exp(—i < Q > In(z2)),
2r<n>

In(&)

The fitting parameters of this function can be found with the help of the eigen-
coordinates method.

<Q>= (Al

Table III.
Scaling Equation Solution Comments

1. The limits of
b1 applicability:

S(zE)=bS(2)+¢, + S(z) = Zvﬂ(ln(z)) + ¢, 201

n —n—1

+Z ez +c,z7" a0

=1 K(z) can be

K(z&) = A[K(2)] -
-exp {Zn:(ckzk + cﬁkz_k ):|

k=1

b=1
S(z&)=S(2)+¢, +

n
k —k
+Y ¢zt e,z

K(z8) =[K(2)]-

k=1

-exp{c0 +i(ckzk +cﬁkz’k )}

—b f*
K(z) = exp(S(z))

S(z) = z(In(z)) +

1 (é)ln(z)+
Gz, Cu” *
+;[§k e

K(z)=exp(S(2))

;/

)

considered as
scaling equation
for the stretched
exponential
function.
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Scaling Equation Solution Comments
2. One can add the
(b=1) S(z)=z"z(In(z))+ term
S(z&) =bS(z)+aln(z)+¢, u i(c e z’k)

@ b +——In(z)+ Tk -k
Kz =etz [K(Z)] 1=b aI;d obtain the
T ln(éz corresponding
1-b (1—17) solution.

(b=1)
S(z&) = S(z) +aln(z) +¢, S(2) = z(In(2)) +

K(z&)=e"z" [K(Z)]

a 2
+ () (Inz)" +

T I P
Iné 2

K(z)= exp(S(z))

The variable z accepts any value and can be real or complex, v= In(b)/In(&).
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YETBIPEXCJIOMHBIE HAHOCTPYKTYPbI
DOEPPOMATHETHUK-CBEPXITPOBO/HUK: KPUTUYECKHUE
TEMIIEPATYPBI U YIIPABJISIIOIIME YCTPOMCTBA

1O.H. IIpommx
Kasanckuii eocyoapcmeennviil ynusepcumem, Kazano

Ha ocHoBe pasButoil panee Teopru 3(eKra OIM30CTH UL HCKYCCTBEHHBIX
HaHOCTPYKTYp (eppoMarHuTHbIN MeTaiuy/cBepxnpoBoaHuk (FM/S) nocnenosa-
TENTBHO PaCCMOTPEHBI YeThIpexcioitaeie cucteMbl FM/S/FM'/S', coctosiiue u3
CPaBHUTEIBHO TPSA3HBIX MeTauioB. IIpOBENEHO HCCIENOBaHUE 3aBUCUMOCTEH
KPUTHYECKHX TEMIIpaTyp OT TOJIIMHBI CIOEB B IIMPOKOM [MAra3oHe
mapameTpoB. JIOKa3aHO, YTO [aHHAs CHCTEMa MOXET HMETh pPasIN4HbIC
KPUTHYECKUE TeMIIepaTypbl st ciioeB S 1 S'. [1okazaHo, YTO YeThIpeXCIOHHbIE
CHCTEMBI  SIBISTIOTCS ~ HamOoliee  MEPCHEKTUBHBIM  KAaHIWIATOM U
HCIIOJIE30BAHMS B CBEPXIIPOBOJISIIICH CITTHOBOH HJIEKTPOHUKE X MOTYT CITY>KHTb
JNIEMEHTHOM 0a30H 1 CO3MaHMS  MHKPOOJICKTPOHHOM  armapaTypel
MPUHIMIHATIGHO HOBOTO THIA, COBMEIIAIONICH MPEUMYILECTBA CBEPXIIPOBO-
JAIIEro ¥ MarHUTHOTO KaHAJIOB 3aIticy MHGOPMAIMK B OHOM 00pasLe.

Beenenne

CBepXnpoBOIUMOCTh ¥ (peppOMArHETH3M SIBJSIFOTCS  AHTATOHUCTHYSCKUMH  SIB-
JICHUSIMH, Y HX COCYIIIECTBOBAHHE B OJHOPOAHBIX MaTepHajiax TpeOyeT CrielaabHbIX
JOCTaTOYHO TPYIHO BBINOJHUMBIX YCIOBHI. DTOT aHTArOHU3M IIPOSIBIIETCS, TIPEKIIE
BCEr0, B WX OTHONIEHMHM K MAarHUTHOMY mOM0. CBEpXIPOBOAHUK CTPEMHUTCS
BBITOJIKHYTh MarHuTHOE mosie (3ddext MelicHepa), Torna Kak (peppoMarHETUK KOH-
LEHTPUPYET CUIIOBBIE JIMHUY T10JIs1 B cBOeM o0beMe (3(p(heKT MarHUTHOM MHIYKIWH).
IepBoe 0OBsICHEHNE TTOABIICHHS CBEPXIPOBOIMMOCTH (hDepPOMArHUTHBIM YHOPSIIO-
YeHHeM B MEepeXOAHBIX MeTayutax Obuio maHo ['mHzOyprom [1], ykaszaBmmm, 4To B
9TUX METAUIaX MarHUTHAs! MHIYKIWS [IPEBBIIACT KPUTHYECKOE TI0JIE.

C TOYKM 3peHUs] MUKPOCKOIIMYECKOH TEOPHHU 3TOT aHTarOHH3M TaKKe MOHSATEH:
NPHUTSDKCHHE MEKIY OJICKTPOHAMH CO3AeT KYNEpPOBCKUE Mapbl B CHHIJICTHOM
COCTOSHAM, a OOMEHHOE B3aMMOJICHCTBHE, NPUBOIAIICE K (eppOMarHeTH3MY,
CTpeMHTCSI BBICTPOUTH DJIEKTPOHHBIE CIMHBI IapawiensHo. [lostomy, Korma
3€EMaHOBCKasl SHEPrHsl JIEKTPOHOB Hapbl B OOMEHHOM IoJie / TPEBBICHT SHEPTHIO
CBS3M, MEPOM KOTOPOW SIBIIETCS CBEPXIPOBOISIIAS IIENb A, CBEpXIPOBOJIICE
COCTOsSIHHE OyzeT pa3pymieHo. B oTnudaue oT KpuTHYecKoro mois H., AeiicTByromero
Ha OpOWTAIBHBIE COCTOSIHUSI DJIEKTPOHOB IIapbl, OOMEHHOE I0jIe JICHCTBYET Ha
AJIEKTPOHHBIE CITUHBI (CIIUHOBBIE CTENEHH CBOOOJIBI), MOATOMY OOYCJIOBJICHHOE WM
paspyliIeHre CBEpXIIPOBOJMMOCTH Ha3bIBAIOT ITapaMarHUTHBIM (P PeKkToM.

B cmty ykazaHHBIX NPUYMH COCYILECTBOBAHHME CBEPXIIPOBOASILETO U (eppo-
MarHutHoro mapamerpoB mopsaka (I1IT) B oxHOpomHON cucTeMe MajoBEpOsITHO,
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OJTHAKO B MCKYCCTBEHHO IPHI'OTOBJICHHBIX CIIOMCTHIX crcreMax FM/S, cocrosux n3
yepeayronmxcs cioeB ¢eppomarautHoro Meramia (FM) u cBepxmpoBogamka (S),
OHO JIETKO JocTikuMO. braromapst addexry 61130cTH, BO3MOKHO HaBEJICHHE B CIIOE
FM cepxmpoBomsmero I1I1, a, ¢ npyroii ctopoHsl, coceansst mapa cinoeB FM Oyner
B3aMMOJICHCTBOBATh APYT C IpyroMm depe3 ciodd S. B Takmx cucremMax BO3ZHHMKAaeT
Oorarasi pu3nKa, KOTOPOI MOXKHO YNPABISTh, MeHsisl TomHy FM u S ciioeB mm xe
nomentast ctpykrypy FM/S Bo BHelIHee MarHUTHOE T1OJe.

CoBpeMeHHbIE TEXHOJIOTUH M3rOTOBJICHHSI CJIOMCTBIX CTPYKTYp, TaKkHe Kak Mo-
JICKYJIIPHO-JTy4YeBasi IUTAKCHsl, ITO3BOJIIFOT HAaHOCUThH CJIOW aTOMHOHM TOJIIMHBI U
U3yyarh CBOWMCTBA TAKUX IeTEpPOreHHBIX cucteM FM/S B 3aBHCHMMOCTH OT TOJIIMHBI
tbeppomarautHoro (d;) wmu  cBepxmpopogsmiero (dy) cnos. MHoroyucieHHbIe
9KCIIEPUMEHTHI 10 CTpykTypam FM/S (KOoHTakTaM W CBEpXpelleTKaM) BBISBUIIN
HETpUBHAIBHBIE 3aBUCUMOCTH TEMIIEPATypbl CBEPXIIPOBOSIIETO Iiepexona I, OT
TOJIIMHB (DEPPOMArHUTHOTO CIIOsT (CM. CChUIKH B 0030pe [2]). OcoOwlit mHTEpEC
TIPEJICTABIISIET N3YYCHHE MHOTOCIIOMHBIX CTPYKTYp F/S, rae MoryT ycraHaBiImBaThCs
pazinYHbIe THIBI B3aUMHOTO MAarHUTHOTO TOPSAKA B COsX F 3a cyer KOCBEHHOTO
B3aMMOJICHCTBHS MX uepe3 ciou S. B camoe mocienHee BpeMs ObUTH MPEUIOKEHBI
JIOTHYECKUE 3JICMEHTHI HOBOTO THMNA (CIHHOBBIE IEPEKIIOYATENM) HA OCHOBE
B3aMMOCBSI3H CBEpXIIpoBosiiero u marautHoro [1I1 B Tpexcrnoitnbix [3,4] FM/S/FM-
U MHOTOCIIONHBIX [2,5-8] FM/S- crpykrypax. Takum 06pa3om, oOlieTeopeTniecKuii
UHTEpeC K IpoOJeMe B3aMHOIO BIMSHHS CBEPXIPOBOAMMOCTH M MarHeTusMa B
crpykrypax FM/S, a Takxke O0ratbiii SKCIICpUMEHTABHBIA MaTepyal U BO3MOKHBIC
TEeXHUYECKHE IPUMEHEHHS JeNIaloT 00CYKAaeMyI0 IpoOIeMy BeCbMa aKTyaIbHOM.

B mmonepckux paborax [9,10] s cBepxpemerkn FM/S 6bi1a chopmympoBana
KpacBas 3a1ada Juisl TAapHOW aMIUTUTY/B! (BOJHOBOM (DYHKIMH KYIIEPOBCKOW T1aphl) B
TPSI3HOM CBEPXIIPOBOHUKE 1 ObIIa BBIYKCIIEHA TEMIIEpATypa CBEPXIIPOBOIALIIETO TIepe-
xo71a KaK QyHKUMSA dj; KOTopas JiaBaia Kak MOHOTOHHBIH criajt T;, TaK U OCLMILIHPYO-
mryro  3aBUCMMOCTb.  Ocumuisiiin  To(dy) CBA3BIBAIMCH € KOHKYyPEHLMEH Mexty
0-da3sHbM U 7~(pa3HBIM THIIAMH CBEPXIIPOBOAMMOCTH B cocemHuX crnosix S. OmHako,
ncrons3oBaHHble B [9,10] rpaHMYHBIE YCIOBHS CIIPaBEMIMBBI TOJBKO B TIpeese
BBICOKOH IPO3PAYHOCTH IOBEPXHOCTH pasfena (eppoMarHeTHK-CBEPXIIPOBOIHUK. B
nocnenyronmx padorax [11-14] rparndnbe yCIoBus L1 KpaeBoi 3a1adu ObUTH BbIBE-
JICHbI 113 MUKPOCKOINYECKOW TEOPUH, U OHHM OKa3bIBAIOTCSI CIPABEIUBBI IIPU JTIO00H
CTETIeH! MPOo3pavHOCTH rpaHuIibl. Ha ocHOBe pelenus Oonee 00IIMX ypaBHEHHI Kpae-
BOW 33J1a4¥ C y4ETOM KOMIUIEKCHOTO Xapakrepa kod(durmenta muddys3uu Obumm mpe-
CKa3aHbl M JIpyrue THIIbl MoBefieHns T (d)): BO3BpaTHas M MEPHOIMYECKH-BO3BPATHAS
CBEPXIMPOBOIMMOCTS [2,11-14]. TTpruem n oclMIsIMK, U BO3BpaTHOE NoBezieHue T (d))
TIPOSIBIUIACH KaK B IMPOCTBIX NMBYXCIOWHBIX FM/S, Tak u B Tpexcioitabx FM/S/FM
CHCTEMAaX, B KOTOPBIX B IPHHIMUIIEC HET 7-(ha3Hoi cBepxmpoommMoctH [2,11-13]! Same-
THM, YTO IIPEACKa3aHHbIA HAIlled TeOpUel BO3BPATHBIA XapakTep CBEPXIPOBOJUMOCTH
OBLT HETaBHO AKCIIEPUMEHTATFHO OOHApYKeH B TpexcioitHoi cucteme Fe/V/Fe [15].
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Celfluac MOXHO CUMTaTh JOKa3aHHBIM [2], 4YTO CBEpPXIPOBOJUMOCTH B
cucreMax FM/S sBusercs komOwHammei crmapumBaHus mo Mexanusmy BKII c
HYJIEBBIM CyMMapHBIM HMIIYJIbCOM B CJIOSX S ¥ CIIApPUBAHUS 10 MEXaHU3MY
Jlapxkuna-OpunnankoBa-Oynpae-Oeppema (JIODD) [16,17] ¢ oTAMYHBIM OT
Hyns TpexmepHbiM (3D) ummmynscom map Kk B FM-cmosx. MmenHo Ttakoe
COCTOSIHME IIPUBOJUT K OCLMIUIMPYIOIIEH 3aBUCUMOCTH T(d;) npH BBICOKOMH
MIPO3PAavYHOCTH KOHTAKTa, TOrJa Kak MPH HU3KOW WIM YMEPEHHOW MPO3pPavyHOCTH
3aBHCUMOCTb T.(d;) MOXET MPHUHATH CIJIaKEHHBII MOHOTOHHBIH XapakTtep (cMm.,
HarpuMmep, paboty XycanHoBa B 3TOM COOpPHHUKE).

HeoOxomiMo ocobo ormeruts, uto Teopust dddekra Omuzoctu [9-14] mus
ceepxpewemox FM/S, yunTbiBaromasi oOpaTHOE BIIMSHUE CBEPXIIPOBOAWMOCTH Ha
MarHetusM cinoeB FM, nosiBuiack nuiib HeaBHO [2,5-8]. B To *e Bpemst 11 aHaso-
THYHBIX CTPYKTYp (eppoMarHuTHbIA ananekTpuk/cBepxnposoanuk (FI/S) [18,19]
OBLIO TIOKa3aHo, YTo AanbHoxaeicTByronmii ooMeH PKKU mMexay cocemHIME CITOSIMI
FI depes mpocnoiiku S mNpPUBOJUT K CIOUCTOMY aHTH(EPPOMATHUTHOMY
ceepxnpoBogsmemMy (ADPC) cocrosamto. B ADC cocrosanm a3sl maraurHoro 1111 B
cocemHuX cnosix FI cnBuHYTHI Ha 77, 4TO CYIIECTBEHHO OCNIAOJSsIET pacriapyBarolee
JeHCTBHE TTapaMarHuTHOro 3¢dexra 0OMEHHOro Mo I CIoeB S U MoBbIIIaeT 7.
Takoro pona B3auMHasi MOACTPOHKA CBEPXIPOBO/IIIIEIO M MarHUTHOTO HapaMeTpoB
YIOPAAOYEHHUS], NMPUBOJAIIAS K KBAHTOBOH CBSI3M MEXIy IPaHMIAMHU pas3jena U
peanzanmu 7—ha3Horo MarHeTu3Ma, MMeeT MecTo U B cBepxpetierkax FM/S [2,5-8].
B Henasueii padote padore Ha cBepxpeierkax Gd/La [20] ObUIO SKCIEPHUMEHTAIBHO
MOATBEP)KACHO, YTO COCTOSIHUS C aHTU(EPPOMArHUTHBIM YIIOPSIOYEHUEM COCEITHHX
cioeB FM mepexonmsit B CBEpXIIPOBOSILEE COCTOSIHHE NPH 3HAYMTENBHO Oornee
BBICOKHMX TEMIIeparypax 0 CPaBHEHHIO CO CBEpXpelarkamu ¢ (heppoMarHUTHBIM
nopsiikoM ciioeB FM.

OT™MeTuM 311ech 0000, YTO YIOMSHYTHIC TCOpETHUECKUE padoThI [3-8,18,19] Bo
MHOTOM OBLTH O0YCJIOBIICHBI (PyHIAMEHTAIBHBIM PE3yJIbTaTOM, MOTy4eHHBIM B 1979
rony KowemaeBbiM ¢ cotpymuumkamu [21]. OHM TOKa3anu, 4TO paguyc ACHCTBUS
ycpenHenHoro no npumecsm noreHuuana PKKU, paBHblii B HOpManbHOM MeTalie
JUTMHE cBOOOIHOTO Tpobera /, ¢ mepexoioM B CBEPXIIPOBOJIAIIEE COCTOSHHUE PE3KO
YBeIMYMBaeTCs MO0 MacmrTaboB JUMHBI KorepeHTHoctH ¢&. Takum oOpazom,
kocBerHbli o0MeH PKKM B '"rps3sHoM"  CBEpXNIPOBOAHHMKE MPHOOpETacT
JAbHOICHCTBYIOIINI BKJIa/1 aHTU(EpPOMATHUTHOTO 3HaKA.

CnuHoOBbBIE MEPEKJII0YATE]H TOKA HA 0CHOBe rerepoctpykryp FM/S

[MpuHuMD paboThl CHIMHOBBIX YCTPOWCTB INEpEKIroYeHus: Toka (spin switch) nHa

OCHOBe TpexcioiHbx cucteM FM/S/FM Obut mpeminoxkeH B paborax [3,4] mns

CPaBHHTEINILHO TPOCTOTO CiTyyast "KyNepOBCKOTO Tpejiesia', KOrja TOIIIHHBI CIOEB

ds; M d; 3HAYNTETBHO MEHBIIE COOTBETCTBYIOIIUX AJTMH KOTE€PEHTHOCTH & U &

Teoperndecku ObLIO 1MOKa3aHo, uTo "aHTU(eppoMarauTHas "(AD) kondurypaums
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TaKOW TPEXCIOWHOW CHUCTEMBI C MPOTHUBOIOJI0KHO HANPABICHHBIMU HaMarHUYeH-
HocTsiMu FM croeB sHepreTudecku OoJiee BBITOJHA TI0 CPaBHEHUIO ¢ "deppomar-
HuTHON "(®@) kompurypammenr. Hpyrumu cioBamu AD koHUTyparus MMeeT
Oosiee BBICOKYIO TEMIIEpaTypy Iepexofa B CBEPXIPOBOJSIIEE COCTOSIHUE 7.
@DU3NYECKH 3TO CBSI3aHO C YMEHBIIIEHUEM PACIAPHUBAIOILETO JICHCTBHI OOMEHHOTO
monst ctost FM Ha cepxmipoBomsimue mapsl B AD KoH(pUTYpauu, ¢ YaCTHIHON
KOMIIeHcalel mnapamariutHoro s¢dekra. Ecnu 3adukcupoBarth HarpaBieHHE
HaMarHMYEHHOCTU B OJTHOM U3 c10eB FM 3a cueT MarHuTHOM CBSA3M C €111e OJHUM
BHEILIHUM CJIOEM JHAJIEKTPUUECKOTO aHTU(EeppOMarHeTuKka, To B3aUMHYIO OpUEH-
TallMI0 HaMarHu4eHHocted cimoeB FM MOXHO MEHSTh, Halpumep, AOCTaTOYHO
cJ1a0bIM BHEITHUM MarHUTHBIM IoJIeM [, GOJIBIINM 3HaY€HHSI COOTBETCTBYIOIIETO
KOOPUMUTHBHOTO TONS Heoer. TakuM 00pa3oM, mpH MOAXOASAIIEM BbIOOpE
MapamMeTpoB CHUCTEMBI M IPH BKIIOYEHHH MAarHUTHOTO MOt H > H,y, KOTOpPOE
MEHSAET B3aMMHOE HallpaBleHHs HamarHuyeHHocted ¢ A® Ha @, BO3MOXKEH
Mepexo]] M3 CBEPXIIPOBOAAIIETO COCTOSHHS B HOPMaJlbHOE: W3 COCTOSIHUS C
HYJIEBBIM CONPOTHBIICHHEM B PE3UCTHBHOE. [IpH BBIKIIOYEHUH MATHUTHOTO OIS
BoccraHaBnuBaloTcss A®D opueHTanms HamMarHWYeHHOCTeH (7—(a3HpIi MarHe-
THU3M) M CBEPXIIPOBOASAIINE CBOMCTBA CHCTEMBL. DTOT 3PQEKT 1 ObUI MPEIIOKEH
JUISL NCIIOJIB30BAHUS B IEPEKITIOYATENSIX TOKA.

3ameTM, 4YTO HaHHAs cxema paboOThl "HET MarHUTHOTO IONS — €CTh
CBEPXIPOBOASIINN TOK, €CTh MarHUTHOE IOJI€ — HET CBEPXIPOBOIIETO ToKa",
W3BECTHA OYEHb [aBHO M MOXET OBbITh pealM30BaHa B 3HAYMTEIbHO OoJjee
npocToM "yCcTpoHcTBe", COCTOSIIEM M3 OAHOW CBEPXIIPOBOSIICH IUIACTHHBI Oe3
cioeB FM. [leiicTBuTEIIEHO, MATHUTHOE TT0JIe H, OOJIBIIIEe, YeM KPUTHUECKOE TIOJIC
H_, mepeBoUT M30JIMPOBAaHHYIO IUIACTUHY S B HOpMasibHOE (N) HECBEpXIIPOBO-
Jsiliee COCTOSIHME, W, HaoOOpOT, BBHIKIIIOYEHHE II0JIs1 BO3BpAllacT CHCTEME
CBEpXIIPOBOAIINE CBOMCTBA. BenmmumHa KpUTHYECKOro monis H, ompenensercs
Pa3HOCTBIO KpUTHUYECKOH U pabouel Temrieparyp 7.— T 1 MOXET OBITH cpenaHa
CKOJb yrogHo Mainoi. KoHeuHo, oOmmM oOrpaHWYEeHHEM JUIS HCHOJIb30BaHUS
MOJOOHBIX YHPABISIOMINX YCTPONUCTB SIBISIFOTCS TOCTATOYHO HHU3KHE TeMIIepaTy-
pBI, IPU KOTOPBIX BO3MOXKHA OOBIYHASsI CBEPXMPOBOAMMOCTb. XOTS, BO3MOXHO,
MOZOOHBIE CXEMBI CBEPXIPOBOMAINEH IUIEKTPOHUKM MOTYT paboTate W s
BBICOKOTEMIIEPATYPHBIX CBEPXIPOBOSIINX MAaTEPHUATIOB.

PaccmarpuBas mepexodaTeNyd CBEPXIPOBOJAIIEIO TOKAa HENb3s He
OTMETUTH €Ille HECKOJbKO OoJiee paHHUX pabOT, MOCBSILIEHHBIX MNOAOOHBIM
YCTPOMCTBAM C OJHMM KaHaJIOM 3allMcd M pPaloTaloMIMX Ha Iepexoje u3
CBEPXIIPOBOSAIICTO B HOPMAIEHOE COCTOsTHUE. B pabote [22] Obuta mpemrokeHa
9KCIIEpUMEHTalIbHAsE MOJIeb Mpubopa Ha ocHoBe cucteMbsl FM/I/S, B koTopom
CBEpPXIIPOBOAAMMOCTD  ITIOJIABJISUIACh 32 CYET KpaeBbIX MAarHUTHBIX —IIOJIEH,
BO3HMKAIOMINX H3-3a CIEHHAIBHON TEOMETpHH MepeKiodaTerst. Ipexcroiinoe
ycrpoiicteo F'/F"/S, B xoTOopoMm crmaboe MarHWTHOE TOJE€ MEHSIO HaIlpaBIICHHE
298



10.H. Ilpouwiun

HaMarHMYEHHOCTH BO BHYTPEHHEM JIOCTaTOYHO TOHKOM cioe F'", Teopermueckn
uccienoBanoch B pabore [24]. IIpm u3MEHEHHWH B3aMMHOTO YITOPSAOYCHUS
HaMarHudeHHocre M' n M" ¢ aHTHIIapaJUIENBbHOTO Ha MapajieIbHOE YCTPOUCTBO
nepexoauio u3 S B N COCTOSIHUE.

OTMeTHM Takke, YTO OblIa CcHelaHa OJKCIIEPUMEHTalIbHAs MOMBITKA
HaOmoneHust 3Qdekra "CIMHOBOrO TMEPEKIIOueHUsT TOKa" Ha mpexclouHou
cucreme CuNi/Nb/CuNi [24]. VYaanoce B mnpuHIMIe moka3ars, uto ADC
COCTOSIHHSI UMEIOT 0oJiee BBICOKYIO TeMIeparypy Kpurudeckoro mnepexoma. K
COXAJICHUIO, M3-32 HEONTHUMAJIBHOIO BHIOOpa IMapamMeTPOB CHUCTEMBl pa3HUIIA
mexay T.(ADC) u T.(PC) e npessiana 0.005 K.

3HaunTenbHO OoJice Ooratoil (U3MKON 00MAMAIOT MHOSOCNOUHbIE CUCTEMBI
FM/S, B KOTOpBIX, KpOME OTMEYEHHOW KOHKYpPEHIMH MEXIy MarHUTHBIMU
COCTOSTHUSIMM, BO3HUKAeT KOHKypeHums Mexnay 0- u  7z~hasHbIMH THIIAMHA
CBEPXITPOBOAMMOCTH. J{eficTBUTEIILHO, TOIPOOHBII aHaIN3, MPOBEICHHBII HAMH B
pabotax [2,5-8] Ha ocHOBe paHee pa3BUTOW Teopuu dddexra O6mu3octu [11-14]
JUIl KOHTaKTa Tps3HBIX S m F meramnos, mokasan, 4ro cBepxpenietku FM/S c
OONBIIMM  KOJNWYECTBOM CJIOEB O0JaJaf0T 3HAYMTEIHHO OOJNBIIMM YHCIOM
COCTOSIHMH, a, CJIEZOBATENIPHO, W JIOTHYECKUX BapHAHTOB pabOThl BO3MOKHBIX
YCTPOWCTB XpaHeHHs M 00paboTku wmHpopmarmu. [Ipm 3TOM ynmamoch HalTh
BapUaHThl pa30enbHo20 YNPABICHUS] MArHUTHBIM M CBEPXIPOBOSIINM KaHAJIOM
3amcu MHQOpMalMK B OTJIMYME OT TPEXCIOWHBIX cHUCTeM. BBUIO MmokazaHo, 4To
A1 TI00BIX  MyJIBTHCHOEB ¢ IpsasHbiME S u F meramnamu ([0 & d,y),
CYILECTBYET IMOPOroBasi TONIIHHA d,", HIKE KOTOPOI peanusyroTcs 7-(pa3Hble M0
MarHeTHU3My COCTOSIHHA M KoTopas MeHsercs B mperenax oT 0.6&, mo 0.85&,
(Bmece &y — ommmHa  korepeHTHoctm BKIII). Kpurnueckas TommuHa
CBEPXIPOBOAIIMX CIOEB d,°, pu KoTopol 7T, oOpamaercs B Hyib, it ADC
coctositHud Bcerga MeHsbine, deM st @C cocrosHuid. Takum oOpazom, st
cBepxpelerok ¢ di° <d;<d," cBepXmpoBoAUMOCTh Oymer umeTh uncro ADC
NpUpOLy, MPHYEM STOT [HMana3oH TOJIIMH INPH CIHEUHaIbHO NOA0OPaHHBIX
mapameTpax MokeT mpeBbeimaTh 0.3 [5-8], a i onpeneneHHbIX TOMMIUH d; 13
storo unrepBaya pasuuna 7,(ADC)- T(PC) MoxeT cTaTh OYEHb CYIIECTBEHHO.
[TocnenHue oOCTOSITENLCTBA BaXKHBI ISl YCTOWYMBOM paboThI MpeiaraeMbIx
CIIMHOBBIX YIPABISIONMX YCTPOUCTB. IIpu 06parHoM cooTHoueHuu d; > d,” CBA3b
MEXy HaMarHM4eHHOCTSIMH coceHuX clioeB FM uepe3 S mpocioiiky cTaHOBUTCS
MIPEeHEOPEKNMO MaJIOH 1 BEIMTPBIBAIOT Oostee cummMeTpruHbie @C cocTosHMS.

Wrak, kak wMbl BuauM, cBepxpemetku FM/S  obOmamator  psgom
TEOPETUYECKUX MPEUMYIIECTB 110 CPABHEHHUIO C TPEXCIOHHBIMU CTPYKTYPAaMH JIJIS
CO3/IaHMSl TPHHIMIHAIBHBIX Pab0dMX CXeM TpeUlaraeMbIX YHPaBIISIOIINX
YCTpOWCTB, MpeIHA3HAYCHHBIX I XpaHeHHS U 00padoTku nHPopmanuu. OJHAKO
C OpPaKTUYECKOW TOYKH 3pEHHWs B MYJIBTHCIONHOH cHuCTeMe Npu OOJBIIOM
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KOJIMYECTBE CJIOEB JIOCTATOYHO TPYJHO OPraHW30BaTh YIPaBJICHWE BHEIIHUM
MarHWTHBIM TIOJIEM HAIpaBICHUSIMH HAMarHWYEHHOCTEH B OTHENBHBIX CIIOSX
FM". Bonee MEPCHEKTUBHBIMU C MNPUKIAJHOM TOUKH 3pPEHHS SBISAIOTCA
CBEPXPELIETKH ¢ KOHCYHBIM YHCIIOM CJIOEB, KaK C TOYKH 3PEHUS M3rOTOBJICHHMS,
TaK ¥ "MOCIOWHOro" yrpasieHus MarHUTHBIM TosieM. Haubonee npocteivu FM/S
CHCTEMaMH, JONYCKAIOIIUMH KOHKypeHIuto 0- M 7-(pa3HbIX COCTOSIHUH I10
MarHeTH3My U IO CBEPXIIPOBOJMMOCTH, SIBIAIOTCSA 4-X U 5-CIIOHHBIE CUCTEMBI €
mBymsa S-cmosmu. KauecTBeHHO, 0e3 yd4eTra COOTBETCTBYIOUIMX TI'PaHUYHBIX
YCIIOBHIA, OHM OBIIM pacCMOTPEHBI B HaIMX paborax [2,7,8], rae ObUI0 mMOKa3aHo,
YTO YHMCJIO pa3JIMYHbIX COCTOﬂHHﬁ, OTIIMYAIOIUXCA KaK MarHUTHBIM HOPSAIKOM,
Tak W HaguuueM (OTCYTCTBHEM) CBEPXIPOBOAMMOCTH, M BO3HUKAIOIIMX IPHU
U3MECHCHUU MAarHuTHOTI'O ITIOJISI MOKET AOCTUI'aTh ITATH.

VYuer TpaHWUYHBIX YCIOBHUH B dYeThlpexcioiiHoi cucteme FM/S/FM'/S'
JIOJDKEH TPUBECTH K HEIKBUBAJICHTHOCTH cJoeB S M S', a, CIeoBaTelbHO, U K
Pa3HbIM KPUTHYECKUM TeMIlepaTypaM Ul 3THX ciloeB. Huke MBI OKakeM, Kak
9TO MOXET OTPa3UThCS Ha JIOTHYECKHX CXeMax paboThl mpeuiaraeMbIX
YIPaBIIOMMX YCTPONUCTB JUIS 3aIUCH, XpaHeHUs 1 00paboTku nHdopManuu. Mel
noy4nM (ha3oBbie THArpaMMbl COCTOSIHMI YeThIpexcioiHbix cucteM FM/S/FM'/S' ¢
NIOCIIeIOBAaTENIbHBIM YUeTOM T'PAaHMYHBIX YCJIOBHH, CpaBHUM HX C JHarpaMMamu
CBEpXPEIIECTOK, H, HAKOHEl, PAacCMOTPUM IPUHLMUIHUAIBHBIE CXeMbl PaOOTHI
BO3MO>KHBIX YCTPOMCTB, CO3JaHHBIX HAa UX OCHOBE.

Yeroipexcioitnas FM/S/FM'/S' ctpykTypa
Paccmorpum uetsipexcioiinyto cucremy FM/S/FM'/S'c wepenoBanHuem ciioeB
BJOJNb OCH z (cM. pHc.l). YKa3aHHbIe Ha PUCYHKE TOJIIIMHBI CJIOEB B3STH U3
coobOpaxxenmit cummerpun [2]. BpIOOp Takoil cHCTEMBI TO3BOJSIET yYUTHIBATH
BO3MOXKHYIO cMeHy (a3 cBepxmpoBogsmiero nu mMarautHoro IIIT mpm mepexoxe
yepe3 FM wimm S cou COOTBETCTBEHHO M MCCIENOBATh B3aMMHYIO ITOJICTPOHKY
koHKypupyromux TurnoB crnapuBanus BKII u JIOO®®D, ¢ omHO#l CTOpOHBI, U
MarHetusma, ¢ Jpyroil croponsl. s mpocrotsl Oyiem paccmarpuBarh 1D-
ciydait, korna I111 n mapHas aMInTya 3aBUCAT TONBKO OT z. O606menue Ha 3D-
Cilydail TPOBOJUTCA JOCTaTOYHO MpocTo (cM., Hampumep, [2,25]). 3amernm
TOJIBKO, 4TO MPH PacCMaTPUBACMOM HHXKE BHIOOPE MapaMeTpOB, pasiinuue MEXIy
1D- u 3D-BapuaHTamMu T€OpUU HE OYEHB CYIIECTBEHHO [5,6].

Io peuenTtam pabotsl [13], MOKHO MONYYHTH KpaeByIO 3ajady sl (QYHKIHU
T'opbkoBa-Y3anens F(z,). 3amuiiem muddepeHIpaibHbe YpaBHEHUS B CIIOSX S U B
ciosix FM cooTBeTCTBEHHO

’ "Yrpanenne" cpasy BceMH HAMAarHUIEHHOCTSMH IIPUBOIUT K HEOOXOMMOCTH HCTIONE30BaHMS
JIOTIOJTHATENBHBIX OCIIEN0BATENBHOCTEN BBIKIIOYAONIUX MOJIEH, BO3BPAILAIONINX CHCTEMY B
HCXOJTHOE COCTOSTHHE.
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FM FM'

D, 0" _ ,
{w—Taz}Fs(z,a)) =A (2)

D, &?
: S
a)+11+75 Ff(Z,a)):Af(Z)' (1)

3neck @= 71(2n+1) — MarrydapoBcKkast
uactora; Dy =viplyy/3 1 Agy — xood- 7757 d,  do+d, 3d,2+d,
(bHuHeHTI’I ﬂHq)(bySHH SNICKTPOHOB Ml py,. 1 Cgemubiv  nokasamst  ciou FM,

ceepxnposogsimme IHI B crosix S(FM) memublM — caou S. Bepmuxanvhvie
COOTBETCTBEHHO. Vy; M Ly — (hepMHEBCKHe cmpenKu NOKA3bl6aiom HAanpaeieHus
CKOPOCTH | JJIMHBI CBOOOHBIX TPOOCTOB HAMAZHUYEeHHOCMEl, Usparouwue poib
KBa3mdacTHIl B crosx S(FM). Mmaznummozo ITIT

CootBercTBylomue ypaBHeHUsM (1) TpaHWYHBIE YCIOBUS Ha -0
NOBEPXHOCTH pasiena (z; =0, z;=d,, z3=d;+d;) CBA3BIBAIOT NOTOK NapHON
aMIUTUTYJBI C €€ CKaYKOM Ha BHYTPEHHHX TPaHMIAX pa3iesa i UMEIOT BU

4 OF(z,0) 4 OF(z,0)|
DS s > | _ D , f

= OV S . (2a)

z=z

ov Oz

s7s

=+[ F.(z, £0,0)~ F,(z, ¥0,0) |
Bepxnuue 3Haku Oepyrcs Ha rpanune FM/S, mmkHue — Ha rpanune S/FM. ITotok
4epes BHEIIHUE TPaHuLbl (2o = —dy/2, z4 = 3d,/2 + dj) oTcyTcTBYET
4 D aF/»(Z;a))| _ 4 D 8E(Z,a))| -0- (2b)

N
oV, 0z

i
OsVy oz | 2=z,

B (2) oy — xoaddumenTs Mpo3payHOCTH TPAHWLBI COOTBETCTBEHHO CO CTOPOHBI
MetauioB S 1 FM (cM. [2,13]) 1 MOTYT MEHSITBCS OT HyJIs1 10 OECKOHEUHOCTH, Y IOBJICT-
BOPsisl COOTHOIIIEHHIO JIETATBHOTO Oananca oy vy Ny=oyvyN;, Tae Nyy — IIIOTHOCTH CO-
cTostHUM. [[1st BEIYMCIIEHHS] KPUTHYECKHX TeMIlepaTyp 3Toi cucrembl FM/S B 3aBricH-
MOCTH OT INPO3PaYHOCTH TPAHULIBI pas3jiena, TOMIMH CIOEB, U T.JA. PELIUM CHUCTEMY
ypaBuenui (1) 1 (2) COBMECTHO ¢ ypaBHEHHSIMH camocoriacoBaHus [ oppkosa [2,13]
A(z), =2AxTRe). F(z,w)>»  A(z), =24,7TReRe ) F,(z,0) 3)
>0 >0
1€ Ay — KOHCTAHTBI MEKAIEKTPOHHBIX B3aUMOECTBHIA B crosix S u FM.
MorrHoe pacnapuBatoriee jaelictue oomennoro noist [ (/0 aT,, rne Ty —
KpUTHYECKas TeMIlepaTypa H30JIMPOBAHHOTO CJIOSI S) SIBISIETCS OCHOBHBIM
MEXaHM3MOM pa3pyIICHUs] CBEPXIPOBOIMMOCTH B cuctemax FM/S. Jlnst mpocToTsl

*
MBI ucnonb3yeM 0ObIuHBIH KoddduieHT nuddysuu B cioe FM, a He KOMIIEKCHBIH, Kak
B [2,5-8,11-14], B cooTBeTCTBUM ¢ OHcKyccuei [25], Tem Oonee YTO MCMOIB3yEMOE HUXKE

3HaueHue napamerpa 2/7;0 1 nenaer sTy pasHUIly HE3HAYUTETLHOM.
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HOJIOXKUM, 4TO B closix FM A,= 0 (A;= 0), u 6ynem uckaTh peleHns] ypaBHEHH
(1)-(3) B BUAe nmuHEWHOW KOMOWHAIMM CHMMETPHYHBIX M aHTHCUMMETPHYHBIX
OTHOCHTEITFHO TIEHTPOB S- 1 FM-croeB ¢yHkumit. OTCyTCTBHE MTOTOKA Tap Yepes
BHEIIHUE 'PAHULBI IPUBOIUT K HEIKBHBAICHTHOCTH PELICHHH JUI BHYTPEHHUX U
BHEIIHUX CJIOEB paccmarpuBaemoit cucrembl FM/S/FM'/S'. Bynem wuckath
pemenus kpaeBoit 3axaqn (1)-(3) B Buze

cosk (z+d,/2)

F,=B , —dpl2<z<0 (4a)
: cos(k,d, /2)
FS:Acosks(z—ds/2)+Csm'ks(z—d5/2)’ 0<z<d, (4b)
cos(k.d /2) sin(k.d, /2)
. cosk, (z—d —d, /2 ,sink, (z—d —d, /2
Ff:BCOS (z d,~d, )+D sin f.(z d.—d, )’ d<z<(d+d) (4)
cos(k, d, /2) sin(k, d ,/2)
. cosk/(z—d,—3d /2)
F =4 : — : , (dr+d) <z <(d;+3dy/2). (4d)
‘ cos(k . d_ /2)

3nechk kg —He 3aBUCAIIME OT 4YacTOTHl KOMIIOHEHTBI BOJIHOBOIO BEKTODA,
OIMCHIBAIOLINE IPOCTPAHCTBEHHBIC M3MEHEHUs MapHOW aMIUIMTYZbI [ momepex
cioeB (BIOJb OCH Z).

B pesynprare Ui NPUBEICHHOW TEMIEPaTypbl CBEPXIPOBOJSILETO
nepexoga koHtakta FM/S t=T/T, mnomy4aercs OObIYHOE YpaBHEHHE THIIA
ypaBHeHus A6pukocoBa-I'opbkoBa [2,13]

D 2
mne=w[L)_rew| L 2A | (5)
2 2 4AnT.t
rme W(x) — muramma-QyHKIMA, a mapamerp pacmapuBaHms Dgk,® sBiseTcs

pelIeHHeM JpYroro TPAHCLUEHACHTHOTO YpaBHEHMS (CBOEro Ui KaXIOH H3
BO3MOXHBIX (a3).
[Moacrasisis (4) B (2) mony4um cuctemy 6 ypaBHeHHU Ha KO3 UIMEHTHI 4,
B, C A" B, D'
B+aA+ pC=0;
yB—A+C=0;
aA-pC+B'-D'=0 ©)
~A-C+y'B'=6'D'=0;’
B'+D'+a'A =0;
y'B'+6'D'=4"=0

302
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1€ BBCICHBI 0003HaYEeHUS

4Dk, kd,
o =—""tg—==-1
o, 2
4Dk k.d
ﬂ = S S Ctg S8 +1;
o, 2
4Dk, kd, )
y=———tg——+1;
oYy
4Dk k.d
o= #ctg#_’.l
oV

0,
a IITPUX PAAOM ¢ OyKBaMHU O3HAYAET, YTO 3Ta BEJIMYMHA OTHOCUTCA K cioto S' (&)
wm FM' (¥,5') (cm. puc.l), mpudeM 5TOT MITPUX TMOSABIAETCI W Y
COOTBETCTBYIOIIEr0 BOJIHOBOIO BEKTOPa k' WM A/ cripaBa OT 3HAKA PABEHCTBA B
BeipakeHUsX (7). KommnekcHoe 3Hauenue nocnennero npu 2/z01 n 10 7l
3aBHCHUT OT KOHCTaHTH au((y3UH, BEIWYMHBI M 3HaKa OOMEHHOTO IONS U
olpeaenseTcs

6 =(k) =
2l 2 2']f ®
1 , 1 *
k=5 (k) =5-=(k)

! !
COOTBETCTBEHHO IpU NapaJUIEIbHON OPUEHTALMU HaMarHH4eHHOCTeR B cinosix FM
u FM', u ipn arTHNIapaIDIensHOH, Korna MarHuTHEIHA [1I1 MeHseT coto ¢a3y Ha 7,
Tel'=-I

IMosryueHHble BBIpaXXEHMS, BO-NEPBBIX, BKIIOYAIOT KOHKYPEHLHIO MEXIY
0-dasHpM M 7-(pa3HBIM THUMAMH CBEPXIPOBOAMMOCTH, KOTOpasi MMeNa MECTO W B
npexHUx Teopusix ddexra 6mmuzoctu [9-14]. Bo-BTopbIX, OHM KOH(PUTYpAIHOHHBIM
00pa3oM YHUTBIBAIOT B3aMMOJICHCTBHE JIOKAJIM30BaHHBIX MOMEHTOB ciioeB FM u FM'
4yepe3 CBEPXIPOBOIAIILYIO TPOCoiiky S. TakiuM 00pa3oM K U3BECTHOW KOHKYPCHIMH
Mmexny 0- u 7-(ha3Hol CBEpXIPOBOAMMOCTBIO B cBepxpelerkax FM/S nobapisercs
TaKXke KOHKypeHIs Mexy 0- 1 7-(ha3HbIMU THIIAMH MarHeTH3Ma.

apamerpsr pacmapusanust Dyk,> u Dy(k,)* JOMWKHBI ONpENENATHCS U3
yCIIOBHS HETPUBHAIBbHOI coBMecTHOCTH (6), a ypaBHeHHE (5) Ha MPHUBEACHHYIO
TEMIIepaTypy ¢ MOXET, BOOOIE TIOBOpS, NMPHUBECTH K Pa3HbIM KPUTHYECKUM
TemnepatypaM T, u T.' 1uid cinoeB S U S' COOTBETCTBEHHO.

C ¢usnueckoil TOYKM 3pEHHS] pa3Inuyue B KPUTHYECKHX TEMIIEpaTypax
MOHSITHO: PAacCMOTPUM, HampuMmep, KoHurypamuro c ¢eppomarHuTHEIM (D)
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MOPSAKOM, KOTJja HAMarHn4eHHocTd B cnoe FM u FM' napamnensHsl 1pyr npyry,
u anTH(QeppoMarHuTHYIO (AD) KoH(DHUTYpaluio, KOToa OHU AHTUTAPAILICIHHBL
Cnoit S' rpannunT ¢ GeppoMarHUTHEIM ciaoeM FM' nuime ¢ 00Hoti CTOPOHBEI H
Hanpaeienue HAMarHUYCHHOCTH B ciioe FM' Ha cBepXIpoBOASIIME CBOHCTBA CIIOS
S' e enusem, BIUSET TOJBKO BeImduHAa oOMeHHoro moiist /. C apyroil CTOPOHEI
OYEBHUIIHO, UTO JUIS JOCTATOYHO TOHKOTO ciost S (dy <d,") B AD KoH(pHUTrypamnuu
JeiicTBie OOMEHHBIX ToJyiell OyneT KOMIeHCHpOBaThcd, a B @ CHTyanuud OHHU
OymyT ycunuBaTh Opyr Jpyra, 3TO HPUBOAMT K TOMY, 4YTO I cios S
T(D) < T(AD). ITockompky mast ciosa S' T,(D) = T(AD), To, cnemoBareibHO,
OylyT OTIMYATBhCS M KPUTHYECKUE TemIeparypsl Juis cioeB S u S
cootBeTcTBeHHO — T(S) u T.(S").

Onpenenuresb cUcTeMsbl (6) ymaercs (pakTopU30BaTh U MOIYYUTh CIICAYIOIIYIO
CHCTeMy ypaBHEHHH Ha k; U k. Jlnst @ nopsika— 1o cirydan Pa u Db
ay+1=0, npnsgcnos S
Pa—>4 | 5
a'y+1=0, nnscmost S
2ayﬂ6+(ﬂ—a)(y+é‘): 2, mstcios S

a'd+1=0, macnos S

, ©)
db -

u a1 A nopsika, Korga corijacHO BTOPOMY ypaBHeHMIO B (8) — k/ = kf*, -
cirydau A®a u ADb:

Ada s aﬁ|;/|2+(,8—a)Re}/:1, Juist cinost S

>

a'y’ +1=0, muscnos S

. (10)
205" +(ﬂ—a)(;/+5*) =2, i cuos S

Adb > .
a's +1=0, nmusacnoa S

®dopmanpHO MBI UMeeM 110 4 pa3mnuHbIX (azer Pa, Ob, ADa u AOb mis
crnoeB S u S', Kakaasi U3 HUX ONpeIeNseT coCTOsIHIE 00oux cinoeB. OHaKo, JIETKO
BUJETh, YTO PEIICHUs AN CJIos S' HE 3aBUCSAT OT OTHOCHUTEIBHOM OpHEHTAINU
HaMarHW4eHHOCTEH: pelleHne BTOPOro ypaBHeHMs uid ciaydas Pa coBmajgaer c
peleHneM BTOPOro ypaBHeHUs uisi ciydas Ada, To e BEpHO M Ui BTOPBIX
ypaBHeHnii ®b n Adb. Takum oOpazom, misi cios S' MBI HMeeM TOJBKO 2
OTJIMYAIOIHUXCSI PELICHNSL.

Bonee Toro, »TM pemieHus MOMATAlOT MOJI COOTBETCTBYIONIYIO Kjac-
CU(UKAIUI0 W3BECTHBIX PEIICHHWHA M CBepXpemeTrku [2,5,6] (cM. Takxke
cTaThio XycamHOBa B 3To¥ kHure). IlomapHO coBmajarommue pemeHus s
cinost S' @a=Ada u Ob=ADb coorBercTBeHHO paBHH pemienusMm 00 u 70:
MepBEIii CUMBON oTBedaeT ¢asze cepxmpoBomamero IIII, BTopoit — daze
marautHOTO IIII. JInst cmost S MBI TOKe WMEeM [1Ba M3BECTHBIX PEIICHUS IS
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cBepxpemretok — 310 ®a, coBmagatomas c¢ 00 pemenuem, u Ada,
conanatoniast ¢ Oz pemenueM (0-ha3HBIM 1O CBEPXIPOBOAMMOCTH H /-
(a3HBIM 10 MarHeTU3My), M 2 COBEpIIEHHO HOBBHIX pemeHus — @b u Adb,
MOSIBJICHNE KOTOPBIX CBA3aHO C HAJMYNEM BHEIIHUX T'PAHUYHBIX YCIOBHH, M3-
3a Yero mapHble aMIUTATYIH (4a),(4d) comepikaT TOBKO YETHBIE KOCHHYCHBIC
pemeHus.

B 00 cocrosaun C=D'=0 — mapHble aMIUIUTYIBl SABJISIOTCS YETHBIMHU
(YHKIHUSAMU OTHOCHTENBHO TeHTPoB cioeB S u FM', a B 70 ¢aze (C=B=0) —
F(z,w) B cnoe FM' cranoButcs HevetHo#. B cocrostaum 07, tne D'=0, a B'#0
ko3 dunmentsl 4 u C He paBHbl 0, T.e. MapHas aMIUIUTY/A B S-CJI0€ YETHOCTHIO
He obmanmaet. IlpuMech CHHYCHBIX pEIIeHH K KOCHMHYCHBIM B BBIpakeHHHU (4b)
OTpa’kaeT YaCTHYHYIO0 KOMIICHCAIMIO ITapaMarHuTHOTo 3¢ ¢dexra 0OMEHHOT0 IO
I mma cnos S B A®PC COCTOSHUM C aHTHIAPAJUICNBHOW OpHEeHTaIuen
HaMarHM4eHHOCTe! coceHux cnoeB FM.

CBepXmpoBOJSIIEe COCTOSIHUE PacCMaTpHUBAEMOM  CHUCTEMBI  SIBIISAETCS
pe3yJIbTaToM KOHKYPEHIIMH YETHIPEX Pa3IMYHBIX COCTOSIHUH JUIS CIost S M JBYX
coctostHAN Juist ciost S'. C yBeNMUEHHWEM TOJIIMHBI CBEPXIPOBOJSIINX CIIOEB
BBIMTPHII 33 CYET 4YAaCTHYHON KOMIIEHCAI[MM TapaMarHUTHOTO 3¢¢exra
obmennoro moiss B ADC COCTOSIHMM yMEHbINAeTCsl W 1pu d> dy” CTAHOBHUTCS
HUYTOXKHO Man. B atom ciyuae cummerpuunsle ®@C pemenus 00 u 70,
MIPUBO/IINE K MEHBIINM ITOTOKaM KYIEPOBCKHMX I1ap depe3 IPaHuUIbl pa3ziena
S/FM, o0magaroT HEeMHOTO 0oJiee BRICOKOH KpUTHUYECKOH TemmepaTypoii. OmHako
pasauia To(®C)— T.(ADC) npu d;>d," xpaiiHe He3Ha4YUTENbHA W BPSI JIH
MHTEPECHA AT IPAKTHYECKOTO MCTIOIB30BAHMA.

@da30Bbie THATPAMMBI U YIPABJISIONINE YJI€MEHThI

Cucrema ypaBuHenuit (5,8-10), ¢ yuerom (7), MO3BOJsAET UCCIENOBATH
3aBHCHMOCTb MPHUBEJACHHBIX KPUTUYECKUX TEMIIEPATyp ¢ U ¢’ 4eThIPEXCIONHOMN
cuctempl FM/S/FM'/S' oT TonmmuHbl CBEpXNpPOBOAANINX (ds) 1 MaTHUTHBIX (d))
MpPOCIOEK MPU Pa3IMYHBIX COOTHOLIEHHUSX MapaMeTpoB TEOpHHU d,, 2[t,= l/ay,
ng= Nyi/Nyvs, dilEg, delap L/€w, THE ar=v,/2] — panuHA CIMHOBOMN
KECTKOCTH.

Pesynbrar umcneHHoro pacdyeta — Habop (a3oBBIX Amarpamm #(d;) npu
CIeIMaTbHO TOJMOOpaHHBIX (PHU3WUYSCKH HaWOOJee WHTCPECHBIX 3HAYCHHIX
MapaMeTPOB TCOPHH, KOT/Ia KPUTHICCKUE TEMIEpPaTypbl BO3MOXKHBIX COCTOSHUH
HamboJlee CHIIFHO OTJIMYAIOTCS, — MPHUBEIeH Ha puc.2. B wactHOCcTH TONmUHA S
cnost dy=0.72&,, Oblma BeIOpaHAa Tak, YTOOB OHAa HAXOAWIACh B paboyeMm
uHTEpBale Teopuu dy” > d;> &~ 0.27E .
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1.0

FMISFFM'ISI' system -- §' layer (a)] Ha ’pI/IC. 2a HpHBeﬂeHH
a’ (®a) = (Aba)— T (S') = (00) | xpueele &' wu b’, orBevaromue
b' (®b) = (A®b)—-—- T(S) = (x0) | cocTosIHHIO ciios S'. BumgHo, uTo
4 mnpu BemmumHe dp~038 wm
1 di~1.2]1 DpoucxomuT NepeKmro-
e | wenme c¢ O-dasHoro tmma cBepx-
TIPOBOJIMMOCTA Ha 7-(a3HBIH, H
obparHo. Ha pmc.26 mokazana
KOHKYpeHIMS 4 pa3iIMdHBIX CO-
croaanii mra cinos S'. Haumnas

FMISIFMIS system — S layer () npumepHo ¢ dr~0.35a; KpuBble

08 (®a) —— T(S)=(00) 1 A0 ADb (ADC o
(®b) == T.(S) (new) a n ( COCTOSIHHSA)
06 L (Ada)-- - - - 7(8) = (0n) 4 TIOJTHOCTBIO TIEPEKPBIBAIOT KpU-
(A®D) = T(S) (new) Bele ®a u ®Ob, orseuaromme PC

{(S)

o4 COCTOSIHMSIM. B COOTBETCTBUM C
Teopueil  (a3oBBIX  MEPEXOI0B
BTOPOTO POJia, MPH JAHHBIX YCIIO-
BHUSIX PEATH3yeTCs TO COCTOSHIE,
KOTOpoe 00namaer Oojee HIBKOM
FMISIFM'S' system (6)|1  cBOOOHON 3Heprueit (Ooyiee BBI-

[}
!
02§

0.8 |- (®a) —— T (8) =T (S)=(00) 4 o
(0b) == T(§) = (x0) -~ T(S) (new)|] cokorr T.). Takmm oOpazoMm, B
06 |k (Ada) T(S) = (00);- - -~ - T(S) = (0n) |{ OTCYTCTBUE€ MAarHATHOI'O  IIOJIA,

- T(S) (new) | €CITH CIION S HaXOAWTCS B CBEPX-
TIPOBOJIAIIIEM COCTOSIHHW, TO Ha-
MarangeHHoctu cnoeB FM u FM'
OyIyT HarmpapJeHbI B IIPOTHBOIIO-
PR S — JoHbIe cTopoHbl (AD KOH(H-
Y dla ** rypamus) — 3TO ¥ €CThb Pe3y/IbTaT
Puc.2. 3asucumocms npusedenroll Kpumuueckoy ~BIVSHHS CBECPXNPOBOAMMOCTH Ha
memnepamypol t = T,/T,, uemvipexciotinoii MarHETH3M.
cucmemvr  FM/S/FMYS' om  npusedennoii Ha puc. 2B cBenensl BMecTe
momyunvt cros. FM djay npu credyiowpux  xpyple, 0TBEUAOIIHE TIOBEICHUIO
snauenusx napamempos: o;=15; 2Iy=0.1;  5oux CBEPXITPOBOIHHKOBBIX CJI0-
ny=14;  ;=025¢ u d;=072 é‘f €B YETBIPEXCIIONHOM CHCTEMBL XO0-
(@)~ pasosar — Ouazpanva  cron S, pOIIO BHWIHO, YTO Ha (a3oBOi
(6) — crosa S, (8) — 06was ons oboux croes
JIFarpamMMe Hapsity co 3HaKOMBIMH
CTaHAAPTHBIMU 00JIACTAMH, B KOTOPBIX 06a cios S U S' HaxoITCs MO0 B HOPMATBHON
(N) ¢aze — Bbime orubaromieit, 60 B cBepxnpoBozsieii (S) ¢ase, cyliecTBYIOT
JIOCTATOYHO 3aMeTHBIE 00JIACTH, B KOTOPBIX MO/IbKO 00UH CIOU HaXoauTes B ¢aze S, a
npyroii — B N. JIeliCTBUTENEHO, €CIIM CUCTeMa, HaXOIUTCs o1 KprBoii b(S'), HO Bbiie
kpuBoii AQDH(S), a 310 Bo3MoxHO B Juanazone Temmeparyp 0.25 <¢<0.32 u TonumH
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10.H. Ilpouwiun

0.45 <d//a;<0.92, To cucrema npuodperaer Takoil Bua FM/N/FMYS'. Ha casosoit
JparpaMMe ecTh Takue JBe HeOonblume o0mnacTy, ofHa Jeee d/as~ 0.45, roe A®a(S)
pacrionaraercst Bbie kpusbix a{(S') u b{(S"), a npyras npasee dy/as~ 0.92, rie kpuBble
A®b(S) u A®a(S) npoxosr Beiie b(S') u al(S'"), B 06enx 06macTsIx YeThIpeXCIoHas
cucrema cranoButcsi FM/S/FM'/N', a ecim ¢ TOMOIIIBEO CTPEJIOK TIOKa3aTh HalpaBJICHNE
HaMarHpueHHocTed B FM cosix, TO 3TO COCTOSIHME MOXKHO 3amucath kKak TSN umm
ISTN. Haymume takmx (a3 y 4eThIpeXCIIONHBIX CTPYKTYp BBITOJHO OTIIMYAET MX OT
cBepxpemrerok FM/S, u, tem Ooree, or TpexcmoiiHbix crpykryp FM/S/FM, n
pacimpsieT 0071acTh NX BO3MOKHOTO HCIIOTB30BAHHS.

Wsydenne muarpamMm coctosHuid T(dy) Ha puc.2 MOMOraeT ONTHMMH3HUPOBATH
BEIOOp TApaMeTpoB dYeThIpexcioiHon cucteMbl FM/S/FMY/S', nmemas BO3MOXHBIM
YIpaBJIeHUE €€ CBEPXIPOBOASIIMMHE M MAarHUTHBIMH COCTOSIHUSIMM, HAlpuUMep, C
MIOMOIIBIO CNTA00TO BHEIIHEr0 MAarHUTHOTO TOJs. OTO, B IPHUHLMIE, MO3BOJSIET
CO3/1aTh YIPABJIIONINE YCTPOMCTBA Ha Oa3e yeThipexcioitHoi cuctembl FM/S/FM'/S'.
PaccMoTprM  HECKONBKO BapHaHTOB BbIOOpa pabounx Touek. Ha mocnenueit
JquarpaMme (puc. 2B) OHHM yKa3aHbl MAJIBIMU CEPHIMU TPEYTOJBHUKOM, KBaJPaToOM H
IByMsl Kpykkamu. Bonee mompoOHO pazbepeM cxeMmy paOOTBI yCTpoOHCTBa IIpu
BBIOOpE TAPaMETPOB CHUCTEMBI, COOTBETCTBYIOLICH JFOOOMY U3 KpyKKOB (£~ (0.22,
d= 0.44a; nm t = 0.24, dy= 0.9a)).

3aduKcrpyeM OpHEHTAlMI0 HaMarHMYEeHHOCTH BHemrHero ciost FM, Hampumep,
BBepX (1) 3a CYET MMHHWMHTA B KOHTAKTE C MarHUTHBIM JIMAJIEKTpHKOM. Kak MbI BUImM
W3 PUCYHKA, B OTCYTCTBHM MAarHWTHOTO TIOJISI CHCTEMa HaXOJUTCS B CBOEM OCHOBHOM
ADC cocrosamm 1S|S. [l mepeopreHTanmu HamarHmdeHHOCTH crosi FM' 3 AD
nonoxeHns B @ 1oTpeOyroTcss MarHUTHBIC TIOJsT H, OOITBIIHE X KOIPIMTHBHOTO TTOJIS
H_o... Taxwe o (1o oreHKaM H.o,~ 10-100 D) crmmmkom cinalpl st CyIIeCTBEHHOTO
n3MeHeHnsT (pa30oBBIX JIMarpaMM HeTBIPEXCIOWHOM CTPYKTYphI, OOMNajiatolell cpasy
JIByMsI KaHaIaMH 3aricH MHQOpMaIMK: Ha CBEPXIIPOBOJIIIEM TOKE M HA MarHUTHOM
nopsinke. Hanokenmem BHemmHero moist H, Gombiuero H, ¥ HampapiIeHHOTO IO
HaNpaBJIeHUIO TOJIs1 NMMHUHTA (110 HANpPaBJIEHWIO HAMarHMYeHHOCTH B ciioe FM) Ml
niepeBenieM cructeMy B @ cocrosiHMe, TIpU 3ToM ¢ (a30BOi MarpaMMbl UCUE3HYT BCE
A® xpuBble U cucTeMa coBepuuT nepexon u3 ADC cocrosHus B cMentaHHoe @
cocrosaue: 1S|S = TN1S. Ilpm sToM wm3meHuTCS WHGOpMAIWS, 3alFCAHHAs Ha
CBEpXITPOBO/ISIIIEM TOKE B cioe S, M MH(OopMaIyst, 3aricaHHasi Ha MarHUTHOM TIOPSIZIKE.

Ecnu Terneprs mojeiicTBOBaTH HAa CHCTEMY IIOJIEM, OOJBIIUM KPHTHYECKOTO
monst H,, To cucrema meperimer B ®H cocrostame: TN1TS = tNTN. [Ipu stom
W3MEHUTCS WHQPOPMAIHs, 3alMCaHHAs Ha CBEPXIIPOBOMIAIIEM TOKE B cioe S', U
COXpaHHUTCA MHPOPMALY, 3alllCaHHas Ha MAaTHUTHOM IIOPSIJIKE U Ha PE3UCTHBHOM
Toke B cioe S. Ilpy BBIKIIOUEHHH IOJI HA JIOOOM IIare CUCTeMa BEPHETCS B
ucxognoe AD®C cocrosiaue 1S|S.

Ecimu mopeiicTBoBaTh Ha CHCTEMY TOJIEM, HPOTHUBOIOJIOKHOW OpPHEHTAIIU
(HarpaBJIeHHBIM "BHHM3"), OOJBIIMM KPUTHYECKOTO ToJst H,, TO cHcTeMa Iepeiiner B
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A®H cocrosiaue: 1S|S = TN|N. B stoM citydae MeHstieTcst TOJIBKO HMH(pOpMAIWS,
3alycaHHas Ha CBEPXIPOBOIIINX TOKAX, a MHPOPMAIKS, 3alMCaHHas Ha B3aUMHOM
OpHEHTallMK HaMarHmdeHHocTer cimoeB FM, coxpamsercs. OTMETHM, 9TO BBIOOPOM
TIOJTOXKEHNST pabodell TOUKH 10 OTHOLIEHHIO K KPUBOW CBEPXIIPOBOJIAIIETO TIEpexoia
T(dy) na puc.2 Mbl Bcera MOXeM JOOUTBCSA HyXKHOH BEIMYMHEI nons H,, crienas ee
MEHbLIEH, YeM none [, HeoOXOAUMOe ISl CHATHS NHUHHUHTA. J[OIOJNHUTENbHBIA
nepexon TN|N = |[N|N B cucreme FM/S/FM'/S' Bo3HMKaeT mpu AEWCTBUM TIOJS
H>H, B ToM e Hanpapnenuu "BHU3". [IpurotopneHHas TakuM oOpa3oM cHCTeMa
S/FM/S/FM umeer yxe MakCHUMaJIbHOE YHCIIO JIOTHYECKH Pa3INYHBIX COCTOSHUM —
b (TSUS, TNTS, INTN, NN, IN|N).

Ilpu BHIOOpE MapaMeTpoB CHCTEMBI, COOTBETCTBYIowIei kBaapary (1=0.17,
di~0.42a), MBI NOTYYMM TNPUHLMIMAILHYIO CXEMY, AHAIOTWYHYH DPa3’0OpaHHOH B
[2,7,8] mnsa cepxpemerok. [Ipu mocnenoBaTenbHOM HW3MEHEHWH MAarHUTHOTO IO,
HarnpaBieHHOTO "BBepX': 0 = Hr = H., UMeeM CIEAYIOUIYIO LIEMOYKY MEPEXOI0B:
1S!S = 1S1S = INTN. CoOTBEeTCTBEHHO, TpH W3MCHCHHM TIONS B OOpaTHOM
nanpasnennn: 0 = H, = H,, umeem crnefyromue nepexogsl: 1SS = IN|N = |[N|N.
CHOBa MBI TTOYYHITH TIETIOYKY U3 5 Pa3IMYHBIX COCTOSHUM, HO TIPYA 3TOM WH(OPMAIHST
3aImicaHHas Ha CBEPXIPOBOAAIIEM TOKE MEHSITACH CHHXPOHHO B 000MX CIIOfIX S.

Hakonen, mpum BBIOOpE TMapaMeTPOB CHCTEMBI, COOTBETCTBYIOMICH
TpeyronbHuKy (f=0.24, dy=1.36a;) Mbl modyduM "KOPOTKyIO" LEMOYKY IPU
M3MEHeHHH MarHuTHOro moisst "BBepX': 0 = H,oo, Tpu 3ToM TS|N = tN|N. U
"IMHHYIO" TpM M3MEHEHHMH I0isd B OOpaTHOM Hanpasnenuu: 0 = H. = H,,
1SIN = IN|N = |[N|N. Bcero 4 pa3nu4HBIX COCTOSHHS.

Puc.2 nmpuromeH Taxke JnA aHamu3a JauarpamMm coctosHuR  To(d)
TpexcinoiHeix cTpykTyp FM/S/FM, B KOTOpBIX 7~(ha3Has CBEpXIpPOBOAUMOCTD
HEBO3MOXKHA B TpuHIIe. s aToro HeoOxoanmo ynanuts kpussie @b u AQb
Ha puc. 26, oTBeyaromemMy (pa3oBoii guarpaMme ciiost S (eCTECTBEHHO, IIPH 3TOM B
Tpexcioiike 06a cnoss FM MMEIT OIMHAKOBYIO TOMIIMHY d//2). OueBUIHO, YTO
JIOTHYECKH Pa3IMYHBIX BapHaHTOB 3alMcH WHpopManuu y TpucioeB FM/S/FM
[3,4] (maxxe mnpu HaWJEeHHOM HaMH ONTHMaJbHOM Habope IMapaMeTpoB)
3HAYNTEIHHO MEHBIIIE, YeM Y CBEpPXpEIIETOK 1 yeThipexcinoek FM/S/FM'/S'.

Crienyer 3aMeTHTb, YTO HHTEPBA TIapaMeTPOB TEOPHH, TIPH KOTOPBIX 77-(ha3HbIH
MarHeTH3M MpOosBISETCs Hanbojee SIPKO, JOCTaTOYHO Y30K. B dYacTHOcTH, OH
Ype3BhIYAMHO YyBCTBUTENEH K napamerpy 2/t u nyg Hanpumep, npu 2/t,00.1 n ny
Hopsi/IKa eJMHULIBI U MeHblIIe, pa3sHOCTh |{(ADC) — (DC)| cranosurcs menbine 0.02 n
7~ n 0-MarHUTHBIE COCTOSHUSI MYJIBTHUCIOWHBIX cucteM FM/S mnpakTndecku
HepaznuuuMbl. 3HaHWEe (PU3MYECKH MHTEPECHOW OONacTH IapaMeTpoB TEOPHH, TIIE
koHKypeHIms ADC u OC cocTosHUI NPUBOIUT K MYIETHKPUTHIECKOMY ITOBEACHHIO
¢azoBerx guarpamm  T(dp), HOKHO TOMOYE NpPH  OTPAOOTKE TEXHOJOTUH
TIPUTOTOBIICHUS cBepXpenieTok FM/S ¢ HOBBIMU 7-MarHUTHBIMH CBOHCTBaMHU.
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3akJloueHue

B pamxax coBpemeHHO# Teoprm 3¢ddexra OIM30CcTH MOCTIeI0BATENFHO PACCMOTPEHBI
YeTeIpexcroitHbie cucteMbl FM/S/FMY/S', cocrosiie 13 CpaBHUTENBHO TPS3HBIX S U
FM metannoB. HaiineHbl KpUTHYECKHE TEMIEPATyphbl, MPOBEACHO HCCIEIOBAHUE 3a-
BUCHMOCTEH KPUTHYECKHX TEMIIEPaTyp OT TOJIIMHEI CJIOEB B IIIMPOKOM JHANa30He Ma-
pameTpoB, HaiifeHa (HU3MUYeCcKH UHTepecHast 00JIacTh UX 3HaueHwil. Jloka3aHo, 4To JiaH-
Has CHUCTeMa MO)KET UMETb Pa3IMYHbIE KPUTHUECKHE TEMITePaTyphl I ciioeB S 1 S'.

[TokazaHo, YTO YETHIPEXCIOMHBIE CHCTEMBI SIBISIIOTCS HanOOJee MepCreKTHB-
HBIM KaHJMIaTOM IS UCIIONB30BAHMS B CBEPXIIPOBOJISIIEH CITHHOBOI 2JIEKTPOHHKE.
[TonoOHBIE cHcTeMBI MOTYT paboTaTh MO HECKOJIBKUM IMPUHIMIHAAIBHBIM CXEMaM,
BKJIIOYast T€, KOTOpble OBUIM paspaboTaHbBl paHee IS TPEXCIOWHBIX CHCTEM H
cBepxpemerok. C Apyrod CTOpPOHBI YeThIpexcioiiHas cucrema FM/S/FM'/S' umeer
PSII BOXHBIX NPEUMYIIECTB MEpei NPEIIOKEHHBIMA paHee CXEeMaMH U MOXET
CITy)XHTh SJIEMEHTHOM 0a301 TS CO3MaHUsT MUKPOAJICKTPOHHOH ammaparypbl PHHITHI-
MHAJIIBHO HOBOTO THIIA, COBMEUIAIOMIEH NPEHMYINECTBA M CBEPXIPOBOJIIETO, H
MarHUTHOTO KaHAJIOB 3armvcy nH(popMaImu B ooHom obpasie. [lomgaepkHeM, 9To 3TH
KaHaJIbl MOTYT pa30e/ibHO YIPABISITHCS BHEITHUM TIOJIEM.

3aMeTHM, YTO MPEUMYINECTBA TaKHX CIMHOBBIX YCTPOWCTB CBSI3aHBI C
JIOCTATOYHO MaJbIMH pasMepamu (TONWHMHEI dy mopsaka 0.5 —5 HM, TonmuHa
dg ~ 25— 80 HM), TOCTATOYHO BBICOKOH CKOPOCTBIO MEpEeKIoueHNs (OLUeHKH [22]
natot ot 10"%cex 10 107'%cex B 3aBHCHMOCTH OT HCIIOIB3YEMBIX MATEPHANIOB),
JIOCTaTOYHO BBICOKMMH KPUTHYECKUMH TOKaMH (OHM TPHUMEPHO COBIAJNAIOT C
TOKaMH JUIsl H30JIMPOBAHHBIX CBEPXIPOBOIHHUKOB [4]).

ABtop OnaromapeH cBoemy Yuurtemo bopucy MBanosmuay KouemaeBy 3a
MIOCTOSTHHYIO TIOJIEPKKY W BHUMaHHE K pabore. ABTOp TakKe INpH3HATEICH
MIOCTOSTHHOMY COaBTOpY MOCIIEAHUX JieT XycanHoBy M.I'., MHOTHE TIpUBEICHHBIC
B paboTe pe3yIbTaThl MOIYIEHBI IPH €T0 HEMTOCPEACTBCHHOM YIACTHH.

Pabora wactmuno mommepxkana Qormamu PODU (04-0216761) m CRDF
(REC-007).
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FOUR-LAYERED FERROMAGNET —
SUPERCONDUCTOR NANOSTRUCTURES:
CRITICAL TEMPERATURES AND CONTROL DEVICES

Yu.N. Proshin
Kazan State University, 420008 Kazan, Russia

Four-layered FM/S/FM'/S' systems consisting of rather dirty superconducting (S) and
ferromagnetic (FM) metals are sequentially considered on the basis of the original proximity
effect theory early proposed for the artificial ferromagnetic metal/superconductor (FM/S)
nanostructures. The dependences of critical temperatures on thicknesses of layers in a wide range
of parameters are investigated. It is proved, this system can have different critical temperatures
for layers S and S'. It is shown, that four-layered systems are the most perspective candidate for
use in superconducting spin electronics and can serve element base for creation of the
microelectronic equipment of essentially new type combining advantages of superconducting
and magnetic record channels in one sample.
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MICROSCOPIC PHASE SEPARATION
AND TWO TYPES OF QUASIPARTICLES
IN LIGHTLY DOPED La, ,Sr,CuO,
OBSERVED BY ELECTRON PARAMAGNETIC RESONANCE

A. Shengelaya' , M. Bruun', K.A. Miiller', A. Safina®, K. Conder’
! Physik-Institut der Universitit Ziirich, Ziirich CH-8057, Switzerland
? Kazan State University, Kazan, 420008, Russia
3 ETH Ziirich and PSI, CH-5232 Villigen PSI, Switzerland

In the low doping range of x from 0.01 to 0.06 in La, Sr,CuQO,, we
observed two electron paramagnetic resonance (EPR) signals: a narrow and
a broad one. The narrow line is ascribed to metallic regions in the material,
and its intensity increases exponentially upon cooling below ~ 150 K. The
activation energy deduced A =460(50) K is nearly the same as that found in
the doped superconducting regime by Raman and neutron scattering.
Obtained results provide evidence of the microscopic phase separation and
two type of quasiparticles in lightly doped La,_Sr,CuOy,.

The mechanism of high-T, superconductivity (HTSC) remains enigmatic even after 17
years of its discovery [1]. It is known that HTSC is achieved when a moderate density
of conducting holes is introduced in the CuO, planes. At a critical concentration of
doping x.; = 0.06, superconductivity appears. However, it is still an unresolved issue
how the electronic structure evolves with hole doping from the antiferromagnetic
insulator to the paramagnetic metalllic and superconducting state. While most of the
theoretical models assume that the holes are homogeneously doped into CuO, planes,
there are increasing number of the experiments pointing towards highly nonuniform
hole distribution leading to a formation of hole-rich and hole-poor regions [2]. This
electronic phase separation is expected to be mostly pronounced at low hole
concentrations. In the early experiments Johnston et al. analyzed the susceptibility of
the La, ,Sr,CuO, (LSCO) samples at concentrations x < x., using the finite-size scaling
and concluded that the material consists of antiferromagnetic (AF) domains of variable
size, separated by metallic domain walls [3]. More recently Ando et al. corroborated
this early finding by measuring the in-plane resistivity anisotropy in untwinned single
crystals of La, ,Sr,CuO, (LSCO) and YBa,Cuz07s5 (YBCO) in the lightly doped
region, interpreting their results in terms of metallic stripes present [4]. Furthermore,
most recently, magnetic axis rotation was reported, and points to a high mobility of the
crystallographic (metallic) domain boudaries of the AFM domains [5]. The Coulomb
interaction limits the spatial extention of the electronic phase separation to hole-rich
and hole-poor regions to a microscopic scale [6]. Therefore it is important to use a
local microscopic methods to study the electronic phase separation in cuprates.



Microscopic phase separation and two types of quasiparticles in lightly doped La,..Sr.Cu0O,...

The nuclear magnetic resonance (NMR) is one of such methods. However, in
lightly doped cuprates with x < x., the NMR signal from Cu wipes out due to the
strong AF fluctuations and no NMR signal can be observed at low temperatures
[7]. On the other hand an electron paramagnetic resonance (EPR) signal can still
be observed because the time-domain of observation of EPR is two to three orders
of magnitude shorter than that of NMR [8]. In order to observe an EPR signal we
doped LSCO with 2% of Mn, which in the 2+ valent state gives a well defined
signal and substitutes for the Cu®" in the CuO, plane. It was shown by Kochelaev
et al. that the Mn ions are strongly coupled to the collective motion of the Cu
spins (the so called bottleneck regime) [9]. Recently we have studied the EPR of
Mn?* in La,_,Sr,CuQ, in a doping range 0.06 < x < 0.20 [8]. The bottleneck regime
allowed to obtain substantial information on the dynamics of the copper electron
spins in the CuO, plane as a function of Sr doping and oxygen isotope
substitution. In the present work we performed a thorough EPR investigation of
the LSCO in lightly doped range 0.01 <x < 0.06, i.e. below x.;.

The La,.,Sr,Cuj9sMng 04 polycrystalline samples with 0 < x < 0.06
were prepared by the standard solid-state reaction method. The EPR
measurements were performed at 9.4 GHz using a BRUKER ER-200D
spectrometer equipped with an Oxford Instruments helium flow cryostat. In
order to avoid a signal distortion due to skin effects, the samples were ground
and the powder was suspended in paraffin. We observed an EPR signal in all
samples. The signal is centered near g ~ 2, a value very close to the g-factor
for the Mn*" ion.

Fig. 1 shows the EPR lines observed in x=0.03 sample with different
oxygen isotopes '°0 and '®O. First, one should note that the EPR spectra consist of
two lines. We found that they can be well fitted by a sum of two Lorentzian
components with different linewidths: a narrow and a broad one. The second
important observation is that the narrow line shows practically no isotope effect,
whereas the broad line exhibits a huge isotope effect. Similar two-component EPR
spectra were observed in other samples with different Sr concentrations up to

x=0.06. At x =0.06, only a single EPR line
is seen in the entire temperature range, in
agreement with our previous studies of

£ samples with 0.06 <x < 0.20 [8].

)

5 Fig.l. EPR signal of 'O and "*0 samples of
% La1,97Sr0,03Cu0‘ gng’l()‘ ()204 measured at
T=125 K under identical experimental
conditions. The solid and dashed lines
represent the best fits using a sum of two
1000 2000 3000 4000 500D 600D Lorentzian — components  with  different

HiDe) linewidths: a narrow and a broad one
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Fig.2 Temperature dependence of the
narrow and broad EPR signal
intensity in  La Sr,CupgsMng0,04
with  different  Sr  dopings:
(@) x=0.01; (b) x = 0.03. The solid
lines represent fits using the model
described in the text
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Fig.2 shows the temperature E
dependence of the EPR intensity for
samples with different Sr concentra-
tions. One can see that the two EPR 0
lines follow a completely different
temperature dependence. The intensity o
of the broad line has a maximum and ;.
strongly decreases with decreasing
temperature. On the other hand, the
intensity of the narrow line is
negligible at high temperatures and .
starts to increase almost exponentially
below ~150 K. We note that the
temperature below which the intensity
of the broad line decreases shifts to o
lower temperatures with increasing
doping. However, the shape of the /(7)
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dependence for the narrow line is practically doping-independent and only slightly shifts
towards higher temperatures with increased doping. A similar tendency is observed also
for the temperature dependence of the EPR linewidth. The linewidth of the broad line
and its temperature dependence are strongly doping-dependent, whereas the linewidth of
the narrow line is very similar for samples with different Sr doping (see Fig. 3).

It is important to point out that
the observed two-component EPR
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to conventional chemical phase g 2000
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no impurity phases. Moreover, the temperature dependence of the relative intensities of
the two EPR signals rules out macroscopic inhomogeneities and points towards a
microscopic electronic phase separation. The qualitatively different behavior of the broad
and narrow EPR signals indicates that they belong to distinct regions in the sample. First
we notice that the broad line vanishes at low temperatures. This can be explained by
taking into account the AF order present in samples with very low Sr concentration [3]. It
is expected that upon approaching the AF ordering temperature, a strong shift of the
resonance frequency and an increase of the relaxation rate of the Cu spin system will
occur. This will break the bottleneck regime of the Mn”" ions, and as a consequence the
EPR signal becomes unobservable [8].

In contrast to the broad line, the narrow signal appears at low temperatures and
its intensity increases with decreasing temperature. This indicates that the narrow
signal is due to the regions where the AF order is supressed. It is known that the AF
order is destroyed by the doped holes, and above x = 0.06 AF fluctuations are much
less pronounced [10]. Therefore, it is natural to relate the narrow line to regions with
locally high carrier concentration and high mobility. This assumption is strongly
supported by the absence of an oxygen isotope effect on the linewidth of the narrow
line as well. It was shown previously that the isotope effect on the linewidth
decreases at high charge-carrier concentrations close to the optimum doping [8]. We
obtain another important indication from the temperature dependence of the EPR
intensity. Because we relate the narrow line to hole-rich regions, an exponential
increase of its intensity at low temperatures indicates an energy gap for the existence
of these regions. In the following we will argue that this phase separation is assisted
by the electron-phonon coupling. More precisely, the latter induces anisotropic
interactions between the holes via the phonon exchange, resulting in the creation of
extended nano-scale hole-rich regions.

An interaction between holes via the phonon exchange can be written in
the form [11]:

Hho]-phon = GZ R;R:agaa 4 (1)

where P, is a creation operator of one polaron, &, is a deformation tensor, G is
a coupling constant. It was shown that this interaction reduces to usual elastic
forces if we neglect the retardation effects and optical modes. Following Aminov
and Kochelaev [11], Orbach and Tachiki [12], we can find an interaction due to an
exchange by phonons between two holes oriented along the axes o and  and
separated by the space vector R=R,,— R,z

F R =t O 03,2 s n(1272-1574-1)] 3)
XX 87[pC,2 R3 j/x 77 j/x }/x >
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1 G

F.(R)=——2_
»®) 870C R’

2-157277). (4)

Here C, C; are longitudinal and transversal sound velocities; % =x/R, % =)/R;
n=(C}—C}/C2 This interaction is highly anisotropic being attractive for some
orientations and repulsive for others [13]. The attraction between holes may result in a
bipolaron formation when holes approach each other closely enough. The bipolaron
formation can be a starting point for the creation of hole-rich regions by attracting of
additional holes. Because of the highly anisotropic elastic forces these regions are
expected to have the form of stripes. Therefore the bipolaron formation energy A can
be considered as an energy gap for the formation of hole-rich regions.

In applying the above model to the interpretation of our EPR results we have
to keep in mind that the spin dynamics of the coupled Mn-Cu system experiences
a strong bottleneck regime [9]. In the bottleneck regime the collective motion of
the total magnetic moment of the Mn and Cu spin system appears because the
relaxation rate between the magnetic moments of the Mn and Cu ions due to the
strong isotropic Mn-Cu exchange interaction is much faster then their relaxation
rates to the lattice. The intensity of the joint EPR signal, being proportional to the
sum of spin susceptibilities /~ ymn+ ¥y, is determined mainly by the Mn
susceptibility, since ¥y, ¥ cy for our Mn concentration and temperature range.
This results in a Curie-Weiss temperature dependence of the EPR signal.

Taking into account this remark we conclude that the EPR intensity of the
narrow line is proportional to the volume of the sample occuppied by the hole-rich
regions because the Mn ions are randomly distributed in the sample. We expect
that the volume in question is proportional to the number of bipolarons, which can
be estimated in a way proposed by Mihailovic and Kabanov [14]. If the density of
states is determined by N(E) ~ E®, the number of bipolarons is

2 A
Nyipor = (\/z2 +x —z) ., z=KT*" exp(—?) , (5)

where A is the bipolaron formation energy, x is the level of hole doping, and K is a
temperature- and doping-independent parameter related to the free polaron density
of states. The EPR intensity from the hole-rich regions will be proportional to the
product of the Curie-Weiss susceptibility of the bottlenecked Mn-Cu system and
the number of the bipolarons

IHBJTOW NL
T-6

where C is the Curie constant and @ is the Curie-Weiss temperature. The
experimental points for the narrow-line intensity were fitted for the two-

N bipol * (6)
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dimensional system («=0), and we used the value 8=-8 K, which was found
from measurements of the static magnetic susuceptibility (an attempt to vary &
yielded about the same value). The values of C and € are determined mainly by
the concentration and magnetic moment of the Mn ions and their coupling with
the Cu ions. Since these parameters are expected to be doping independent (or
weakly dependent), they were found by fitting for the sample x = 0.01 and then
were kept constant for other concentrations leaving the only free parameter the
energy gap A.

The results of the fit are shown in Fig. 2(a,b). For the bipolaron formation
energy we obtained A =460(50) K, which is practically doping-independent. This
value agrees very well with the value of A obtained from the analysis of inelastic
neutron-scattering and Raman data in cuprate superconductors [14]. Recently
Kochelaev et al. performed theoretical calculations of the polaron interactions via
the phonon field using the extended Hubbard model [13]. They estimated the
bipolaron formation energy and obtained values of 100 K <A <730 K, depending
on the value of the Coulomb repulsion between holes on neighboring copper and
oxygen sites V4, 0 <V,;<1.2 eV. This means that the experimental value of A
can be understood in terms of the elastic interactions between the polarons.

It is interesting to compare our results with other experiments performed
in lightly doped LSCO. Recently Ando ef al. measured the in-plane anisotropy
of the resistivity p,/p, in single crystals of LSCO with x = 0.02-0.04 [4]. They
found that at high temperatures the anisotropy is small, which is consistent
with the weak orthorhombicity present. However, p,/p, grows rapidly with de-

. . ] . ] . . creasing  temperature  below
l o Rosistivity anisutropyl | ~ 150 K. This provides macro-
scopic evidence that electrons
self-organize into an anisotropic
1 state because there is no other
{12%  external source to cause the in-

= plane anisotropy in La,_ ,Sr,CuO,.
We notice that the temperature
% ' dependence of the narrow EPR
line intensity is very similar to
that of p,/p, obtained by Ando et
al. (see Fig. 2(d) in Ref. 4). To
make this similarity clear, we
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Fig. 4. Temperature dependence of the narrow EPR
line intensities in La>.,SrCuyosMny 04 and plotted Jnarow(T) and py/pa(T) on

of the resistivity anisotropy ratio in  the same graph (see Fig. 4). _It_ is
Lay 955703CuQ, obtained in Ref- 4 remarkable that both quantities

show very similar temperature
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dependences. It means that our microscopic EPR measurements and the
macroscopic resistivity measurements by Ando et al. provide evidence of the
same phenomenon: the formation of hole-rich metallic stripes in lightly doped
LSCO well below x., =0.06. This conclusion is also supported by a recent
angle-resolved photoemission (ARPES) study of LSCO which clearly
demonstrated that the metallic quasiparticles exist near the nodal direction
below x = 0.06 [16].

A number of experiments on HTSC suggest the possible existence of two
quasiparticles: a heavy polaron and a light fermion [15]. In the context of the
two-carrier paradigm, the narrow line in the EPR spectra may be attributed to
centers with nearly undistorted environment in regions where carriers are highly
mobile, whereas the broad line is due to the centers with a distorted environment
and slow polaronic carriers. Recent high-resolution ARPES experiments by
Lanzara et al. clearly showed a kink in the quasiparticle energy versus
wavevector plots for different HTSC [17]. The kink at an energy of about 70
meV separates the dispersion into a high-energy part (that is, further from the
Fermi energy) and a low-energy part (that is, closer to the Fermi energy) with
different slopes. The two different group velocities above and below the kink are
probably due to two quasiparticles with different effective masses. In this case a
low-energy part of the dispersion would correspond to our narrow EPR line and
the high-energy part to broad EPR line. This assumption is strongly supported
by very recent isotope effect ARPES experiments by Lanzara ef al. [18]. They
observed that the high-energy quasiparticles have a strong isotope effect, while
the low-energy quasiparticles show practically no isotope effect. This is in direct
correspondence with our EPR results where the broad EPR line due to heavy
polaronic quasiparticles shows a huge isotope effect, whereas the narrow line
stemming from metallic regions has no isotope effect. Moreover, looking at
Figs. 2,3 one can see that the intensity and linewidth of the narrow line is
practically doping independent, while both the intensity and linewidth of broad
line change strongly with the doping. This shows that the local electronic
properties of the metallic regions which appear due to the microscopic phase
separation and yeld the narrow EPR line are the same in different samples
despite different doping levels. This is again in excellent agreement with the
ARPES data showing that the Fermi velocity of low-energy quasiparticles are
independent of doping in different cuprate families, while the high-energy
velocity varies strongly with doping [19]. Also, transport measurements showed
that the mobility of charge carriers in LSCO at moderate temperatures remains
the same throughout a wide doping range from the lightly-doped AF to
optimally doped superconducting regime [20]. These results suggest that the
electronic transport is governed by essentially the same mechanism from lightly
doped to optimally doped range.
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Fig. 5(a).EPR signal of "°0 and "0 samples of
La1,94Sr0,06Cu0‘ gng’l()‘()204 measured at
T = 50 K under identical experimental
conditions. The solid and dashed lines
represent the best fits using a single
Lorentzian
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Fig. 5(b). Temperature dependence of the
EPR signal intensity in of
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solid line represents the fit using
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Figs. 5 (a, b) show the EPR spectra and intensity for the x = 0.06 sample. It is
seen that in contrast to the x <0.06 samples at x = 0.06 only a single EPR line is
observed and the temperature dependence of the signal intensity recovers an usual
Curie-Weiss behavior. On the other hand there is still a substantial isotope effect
on the EPR line. To understand the change of the EPR spectra at x = 0.06, one
should first comment on the observability of the phase separation in our EPR
experiments. The main difference of the EPR signals from the hole-rich and hole-
poor regions is the spin relaxation rate of the Cu spin system, which results in
different EPR linewidths. One would expect these local differences of the
relaxation rate to be averaged out by the spin diffusion. The spin diffusion in the
CuO; plane is expected to be very fast because of the huge exchange integral
between the Cu ions. A rough estimate shows that during the Larmor period a
local spin temperature can be transported over 100 Cu-Cu distances. It means that
all the different nanoscale regions will relax to the lattice with a single relaxation
rate, and we cannot distinguish them with EPR. However, the AF order which
appears below Ty in the hole-poor regions in lightly doped LSCO freezes the
process of spin diffusion, and this is the reason we can see different EPR lines
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from the two types of regions. From this we expect that with increasing doping,
where magnetic order gets suppressed, spin diffusion will become faster,
extended, and we can no longer distinguish different regions with EPR. This is
most probably what happens in samples with x > 0.06, where only a single EPR
line is observed [8]. This does not mean that the phase separation in hole-rich and
hole-poor regions does not exist at x > 0.06, but that the spin diffusion averages
out the EPR response from these regions. In fact, ARPES measurements showed
the presence of two quasiparticles in the whole doping range [17,19], indicating
that the electronic phase separation exists also at higher doping levels. Also, recent
Raman and infrared measurements provided evidence of one-dimensional
conductivity in LSCO with x = 0.10 [21].

In summary, EPR measurements in lightly doped LSCO revealed the presense of
two resonance signals: a narrow and a broad one. Their behavior indicates that the
narrow signal is due to hole-rich metallic regions and the broad signal due to hole-poor
AF regions. The narrow-line intensity is small at high temperatures and increases
exponentially below ~ 150 K. The activation energy inferred, A = 460(50) K, is nearly
the same as that deduced from other experiments for the formation of bipolarons,
pointing to the origin of the metallic stripes present. We found a remarkable similarity
between the temperature dependences of the narrow-line intensity and recently
measured resistivity anisotropy in CuQO, planes in lightly doped LSCO [4]. The results
obtained provide the first magnetic resonance evidence of the formation of hole-rich
metallic domains in lightly doped LSCO well below x,; = 0.06. These results also lend
support to the recently proposed model of phase coherence by percolation (PSP) [22].
According to the PSP model the macroscopic phase coherence in superconducting
cuprates is determined by random percolation between mesoscopic bipolarons, stripes
or clusters. This simple model allows to quantitatively predict the critical carrier
concentration for the occurence of the superconductivity as well as to estimate 7, from
experimentally measured values of the pairing energy.

This work is supported by SNSF under the grant 71P062595, AS are partially
supported by INTAS-01-0654 and CRDF REC-007.
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On the basis of microscopic approach we derive the Eilenberger-type equations
of superconductivity for metals with exchange-split conduction band. The
equations are valid for arbitrary band splitting and arbitrary spin-dependent
electron mean free paths within the quasiclassic approximation. Next, we
deduce general boundary conditions for the above equations. These boundary
conditions take into account explicitly spin-dependence of F/S interface
transparency. We apply our theory for the Andreev reflection at F/S interface
and derive an expression for the Andreev conductance at zero bias. Based on
experimental data and our calculations we give estimations of the conduction
band spin polarization for series of ferromagnets in contact with
superconductors. Next, we consider the superconducting proximity effect for a
contact of a strong and clean enough ferromagnet with a dirty superconductor.
Our calculations show that superconducting 7, of an F/S bilayer oscillates as a
function of the F-layer thickness. At small enough superconducting layer
thickness the re-entrant behavior of superconductivity is predicted. The theory
gives also nonmonotonic dependence of the superconducting layer critical
thickness on the spin-polarization of the ferromagnetic layer. These
unconventional and distinctive features of the F/S proximity effect fit well
experimental observations.

1. Introduction

At low temperatures, an electric current flows through a normal
metal/superconductor (N/S) interface as a result of Andreev reflection [1]. An
electron is reflected from the N/S interface as a hole into a subband with the
opposite spin, and the formed Cooper pair moves through the superconductor
transferring the charge 2e. The doubling of differential conductance of a pure N/S
microcontact was demonstrated theoretically in [2] (BTK) based on the solution of
the Bogoliubov equations. In Ref. [3] an attention was drawn to the fact that the
Andreev reflection in ferromagnet/superconductor (F/S) contacts is suppressed as
the spin polarization of the ferromagnet conduction band sets up. This is
associated with the fact that the Andreev reflection efficiency decreases with
diminishing the number of conducting channels in the minority spin-subband (the
subband with lower value of the Fermi momentum). In Refs. [4-7], it was
suggested that the suppression of Andreev reflection in F/S contacts can be used
for determining the spin polarization of the conduction band of ferromagnets
(Andreev spectroscopy of ferromagnets). Experimental data were interpreted
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making use of either general phenomenological considerations that the spin-
polarized component of the normal current does not pass through the singlet
superconductor [4-6], or the BTK equations semi-phenomenologically adapted to
the F/S contacts [8,9]. More elaborated treatment had been proposed in Ref. [10]
including the case of diffusive conductance in the vicinity of the contact. The BTK
theory was generalized and applied to F/S point contacts in the theoretical works
[11-13]. The expressions obtained for the Andreev conductance in the above
works are not consistent with each other. Moreover, the results obtained in [11,12]
do not reproduce the Andreev conductance at zero temperature, which follows
from physical considerations and previous work, as we will show below. Number
of experiments on Andreev spectroscopy of ferromagnets grows [8,9,14-20], what
demands an adequate theoretical understanding and description.

Another motivation is the recent discussion of oscillatory phenomena in S/F
contacts as a function of the ferromagnetic layer thickness [21,22]. Calculations of
the local tunnelling density of states [21,22] and the superconducting transition
temperature [22] do not predict oscillations if the ferromagnet is clean (with mean
free path much longer than the pairing function oscillation length).

The paper summarizes our recent efforts to build a consistent quasiclassical
theory of superconductor-ferromagnet contacts, as well as Andreev reflection and
proximity effects for the heterogeneous structures with an interface of superconductor
and strong ferromagnet [23-25]. We derive quasiclassical equations of
superconductivity for metals with spin-split conduction band and deduce boundary
conditions (BCs) for the quasiclassical Green’s functions (GFs) at F/S interface. Next,
we compute the Andreev conductance of an F/S point contact and give an estimate for
the polarization of conduction bands of ferromagnetic metals from comparison with
experiments on the Andreev spectroscopy. Finally, we analyze proximity effect in the
superconductor - strong ferromagnet bilayer structure.

2. Equations of superconductivity and general boundary conditions

2.1. Eilenberger-type equations for a metal with exchange-split conduction band
We start from equations for equilibrium thermodynamic GFs in a matrix form
[26], taking into account explicitly the spin splitting of the conduction band,

2
i+~ LA a-U-2|60r,e) =8 —1) ()
° 2mor
Here, the Green function G and the self-energy part 3 are matrices of the form
N Gaa Exfa N Zaa Z(y,"
G=| _ _ |, ¥=] _ - : )
_Ffaa G—a—a _Efac\ E—ora
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In addition,
. 0 A}  1(pgm O
A= . , = FT ,
-A" 0 2m| 0 Pry

7, are the Pauli matrices, « is the spin index, ¢, = (2n + 1)7T is the Matsubara

, (€)

frequency, A is the order parameter, p. is the Fermi momentum, U is the electron
interaction energy with the electric potential, r = (z, p), and p= (y,z). Hereafter we use
the unit system at which 7 = ¢ = 1, so that we do not distinguish momentum and wave
number, for example. We assume that the F/S interface coincides with the plane = 0.
Making use the Fourier transformation with respect to the coordinate (p— ') we
obtain the equation for G (z,2) = G (z,2,p,, P;€,) Py is the projection of the

momentum onto the contact plane, p. = (o + p)/2 is the center-of-mass coordinate, in
that follows the index "c" of p,. will be omitted for brevity):

2 v,
ier 40 Y0, P A u_$|Gex)=SGr—x). )
2m Ox 2 0p 2m
P, P
2m om

For the G(z,2) function, we will use Zaitsev representation [27] taking into

account in a systematic way the spin splitting of the conduction band. The quantities
related to the metal on the left (right) side of the interface will be designated by indices
1 (2). For the sake of definiteness, we assume that the index 1 corresponds to the

ferromagnet (F) and the index 2 — to the superconductor (S). Thus, for z,z < 0/,

é — 6'7171.1'” A 6—7"17111’ +€—7‘f11rr A bt
Gll G?Ze (5)

—+eib ziféweii'm' —|—e—71171rTGA’21e—77131J/,
Here, p,, = [ﬁfﬁ, — f)ﬂw ; for 7,7 >0, p,, in Eq. (5) should be changed to p,, .
Substituting Eq. (5) into Eq. (4) and neglecting the second derivative with respect
to = we obtain equations for Gy,(z,z'):

ie, T, —i(—1) v, iJrzﬂi +A,-U=51Gu(r.2)=0z=2" (6)
n'z 3:1: 2 a k k kn\*" ?
Here, A . =V A gV ,and ik is determined in the same way. For x,x’ > 0,

v, in Eq. (5) should be replaced by v,, . The equation conjugate to Eq. (6) is derived

T
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similarly. Let us pass now to the functions § = §(z,2’,p ) and G =Gz, p )

which depend on the sign of the variable p,, and are continuous at the point z= z":

;= [5@ = 200, A,(2)G (2,7 ) A (@i, —sgn(@ —a'), §, >0 o
g.= 22’\/177:212(55)@22(% 33/)21;(33)\/177 +sgn(z—a), p, <0
[G> = 20[0, A,(2)G; AQ( Wi —sen(z —a'), P .
G- = 2i 65, A(2) (2. 2) A (@), + sgn(z — '), P

In Eq. (5) A,(z) = exp{—i(=1)"(p,, — 7. ,7.)z/2} . Let us substitute Egs. (7) and

(8) into Eq. (6) and into the equation conjugate to Eq. (6). Finding the difference (for
n=k) and the sum (for n # k) of the resulting equations, we obtain the quasiclassical
equations of superconductivity in a metal with the spin-split conduction band

.0 . 1 0, . .. .
Sgn(prj)_g + _VH (UIjlg + gvzjl) [K7 g]— = 07
or 2 "0p
d~ 1 0 ~ PPN ©)
sgn(pzj)%G + EVH a—p(ﬁ—JlG - Goy) +[K,G], =0,
K = —igfie,7, + A= S)if —i(p,, — 7uPo70)/2,
[a,b], = ab =+ ba.
The impurity self-energies in Egs. (9) are
R CLap . \d
5 =i uf | Pyt e (1)
(2m)
s 1 g 1 mp®
I >7F:C|u|275 (11)

where p°® is the Fermi momentum of a superconductor, u is the interaction
potential of electrons and impurities, c is the concentration of impurities, 7° is the
mean free time of electrons in a superconductor, and brackets mean averaging
over the solid angle: « | >— Sé‘dQ/zm .

In the case of an F/S interface, as well as for an N/S interface [27], the
system of quasiclassical equations arises. In addition to the functions ¢, the
functions G appear, which describe waves reflected from the interface. The above
Eilenberger-type equations for the metal with the exchange-field-split conduction
band had been derived for the first time in [23,24]. They are valid for arbitrary

band splitting and arbitrary spin-dependent electron mean free paths within the
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quasiclassic approximation. The system of Egs. (9) must be supplemented with
boundary conditions at F/S interface.

2.2. General boundary conditions for the Eilenberger equations

We characterize the F/S interface by the transmission coefficient, D , and the
reflection coefficient, R =1— D . In the paper, we do not consider interactions
which lead to the spin flip of an electron upon its transmission through the
interface. Therefore, matrices D and R have a diagonal form with respect to
spin. They have the same matrix structure as /i in Eq. (3). Taking into account the

explicit form of GF given by Eq. (5), and matching the quasiclassical functions on
both sides of the interface according to the procedure proposed by Zaitsev, we

obtain BCs for the quasiclassical equations Egs. (9). For p, < min(p;,p/,p°)
(here, pTF and pf are the Fermi momenta of the spin-subbands of a ferromagnet)

it is convenient to represent these conditions in the matrix form
~AF ~F

@ b e .
2| 7> > p)-1/2
_6 A VI ~F  AF {VT ]
a G< g<
5 A . (12)
YR e
VI s VT
G« 9< a
Here a=g ', b=#j "', # and d are the scattering amplitudes at the F/S

T

interface [27], and the matrix [VF (8 )]1/2 is the result of the direct product of the

unit matrix and ). Let us pass in Eq. (12) to the functions g and G using the
relations:

ety jroot
Pmetpe =g, (13)
Gl=etget, glee e,

/lgrd_’&T/Q ,19(17
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where 9, and ), are the scattering phases associated with the scattering amplitudes
7 and d at the F/S interface, respectively. Next we pass to the 55(@ and Cﬁm
matrices, symmetric (s) and antisymmetric (a) with respect to the variable p,, :

. s

9sa) — 5[9> + §<]’ 55(@

1o -
=3 g>i@<}. (14)

After this transformation the boundary conditions can be solved with respect to
the g‘s @ matrices and take the form:

@) = au(32) (15)

—5: = VR, @) +u(d),
where gg(a 1/ 2[ 9y(a) } the G sy functions are determined in the same
way. Indices n and d denote the diagonal and off-diagonal parts of the matrices:
T =1/ [T + 7.T7.] . The coefficients «; equal
]' + \/R(y - :F \/Dn D—(
JR. +JR. (16)
ai&(4) = 1 - \/RaRfa :l: \/Dana
If the interference of waves arriving from neighboring interfaces can be neglected,
and § does not depend on p, the boundary condition containing only the function

Qy9) =

g, can be obtained:

5:61"'_525:4_575;4_545;:55_647 (17)
5;51+62§;+§:63+54§Z = b1~ b2
The b, matrices equal
~ X+tx- X%+ - XX+ xt+xX-
b =G.9, T G.9,b>=9,G. T9,G. (18)
XX §+~+

bd égs+G gs’b4 gG +

In this case, the system of BCs consists of Egs. (17) and the first equation of
Eqgs. (15). Note that only the diagonal part of the functions is continuous at the F/S
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interface. These BCs take into account explicitly the spin-dependence of F/S
interface. Previously quoted boundary conditions for the F/S interface can be
obtained (if they are not wrong) as approximations, or limiting cases of our
general BCs, Egs. (12)-(18).

3. Andreev conductance of an F/S point contact

3.1. Basic formulas for a point contact

We consider an orifice of the radius a in an impenetrable membrane as a model
for the point contact. At zero temperature, the expression for Andreev
conductance G, can be written from the following physical considerations. Let us

find the current in the ferromagnet at p < p°,p . Then, in the case of specular
reflection from the interface, p, = p/ sinf = p; sin6, = p”sin6’. The
incidence angles of electrons, which can be Andreev reflected from the interface
in the spin-up subband, are determined from the relationship pf sinf, = pf sin 0,
and depend only on the parameter § = pf / pTF . Electrons incident at more slanted

trajectories will undergo total internal reflection. The problem becomes equivalent
to the problem of finding the conductance of a point contact of normal metals with

different Fermi momenta (in this case, they are p/ and p ) when these metals are
in direct contact. Using the known solution of this problem by Zaitsev (eq. (38') in
[27]), we find

88(2 + 6) epf)a (19)
b3a482T Tt an!
where 4 is the contact area. The equations for G (7 = 0) obtained in [11,12] do not

G(T =0)=

coincide with this result. At §=1 (non-magnetic metal with equal pf and pf ),

the Andreev conductance equals the doubled Sharvin conductance, which
corresponds to the doubling of conductance as a result of Andreev reflection [1].
Let us now find an expression for the Andreev conductance in the case of arbitrary
transmission coefficients. We start with equation for the electric current / in the
linear approximation with respect to the electric field E = (E,,0,0). The current

is calculated on the ferromagnet side at x — 0:

2
I =-% _lim

v o2m? ror

i_i]m [
dx Oz' Y 4mcosh’(e/2T)

o

T

(20)

329



Theory of superconductor - strong ferromagnet contacts

Here, G"* is the retarded (advanced) GF, which is obtained from the
temperature GFs (Eqs. (1) to (5) by substituting € £id for ic, . Let us substitute
representations given by Egs. (5), (7) and (8) into Eq. (20). After performing the
Fourier transformation with respect to the p—p coordinate, we obtain the
ballistic conductance G, of an F/S point contact:

Ae? T 1 dp
Gpg =——Tr Tzfdzf 5 f ”2
167 v cosh’(e/2T)Y (2m) (©2))

x[1-glir gt =gt g+ airal - ain.al)
Now, we must solve the first of Eqgs. (9) with the BCs given by Eq. (17).
When ¢ is independent of p the solution to Eq. (9) takes the form
gj — efsgn([)],)l(zéj (pF] )ee(]n D) + C (22)

Matrices ' ; represent the values of GF ¢, at large distances from the F/S interface:

N g f K g, —iA
C, = [—f* —g] =1Je2 +|Af

" (23)
Passing in Eq. (22) to functions §. , substituting them into the system of BCs

i —g, |

given by Egs. (17), and solving them in the linear approximation with respect to
Or=1/2[¢° £ ) we find the Andreev conductance G, of the F/S point
contact:

Ae? pa 1
G,=G,;V=0)= d
4= Gys ) Ar j; © cosh? (e/2T)

f dp, 4|A|2DiDT
R)|Al—4JRR

It depends on the relationship between the Fermi momenta pf , pTF ,and p°.

24

Thus, at p| < p* < p/, the expression for G, takes the form:

(25

i DD, sm(29 )
f a7 .
1+ /RR ) —4J/RR=x
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In the case of a nonmagnetic metal, where D, =D, the expression for the
Andreev conductance obtained in Ref. [27] follows from Eq. (25).

3.2. Discussion of experiments on the Andreev spectroscopy

The ratio of G, to Ggy, where Gpy is the conductance of an F/S contact in the
normal state, is given in [4-8]. In our approach the latter quantity is

Ae? [ ] w2

Gy (V =0) = f d6, sin(20,)D,

(26)
+4) f dfy sin(26,)D,

Egs. (24)—(26) are valid for arbltrary transmission coefficients D,. For particular
calculations we use the model expressions for the transmission coefficients
corresponding to the direct contact between S and F metals:

ap,.p° 4p, p’

Pale —p TPl 27)
(pﬂ + p:z:) (pj‘l + p:z:)

With these transmission coefficients, G47=0) and Gry can be calculated
analytically:

1 =

. Aep*] (6 (1+6Y) .\ (572 +6Y) o8
e | (16N @+68"y |
for G(T=0) the expression (19) is
. N _ S/ F 20 -

obtained. ~Here, 6, =p’/p;  and s
6" = p//p’. From Egs. (19) and (28) it . ] Sy _—
follows that the Andreev conductance at 1ol - 42r=02 i
0 <0.26 becomes smaller than the z Sy
conductance of the contact in the normal e 05) ’/" ]
state.  Dependence of the ratio © ’;',”‘_,____——-"“"""'
G (T=0)/Ggy on the parameter ¢ is given S :
for various temperatures in Fig. 1. The Mu'o 0z 04 & 66 08 1o
ratio ‘A/ 2T = 5'5' ) corresponds to- the Fig. 1. Dependence of the normalized
experimental conditions [5] (7=1.6K, Andreev conductance on the ratio
App=15meV). In order to interpret 0 of the Fermi momenta of spin
universally the experimental data obtained subbands of the ferromagnet’s
in [5] for a series of ferromagnetic conduction band (§ = p| /p )
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materials in contact with superconducting Nb, we fixed the Fermi momentum of the
F\2 F\2

(o] +(pf]

values of 0 (abscissa) can be estimated by the value of the reduced conductance at zero

voltage across the contact (ordinate). Emphasize that in this calculation we assumed

absence of an oxide or similar barrier at the F/S interface (Zprx=0). The estimated
results for J are given in the Table.

. . 2
superconducting metal by the equation [ p° ] =1 = const. Now, the

Table
Material under 1) P.(%) P.(%) [5]

study [5]
NiFe 0.64 42 37+5.0
Co 0.55 52 42+2.0
NiMnSb 0.48 63 58+2.3
LMSO 0.31 83 78+4.0
CrO2 0.18 94 90+3.6

Note that our values d(Ni) =0.64 (from data of Ref. [6]) and J(Co) = 0.55
obtained from the Andreev spectroscopy turned out to be close to the upper
estimates for d(Ni) = 0.64 and J6(Co) = 0.57, which we obtained in Ref. [28] from
the data on the giant magnetoresistance in magnetic point contacts [29].

Let us now compare our results with the original estimates of polarization obtained
in [5] (see the last column of the Table). The authors argue that the normalized
conductance measured in their work depends on polarization as G,/ G, = 2(1 - F;)

(Egs. (4)-(6) in [S]), where P, =(I,—1)/(I,+1) and G, ~G,, is the

conductance at high voltages across the contact (e V' > A). In the course of discussion,
the authors identified the current polarization P, with the contact polarization

P =(Nw —Npw)/(Nov' +Nuv')=(1-6)/(1+6"), where N, and v, are

the density of states and the Fermi velocity 20 T ' '

in the « -spin subband of the ferromagnet, ~‘\\ :w
respectively. This identification is not quite 15} T

correct, because it implicitly assumes E “,\

independence of the total current I, + 1, i 1op AN

through the contact in the normal phase o osf \‘\\
from the spin polarization of the ferromag-

net. It is evident from Eq. (28) that Ggy

0. L L L L

essentially depends on J. As a result, the o0z s P, 06 03 10
reduced conductance G (V'=0)/Gpy is Fig. 2. Dependence of the normalized
the nonlinear function of the contact Andreev conductance on the contact

polarization P, (Fig. 2). It is seen from polarization P,
332



L.R. Tagirov, B.P. Vodopyanov

Fig.2 that identification of P; with P. leads to a systematic underestimation of the P,
values extracted from experiment (compare the third and the fourth columns of the
Table). Note here, that numerical calculations of the conductance at zero voltage per-
formed in [13] (see Fig. 4 of that work for Z= 0, 7/T, = 0.2) fit well the linear dependen-
ce on the contact polarization proposed in [5] (dash line in our Fig. 2). From this observa-
tion it follows that calculations made in [13] also give underestimated values of the con-
tact polarization taken from the conductance at zero voltage. Our theory allows to esti-
mate the polarization parameter 0 of the ferromagnet’s conduction band, through which
the polarization of the density of states Ppps, the tunnelling polarization Pr, and the
contact polarization P, are expressed. Our analysis of experiments on Andreev spectro-
scopy leads to values of P, that systematically higher than those estimated previously.

4. The superconductor - strong ferromagnet proximity effect

The ferromagnet-superconductor contacts are interesting not only as a tool to measure
conduction band polarization of ferromagnets, but also as a unique combination of
materials to build m-contacts [30] and superconducting logic circuits [31,32]. The
physics behind the m-contacts is the unconventional Larkin-Ovchinnikov-Fulde-Ferrell
(LOFF) pairing in ferromagnetic superconductors [33,34], which manifests itself in
F/S contacts by oscillations of the superconducting transition temperature [35,36],
tunnelling density of states [37], Josephson current [38-41] as a function of F-layer
thickness or temperature. The realization of the LOFF-like pairing in weak
ferromagnets (ferromagnetic alloys having low Curie temperatures ~100K) is
certainly proved [32,37-39,41]. The case of the contacts of superconductors with
strong ferromagnets, like Fe, Co, Ni, is still questionable. In fact, there are calculations
of the local tunnelling density of states [21,22] and the superconducting transition
temperature [22], which do not predict oscillations of the above mentioned quantities,
if the ferromagnet is clean (with mean free path much longer than the pairing function
oscillation length). Direct experimental verification is very difficult, because one needs
ultra-thin, few monolayers thick, ferromagnetic films of excellent quality. In the
section below we show, that in the case of clean enough ferromagnets the critical
temperature still oscillates as a function of the F-layer thickness.

4.1. Boundary conditions for the "dirty" superconductor - strong ferromagnet bilayer

To find quasiclassic Green functions at the F/S interface one needs to solve the
Eilenberger-type equations (9) for the every metal in a contact. Near the transition
temperature the equations can be linearized with respect to the anomalous Green

function fs(p) :

0 g
~AS(F) __ 671 ~AS(F) ~AS(F) _
= LR A A R . (29)
| €, | _f 11 0

333



Theory of superconductor - strong ferromagnet contacts

Then, the first of equations in (9), applied to the superconductor homogeneous in
the plane of the contact, reads

2
I 88 SO EN < P >= 200 A,
R 30
of° ) . (30)
I, 8—9 = —\"sgn(e,)T, f.s
z

where I° =| v’ | 7° is the component of the mean free path along the normal to

the contact plane. Analogously, we deduce the equations to find GF ff and fap

for the ferromagnet'

21 .1 2 . 2 fv,.v, .
i 8_sz - ()\F)QfF =_Na= T A LfF 7
by +1, | 0”77 ¢ Ly +1,, Tt a1
N 2erlrL)‘F 0 .r
= —sgn(e, ) ———7, —
fd ( ) (ZJ:T + lJ:l) a f
where
. 27,7 (v, +v,,) C 200
)\ﬁ - ]' % ‘ 571 | —1 — (pﬁ - pzi)sgn(gn)v
ly +1, by + ZIi (32)
1 .r f pH AF
<—f,>=c fo
T NCRCA
In the above I, =|v" |75, 7% is the mean free path in the « -th spin-subband

of the ferromagnet. In the second line of (32) the angular integration is constrained
[42] to fulfil the specular scattering condition:

= pf sinf, = pTF sinf, = p° sin6°. (33)

In Egs. (31)-(33) and hereafter pf and pf are the Fermi momenta of the spin-subbands
of the ferromagnet.
Solution of Eq. (30) with the boundary condition fZ(:L" — 00) = 0 reads:

Fl(w) = sgn(e,)r. f(x)

i o (34)
+z$ [Tdge T < jie) > —2irt A
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In the equation (34) the integrand in the square parentheses has the spatial range
& = (D°/2rT)"* > 1°, where D° =4°1°/3 is the diffusion coefficient of
electrons in a superconductor. Expanding the slow varying function around the
point £ = z and taking it out of the integral we obtain ff(w) :

fj(:z:) = sgn(e, )7, fj(:v) + )\%[1 +IPN° % < fj(:p) > (35)

Solution for the ferromagnet is sought in the form:
Fl(z)=C"(0))cosh k" (0,)(x +d"), (36)
where
k(0)) =k (0)) +isgn(e,)x, (0)),
by +hy | Vg e,
2.1, 2v,,v
M
i

E (37

K (0,) = (1—m)

HQF(el) :‘ p,l,'T _p,l,'l | +772

In the equations (37), the quantities 7, and 7, do not depend on the angles 0, and

0, . As in the above Sections we assume pf > pf . Substituting the solution (36) into
the equation (31) one obtains the integral equation to find 7, and 7, :

f dPH )‘F(ZIT + lu)

For the strong ferromagnet the solution of the above equation is (the relative

=1 (38)

accuracy is [pflf']il <1):

__h [ 1 0. (39)
pl pT 27 1, + lu

Satisfying the boundary conditions (17) we obtain fa(()) and faF(O) :

N IS .5
f.(0) = —sgn(e, ). )\25[1 +>:”—S%J < f.(z) >,

~F B \IDTDl [1Jr lLs d

fd(o) - 72Sgn(€n)7—z F)\g )\9 d

(40)
< f(z) >,
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where

S
p=l

1—‘7
¥ =D +D +([R — R )W,
T =2[1+ JRR +(1- JRR W,
v Ay +1,,)

- 21,0, k" tanh(x"d")’

(41)

In deriving the above equations we neglected spin-dependence of the phases of the
scattering amplitudes in the general boundary conditions Egs. (17).

To formulate particular BC for the contact of a strong ferromagnet with a
dirty superconductor we use the Ansatz proposed in Ref. [43]: at distances of the

order of the mean free path lf / lf = 2.5, in a superconductor, when the terms

proportional to &°/&5. = 0.25 and ¢ = (D*/27T,)"* can be neglected, one
may write down

<COS(95)fS> = %fom do® sin(295)fa5 =07 (42)

where 7, is constant. This constant can be found substituting into Eq. (42) the
antisymmetric combination
.5 ) s d 5
=—7,sgn(e, ) — < f >
f a ( ) dzx f s ’

which corresponds to the solution of the Usadel equation [44] for the "dirty"
superconductor far away from the F/S interface. The result is:

A5 . 1gd :
= —7.sgn(e, )=l — < ° > 43
¢ = —.sen(e) 5l = < J: @3)

Now, we calculate the same constant with the use of the function fZ(O)
taken from the equation (40) above, and obtain the boundary condition for the
averaged over the solid angle GF, p’(z) =< ff >
__h
; ; 1= (44)

_ 9 Y s s _ 9 ¥ 4ps SN o s
" = 2f0 do” sin(20”°)B, ~, = 2f0 d0” cos(6”)sin(20”)B.

lSiAS S

i Fo(@)=vF(z), v
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The upper limit in Eq. (44) depends on the relation between the Fermi
momenta of contacting metals, and is determined from conservation of the parallel
component of the transferred momentum (33). If the Fermi momentum p° is the
smallest of three, ¢ = /2. The quantity B is determined in Eq. (41), it is a function

of the angles #° and 0, , which obey the scattering specularity condition (33). The

boundary condition (44) is valid for the dirty superconductor - strong ferromagnet
interface at arbitrary transparency.

4.2. Critical temperature of F/S bilayer
To find the superconducting transition temperature 7, of the bilayer we solve the
linearized Usadel equation at temperatures close to 7:

d* L A
DSdQFs 2|En|Ff:2’LAa (45)
and satisfy with this solution the boundary condition (44). The problem is easily
solved in the single-mode approximation [45], which is valid at intermediate
supessions of 7, against unperturbed transition temperature of the isolated
superconducting film, 7:

~S QZA N ~ S S
= A= A,co8[k’(z—d)], 46
F_s | En | +_D (K',S)Q A(J [ ( )} ( )
where x° is determined from BC (44):
Ik tan(k°d®) = . (47)
Substituting (46) into the self-consistency equation,
= A T
Aln(t, Ty |ip) — | J; t, :T— (48)
n=-—00 n c0

one finally gets the equation for finding the transition temperature of the dirty
superconductor - strong ferromagnet bilayer:

In(t,) = W[%]—Re\l’[%—i—tﬁ , (49)
- DS(KS)Z
P

c0
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4.3. Results and discussion of proximity effect
Upon solution of the equation (49) we will neglect dependence of x° on ¢, because
we consider strong ferromagnet with energy of the exchange splitting of conduction

band which is much larger than the thermal energy. As is was done in the discussion of
experiments on Andreev spectroscopy, we fix the Fermi momentum of the

F)? 72
o7 ) + (o]
formulas (27) to evaluate the interface transmission coefficients.

The results of calculations for the set of parameters: 6 = pf/pf = 0.65,
pi Il =400, 1/l7 =25, &/ =025 [& = (D°/2rT,)”* - is the
coherence length of dirty superconductor] are displayed in Fig. 3. The
parameters approximately correspond to the contact of nickel with niobium or
vanadium. The figure shows damped oscillations of transition temperature as a
function of the ferromagnetic layer thickness. As the superconducting layer
becomes thin enough, the re-entrant behavior of the superconducting transition
temperature is possible (the lower, solid curve on Fig. 3), which has been
observed in the experiment [46,47]. The results for the another calculation
with only the exchange splitting parameter is changed, 6 = pf /p#r =0.55

superconductor by the relation [ p° ]2 =1 = const , and use the above

(this corresponds approximately to cobalt), are displayed in Fig. 4.
Comparison with the previous figure shows that superconducting 7.
suppression is weakened in the contact with the stronger ferromagnet
(6(Co) < 6(Ni)), which seems to contradict expectation. However, one should
keep in mind that when conduction band polarization growths, the interface
transparency decreases as a result of increasing mismatch between Fermi
momenta of the superconductor and the ferromagnet. Growing isolation of S
and F layers dominates the increase of depairing influence of the exchange
field. This scenario has been realized in the layered system Fe V,  /V [48].

With increasing the iron content z in the ferromagnetic alloy Fe V, , the

non-monotonic behavior of the superconductor critical thickness was observed
at fixed thickness of the ferromagnetic layer. The pure iron layer suppressed
T. weaker than the alloy with the iron concentration = ~ 0.6. Our calculations
take into account explicitly the dependence of the interface transparency on
the conduction-band exchange splitting, giving the theoretical basis for the
extensive discussions of the F/S interface transparency based on the
experimental data [42,46-49]. Our results do not contradict conclusions by
Bergeret et al. [22]: Figs. 1 and 2 show that at small 7. suppression, when

T,—T, <T,, and for d" > 1", the oscillations amplitude is considerably

smaller than the asymptotic value of the suppression, 67, = T, — T.(d" — o0)
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(see upper curves in Figs. 3 and 4). Thus, the oscillations of 7, are beyond the
approximation adopted in Ref. [22].

10— T T T T 7 T T T T T I Ty T I—¥ 10 .
SRR 7 S

osh d!I§'=-Z.T ] a8

oskL: ¢ a6
[_.3 g E:G
oL 04 R 04

0.2} - a.2

[o2y] L 1 1 1 a.0 1 L . ry

60 02 D04 _ 06 08 10 0 0z 04 08 083 10
d&7E @/

Fig. 3. Dependence of the superconducting Fig. 4. Dependence of the superconducting
critical temperature of F/S bilayer on critical temperature of F/S bilayer on
the thickness of the ferromagnetic layer the thickness of the ferromagnetic
at 9 = 0.65. Values of other parameters layer at 0=0.55. Values of other
are given in the text parameters are the same as in Fig. 3

It interesting to note, that at certain thickness of the F-layer the decrement of 7,
oscillations decay does not increase when decreasing the mean free paths I, as it

could be expected, but decreases. This unusual behavior is explained by exclusion of
slanted trajectories, along which the path of electrons inside the ferromagnetic film
exceeds their mean free path. In the certain range of the thickness @ the effect of
closing the cone of effective trajectories, which couple F and S layers, dominates
over their decay because of scattering. As the thickness ¢ approaches mean free
paths, the cone of effective trajectories collapses toward the film normal, and
solution of the problem approaches the single-exponential one [42].

5. Conclusion

In this paper we summarized results of our theoretical studies of the contacts of
superconductors with strong ferromagnets. On the basis of microscopic approach
we derived for the first time the Eilenberger-type equations of superconductivity
for metals with exchange-split conduction band. The equations are valid for
arbitrary band splitting and arbitrary spin-dependent electron mean free paths
within the quasiclassic approximation. As a next step, we deduced general
boundary conditions for the above equations. These BCs take into account
explicitly the spin-dependence of F/S interface transparency. All other correct
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formulations of the boundary conditions for the F/S interface can be obtained as
approximations, or limiting cases of our general BC.

We applied further our theory for the Andreev reflection at F/S interface and
derived an original expression for the Andreev conductance. Our expression takes
into account explicitly spin dependence of the interface transparency and spin-
dependent conservation laws at scattering on the F/S interface. Based on the
experimental data and our calculations we give estimations of the conduction-band
spin polarization for series of ferromagnets in contact with superconductors.

Next, we considered the superconducting proximity for contact of strong and
clean enough ferromagnet (electron mean free paths much longer than the
oscillation period of the pairing function) with dirty (short mean free path)
superconductor. We showed that superconducting 7. of the F/S bilayer oscillates
as a function of the F-layer thickness. At small enough superconducting layer
thickness the re-entrant behavior of superconductivity is predicted. The theory
takes into account explicitly the spin dependence of the interface transparency,
which results in non-monotonic dependence of the superconducting layer critical
thickness on the spin polarization of the ferromagnetic layer. These
unconventional and distinctive features of the F/S proximity effect fit qualitatively
experimental observations.
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ON THE SOUND PROPAGATION IN SILICA AEROGELS FILLED
IN BY NORMAL AND SUPERFLUID HELIUM
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Earlier obtained experimental data concerning sound propagation in silica
aerogels filled in by liquid *He are theoretically analyzed for normal as well
as superfluid phase. The simple phenomenological model is proposed for
normal phase. The data for superfluid phase are described in a rather good
manner by the hydrodynamic theory with taking into account the clamping
of normal component by silica strands. It is shown also that at temperatures
below 1 K one needs a new hydrodynamic theory in which momentum
transfer between aerogel and phonons in liquid helium should be taken into
account

Introduction

Porous media filled with fluid have been intensively studied experimentally and
theoretically because of their physical and technological importance. The effect of
disordered pore structures on the properties of the fluid can be examined in these
systems. There has been considerable interest in the behavior of superfluid “He in
the presence of a random disorder induced by highly open porous media. Recent
experiments on the superfluid transition of “He contained in porous media such as
Aerogel, Xerogel and Vycor glass have revealed that the superfluid transition
differs from that of bulk “He [1,2]. The superfluid transition of *“He in aerogel has
been observed to be sharp [1,2], and has suggested a genuine phase transition. The
transition temperature in acrogel 7. has been suppressed with decreasing aerogel
porosity.

Acoustic experiments are important to understand porous media filled with fluid.
Use of liquid *He offers unique advantages due to the existence of the superfluid phase
with more than one sound mode. For the bulk fluid, there are first sound in which the
two fluid components move together and propagates as a compressional wave and
second sound in which the two fluid components move in opposite direction and
propagates as a temperature wave [3]. In the porous media where the normal
component is clamped by its viscosity and only the superfluid component can move,
the fourth sound propagates and can be used to determine the superfluid fraction.

The high-porosity aerogels are so soft that the aerogel matrix clamped with the
normal fluid is caused to move by the pressure and temperature gradients unlike other
porous media. This results in sound modes intermediate between first and fourth sound
[4] and second-like mode [5]. McKenna et al. [5] calculated longitudinal sound
velocity for the two modes using the modified two fluid hydrodynamic equations in
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order to take aerogel motion into consideration. They also observed the propagation of
both the fast (intermediate between first and fourth sound) and the slow (second-like
sound) modes in *He in aerogel from 1.1 K to 7.. They found agreement of the model
with the observed sound velocity within the experimental temperature range.

Longitudinal and transverse ultrasound velocities have been measured in “He
filled Vycor glass [6]. Warner and Beamish [7] have studied transverse sound (4 to 31
MHz) velocity and attenuation in alumina (Al,O;) ceramics with porosity changed
from 44 to 92 %. They argued that the experimental results in both the low and high
frequency regimes for normal and superfluid phases can be quantitatively elucidated
by the Biot model [8-11]. The alumina samples were made by differently (slip-casting,
sinter and sol-gel process) and porosity changed from 44% to 92%. They could make
measurement in both the low and high frequency regimes by changing the ultrasound
frequency, temperature from normal to superfluid phase and using ceramics with
various porosities. They argued that the Biot model [8-11] could quantitatively
elucidate the velocity and attenuation in all cases.

In [12] we have observed sound signal of 10 MHz longitudinal ultrasound with
three different porosity aerogels from 0.5 K to 4.2 K, and measured the sound velocity
and attenuation in order to study sound propagation in liquid *He filled aerogel system
both in the normal and superfluid phase. The viscous penetration depth of liquid *He at
10 MHz is estimated to be longer than the typical SiO, strand distance. Then, the
normal fluid in these systems is expected to be completely locked to aerogel matrix by
viscosity. The sound velocity of aerogel largely depends on the porosity so that we can
obtain an aerogel whose sound velocity is larger or smaller than that of bulk fluid. It is

interesting to see what
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Normal phase

The temperature dependence of the sound velocity is similar to that of bulk for
every aerogel (see Fig. 2, where experimental data as well as data for bulk liquid
*He and the obtained aerogel sound velocities are shown, see discussion below).
The absolute value greatly depends on the aerogel porosity. In ordinary porous
media, the sound velocity is modified by tortuosity and the acoustic index n
decreases with increasing porosity. The absolute value varies in opposition to the
porosity dependence of the acoustic index. Then, tortuosity cannot explain this
behavior. The similarity of the temperature variation brings scaled behavior to
mind. The scaled temperature variations in the normal phase for each aerogel and
also bulk liquid coincide with each other as shown in Fig. 3. This means the
temperature variation is determined mainly by bulk liquid.

260 ————————————T——————r———r———
F -:lzr;gc_l e T TTTTTT liquid “He in 92.6% acrogel .
250 liquid ‘He in 94% acrogel Fig. 2. The temperature depen-
2 e |, amm——— ::;‘:‘Ti:‘:i‘di"'kr'w“a""““' dence of the sound velo-
g e g | city in different aerogels
= 20 E filled in by liquid *He in
8 220 1 normal phase. The simi-
g lar dependence for bulk
g 210 liquid *He is shown also
2 200 as well as sound veloci-
ties in aerogels obtained
190 from these experimental
180 2= 5 » resulfs (see text for
" | details)
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It is useful to compare our data with the longitudinal sound velocity in *He
filled Vycor [6]. In the normal phase, the sound velocity in Vycor system was
almost constant, reflecting the constant sound velocity of Vycor glass. Contrary to
aerogel case, Vycor glass determined the sound velocity of the composite system.
In the normal phase, we can compare the sound propagation in aerogel with other
porous media, which is usually explained by Biot's theory [8-11].

In a series of papers [8-11], Biot proposed a phenomenological theory of
acoustic propagation in porous, fluid filled, macroscopically homogeneous and
isotropic media. The parameters of that theory are the tortuosity a, the porosity ¢

(fluid volume fraction), the density of liquid p, and solid py,;, the bulk modulus of
fluid K}, the bulk modulus of solid K, the bulk modulus and the shear modulus of
the skeletal frame K, and N. At frequencies high enough that the viscous skin
depth is much smaller than the pore size Biot argued that there are two (fast and
slow) longitudinal modes in the composite system:

1
V_?iz.&'l,slow = —2|:sz2 +Rpy, —Zplei—
2(p11p22_p12) (1)
i\/(szz +Rp11 _2,012Q)2 —4(,011,022 _plzz)(PR_Qz):|
where coefficients P,Q,R can be related to above parameters:
(-p[1-¢-K, /KK, +¢(K, /K, )K, 4
P= +—N 2)
1-¢-K, /K, +¢(K,/K,) 3
1-¢-K,/K_|¢K,
0= [ /K] , 3)
1-¢-K,/K +¢K /K,
2
K
= ¢ K, ) 4)
1-¢-K,/K +¢K /K,
and the density terms are:
putpn=0-9)p,, (5)
Pyt P = ¢pf P (6)
P = (l_a)¢pf' (7N

In [13] Johnson applied the Biot’s theory for the superfluid *He in pores below
1.1 K when the normal component can be neglected. In [14,15] this theory has
been generalized in the case of superfluid-saturated porous media, when all
damping processes are neglected.
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In the low frequency limit the expression for fast longitudinal sound velocity
is given by

(K, +4N/3)+(1/¢)(1-K,/K,) K,
pscel +¢pf

2 _
v, =

®)

(pscer 18 the density of solid skeletal frame, below this value will be changed by the
density of aerogel) and the slow wave doesn’t propagate. In the case of aerogel the
bulk modulus of SiO, is much greater than the modulus of aerogel K [ K, and

the expression (8) can be simplified.

To explain the data obtained in [12] for the normal phase we can apply the
Biot's theory in low frequency limit since the viscous penetration depth is larger than
the mean separation of SiO,. So the mechanical properties of aerogel and the
complex system can be evaluated by fitting formula (8) to the experimental data for
every aerogel. But we should mention here, that the structure of silica aerogel is still
under studying and in contrast to usual solids there is no simple relationship between
the bulk modulus and the shear modulus. Hence the mentioned fitting procedure
includes so many parameters in order to get aerogel sound velocity. That is why we
propose some phenomenological model for sound propagation in the normal phase
for the composite system in order to estimate the sound velocity in the aerogel.
Actually there are three "channels" for the sound propagation in the system under
consideration and they work in parallel way. The first channel is determined only by
the elastic properties of liquid *He and corresponds to the case when the sound
waves propagate only in the liquid confined between SiO, strands. The second
channel corresponds to sound propagation through the interconnecting net of SiO,
strands and is determined by the elastic properties of aerogel. Finally the third
channel can be represented as the "mixed" channel when there are continuous
transformations of the sound waves from waves in liquid “He to the waves in SiO,
strands and back and this channel is determined by the elastic properties of liquid
*He as well as of bulk SiO,. Keeping mind the analogy with the consequent series of
spring the bulk modulus for this “mixed” channel can be write down as:

_ PK. 'KSioz 9)
" ¢KHe +KSi02 ’

where Ky and K, stand for bulk modulus of liquid “He and silica strands. We

note here that usual relationship between bulk modulus K and sound velocity u for
an elastic media with density p

K =pu’ (10)
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and much more higher values of sound velocity and density of silica in
comparison with liquid *He give us the following simplification for K,,;:

C2 A ) sz
_ PP 2He Psio, slzoz szCC]ic’ )
P Cire + Psio, C

Si0,

The relative weight of the third channel a with respect to the relative weight of the
first and the second channel can be considered as the fitting parameter and might
depend on temperature. The temperature dependence of this parameter follows from
the temperature dependence of the liquid *He density (the “effectiveness” of the
sound transformation on the boundary liquid *He - SiO, surface is determined by the
densities difference). The bulk modulus of the composite medium can be calculated
with the bulk modulus of the fluid (Ky.) and that of aerogel (K,) and the “mixed”
channel and assuming three different elastic media in parallel, resulting in

K =(-a)¢K, +K,)+aK,,. (12)

mix

The total density is expressed using density of aerogel p,, that of liquid
helium py. and ¢ as p, +@p,,. . Then, the sound velocity, u is expressed as

S = Puctne (¢ +a(1=P) + p,u, (1- )
¢pl-[e +pa

Note that this equation looks a rather similar to (8). In the simplified form (at
o = 0) the given equation has been used in [12] to obtain aerogel sound velocity u,
from the experimental data under assumption that the aerogel sound velocities are
constant with temperature, considering other experiments [16,17]. The obtained
aerogel sound velocities for three aerogels listed below are consistent with the
density dependence of aerogel sound velocity obtained by Gross [18]:

(13)

Porosity u,, m/sec
92.6% 256
94% 212
94.8% 182

We will use these values to analyze the sound mode in the superfluid phase.

Strictly speaking there are two fitting parameters in Eq. (13): u, and a(7).
The simplified case (a = 0) can be considered as the first approximation. After that
as far as the temperature dependence of u is determined mainly by liquid helium
(see Fig. 3) we can neglect by temperature dependence of a(7) and get the main
term in the expansion of a(7) with respect to 7. So, in principle, the values aerogel
sound velocity and parameter a can be found with the desired accuracy.
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Superfluid phase

The propagation of sound in superfluid phase is usually described by linearizing
the two-fluid hydrodynamic equations. Following Atkins [19] we can write down
the continuity equation:

aa_f:_v'j:_v(pnvn—‘rpsvs) (14)
and the equation for the entropy conservation
o( po
(L)w.(pavn):o. (15)
ot
In equation of motion we omit terms quadratic in the velocities
ov
p, o =-Lryp—povr (16)
ot Yo ‘
ov
0. s = Poypy p oVT. (17)
ey - A
Adding last two equations together we have
0
—=-Vp, 18
o VP (18)

where further second quadratic terms such as v, (6ps / 6t) have been ignored. In

combination, (14) and (18) yield the first linearizing hydrodynamic equation

o’p
——=Ap. 19a
o P (19a)
To obtain the second one can eliminate Vp between (17) and (18)
P (¥, =¥, ==poV T (20)

which confirms that a temperature gradient produces relative motion between two fluids.
Finally combining (14), (15) and (20) gives the second of the two equations we need:
o’c  p,

s 67AT. 19b
o p, (%)

After substituting p=p,+p' and T =T, +T"' (where p,,T; are the equilibrium
values and p',T' are the perturbations due to sound wave) we get
2 2y
POD_py PO (21a)
op Ot oT ot
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2 2 2
0o d°p' +80'8T O-’O‘“AT'=O. 21b)
op o oT or P,
If we look for plane-wave solutions of these equations, p’ and 7" are proportional

to exp(—ia t — x/u)), where uis the velocity in the x-direction. So we can rewrite
equations (21a) and (21b) as:

Py 1| pe Py (22a)
ap or
2

99 2 pa| 8942 -T2 |71, (22b)
» or" P,

Neglecting the anomalous small for superfluid helium thermal expansion
coefficient 0p/ot we obtain two velocities for sound propagation from the secular

equation of system (22):

u, = (ap J (the first sound), (23)
op ),

2
o’p,

(&)
P ar

It is known that for liquid “He inside a porous media where the normal component
is immobilized and only the superfluid is in motion the so-called fourth sound can
be observed [20] and its velocity is given by:
=Py Loy, (25)
P P
It is assumed here that the porous media is absolute rigid and doesn’t take
place in the oscillate motion of liquid. The silica aerogel represents an “easy carried
along” media, so the normal component locked by its viscosity silica strands and
aerogel matrix move together with a velocity v,. The modified hydrodynamic
equations were introduced for this case by McKenna ef al. [5] and were investigated
partially in [21]. Because of numerous mathematical errors in the last paper we solve
here the system of hydrodynamic equations for the sound propagation in silica
aerogel filled in by liquid *He. The starting hydrodynamic equations are:

(the second sound). (24)

P V(o +p¥.)=0, (26)
0
2)9 (pov,)=0. @n
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ov
0. L= Poypy p oV, (28)
ot Yo
p. No Py Ny oV, (29)
ot Yo }
LoV (py,)=0, G0

These differ from the bulk superfluid “He equations (14)-(17) by the replacement
p, = p,+p, =p, on the left-hand side of Eq. (29) and the additional restoring

force p, due to the aerogel. Performing the same calculations as above and
introducing the perturbation p,’ due to sound plane-wave we obtain finally:

2 2
p'{_u_ﬁw}p{_uz@_p_%}pa Loy, Gl
ul ppna aT pna pna
1 2 2 2
p.{_uz_a_p_w}m{_u_zo PP, CPPHR) |, P g (1
p@T plona uz pn pm, na
2
plpnpa +T‘O-pspa +pav|:&_u_2:|:(). (31C)
ppﬂa pﬂa pna u(l

By neglecting dp/ot the secular equation for the system (31) is reduced to the

equation from [5]. Excluding p,” from (31c) we arrive to two-equation system
similar to the obtained in [21] from which the sound conversion phenomena in
superfluid “He in aerogel can be investigated. The numerical calculations of (31)
give the sound velocity of the two modes — the fast and the slow ones (solid and
dotted lines in Fig. 4-6, respectively). The temperature dependence between about

260 T T L L T T T L T T
200 [ cenerieiiiee PP
] e 1 Fig. 4. The calculated sound
il ] velocities ~ for  two
i ] modes from equations
E Wof 7 (31) for 92.6% aerogel
s 140 | b . .
z r Nl ];illed in by superfluid
= e e Wi He and experimental
> 100 r * the first sound in buk ‘He i) points ﬁ-om The tem-
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20 1 “He are shown also
B L 1 1 1 L 1 1 1 L L

00 02 04 06 08 10 12 14 16 18 20 22
Temperature, K

351



On the sound propagation in silica aerogels filled in by normal and superfluid helium

T & T " T 1t T bt T & T & T & T L | e T

240 | o~ AL s s sttt et entaa,, N
7 T ce T
220 |- "_“‘“——H—-._-...._T_
200 |- .
ey 1
180 - -
o j
2 160 |- . -
@ | p
E 140 [ \ .
. N ] = -
3 120 |- e R N Fig. 5. The same as in Fig.4,
T 100 - experimental points Y4 fOI" 94% aerogel
= + the first sound in bulk ‘He N
80 |- the second sound in bulk ‘He T
60 I sound velocity in aerogel _
40 [ ]
20 4
ol s,

00 02 04 06 08 1.0 1.2 14 16 18 20 . 22
Temperature, K

1K and 7, is elucidated from the calculation using the aerogel sound velocity
estimated from the analysis in the normal phase. The sound velocities of these
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temperature are lower than the calculated values. The porosity dependence of the
velocity can not be determined by the tortuosity as in the case of normal phase.

Then, the coupling between liquid and aerogel should be considered apart
from viscosity of the normal fluid. We compared the mean free path of phonon
and roton and that determined geometrically by aerogel strands. The geometrically
limited mean free path becomes shorter than that by phonon and roton below 1 K.
Acoustic phonons are thought to be scattered by aerogel strands and give rise to
the momentum transfer between aerogel and phonons. This means that the simple
hydrodynamic theory is not applicable to this temperature range because there is
no mechanism of momentum transfer due to no viscous fluid. A new theory is
necessary in which momentum transfer between aerogel and phonon should be
taken into account as in the case of liquid *He -aerogel system [22].

Conclusions

In conclusion, we have studied theoretically the low temperature acoustic
properties of liquid *He filled aerogel system for various porosity aerogels and
interpreted the observed in [12] compressional wave in both the normal and the
superfluid phase using 10 MHz ultrasound. It has been found that sound velocity
is strongly influenced by aerogel. The temperature dependence of the sound
velocity is similar to that of bulk liquid but the absolute value is varied by aerogel.
The scaling behavior has been shown in the normal phase. The simple
phenomenological model is proposed for the normal phase.

In the superfluid phase, the three sound modes are calculated from the
hydrodynamic model and the observed sound mode has been shown to correspond
to the fast mode. The temperature variation between 1 K and 7, is explained by
this model.
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DIFFERENT REGIMES OF STRIPE FLUCTUATIONS
IN THE SUPERCONDUCTING CUPRATES

G.B. Teitel’baum
Institute for Technical Physics of the RAS, 420029 Kazan, Russia

The complementary NMR and ESR studies of the frustrated phase separation
in different superconducting cuprates are reported. We specially address the
temperature dependence of the magnetic fluctuations and discuss their link
with the observed superconducting state. It is argued that according to the
phase diagram obtained for the lanthanum cuprates the superconducting phase
coexists with the developed antiferromagnetic correlations. The observed
picture is strongly dependent on the hole doping. In the vicinity of 1/8 doping
such a coexistence may be realized in a form of dynamic stripes — the
corresponding enhancement of the spin-stiffness reveals the plane character of
the spin (and charge) inhomogeneities. Depending on whether these
inhomogeneities are pinned or not, one has to distinguish the static and
dynamical regimes of stripe fluctuations. With a help of our spin stiffness
estimations, the upper threshold values of this quantity critical for the
superconducting state were determined. The NMR analysis of the stripe phase
local properties made it possible to estimate the local magnetic moment
corresponding to antiferromagnetic domains as well as the charge of the
domain walls.

I. Introduction

Soon after the discovery of high-7. superconductivity in cuprates by Bednorz
and Miiller it was found that these materials reveal the intrinsic tendency to
the phase separation [1]. One of the possible manifestations of this feature
upon doping of the parent antiferromagnetic (AF) phase of a high-T,
superconductor by holes is the segregation of charges to the periodical domain
walls (stripes) separating the antiphase AF domains [2,3]. The first evidence
for such stripe phase has been provided by neutron studies of the low
temperature tetragonal (LTT) phase of Nd-doped La,  Sr,CuO, [3]. Later the
stripe correlations were observed in other cuprates [4-6]. But in spite of the
hot interest to the problem, surprisingly little is known about the local
properties of the stripe structure as well as about their relevance to the origin
of the high-7,. mechanism. One of the key problems here is the elucidation of
the possible coexistence of stripe fluctuations with the superconductivity.
Investigations of this problem with different experimental methods give
evidence that the observed picture is highly dependent on the characteristic
frequency scale of the method. This indicates that relationship of the
superconductivity and the stripe fluctuations is strongly frequency dependent.



Different regimes of stripe fluctuationsin the superconducting cuprates

In the present paper we overview the complementary NMR and ESR studies
of different frequency regimes of the stripe fluctuations in the lanthanum cuprates.
The essential feature of our approach is that it is connected with the tuning of the
fluctuation’s frequencies of the studied materials by various doping. The
possibility of such a tuning is related with the different ways to affect the
structure: 7) the strontium doping reduces the magnitude of the CuOg octahedra
tilts and may induce the transition between the LTO (Low Temperature
Orthorombic) and HTT (High Temperature Tetragonal) phases; ii) the doping by
the rare earth ions controls the direction of the CuOg octahedra tilts and may
induce the transition between the LTO and LTT (Low Temperature Tetragonal).
The different octahedra tilts result in different buckling of CuO, planes thus
providing the different pinning of the stripe fluctuations.

I1I. The stripes fluctuations in LTT phase

1. This part of the paper is devoted to the NQR studies of cuprates with LTT structure,
which is helpful for pinning of the stripe phase. This structure was induced by doping
with non-magnetic Eu rare-earth ions instead of magnetic Nd ones used in [3] (the
ordering of Nd moments causes fast Cu nuclear relaxation hindering the observation of
CuNQR). We expect that in the stripe structure the different Cu sites will be inequivalent
with respect to the NQR, providing information on the local properties at given points of
the structure. The serious difficulties of the present research are due to the slowing of the
charge fluctuations down to MHz frequency range which wipes out a large part of the
nuclei from the resonance [7,8]. Fortunately the reappearance of the signal in the slow
fluctuations limit at low temperatures enables us [9] to take the advantages of the
extreme sensitivity of Cu NQR to the local charge and magnetic field distribution.

2. For our experiments we have chosen fine powders La,.. Eu,Sr,CuO, with
variable Sr content x and fixed Eu content y=0.17. The preparation of single-phase
samples was described in [10]. It was found [10] that for such Eu content the LTT
phase is realized for x > 0.07. For Sr concentrations x > (.12 the ac-susceptibility and
microwave absorption measurements reveal the presence of superconductivity with
T.=6;9; 14; 19; 18; 16; 13K for respectively x =0.12; 0.13; 0.15; 0.18; 0.20; 0.22;
0.24. The superconducting fraction is small for x <0.18 and starting from x>0.18 a
transition to bulk superconductivity takes place.

The NQR measurements were performed with the standard spectrometer in
the range 20 - 100 MHz. By lowering the temperature down to 1.3 K, the Cu-NQR
spectra at all Sr concentrations were observed [9].

Regarding their NQR properties the samples should be separated into two
groups:

The first one corresponds to Sr concentrations x < 0.18. The superconducting
fraction of these samples, if any, was rather small. Each of the spectra, which are
very similar for 0.08 <x <0.18, consists of a broad line in the region from
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Fig. 1. Representative Cu NQR lineshapes at
13K of Lay,Eu,S.CuO,; with y=0.17.
The value of x is shown for each line. All
lineshapes include standard frequency
§ corrections of v and are normalized to
i equal heights. The continuous line is the fit
R ' of the two-isotope contribution of sites 1
M and 2. Filled circles show the contribution
. of the antiferromagnetic site 3. Inset: A
) b typical signal for x> 0.18 decomposed

a2 » 64 N & 0 ®» into two contributions (T = 4.2 K)

Frequency (MHZ)

Echo Intensity (a.u.)

20 MHz up to 80 MHz with an unresolved peak between 30 and 40 MHz (Fig. 1).
The spectra for different x differ mainly with the integral intensity, which is
peaked near x = 0.12 (Fig. 2a).

The second group of samples with x > 0.18 showing bulk superconductivity
possesses completely different and much narrower NQR spectra (Inset to Fig. 1),
which can also be observed at much higher temperatures. The intensity grows up
with increasing x from 0.18 (Fig. 2b).

(a) (b) /w
Fig. 2. The Cu NOR integrated intensity (normalized) of
. _ Lay.,.,Eu,S,CuQy: for 0.08 <x <0.18 at 1.3K
- I (a); for x>0.18 at 4.2 K (b)

009 032 0.15 018 021 024
Sr content (x)

Int. intensity (a.u.)

3. Beginning the discussion with the x < 0.18 group, let us first consider the
above-mentioned complicated peak in the lineshapes. The two Cu-isotopes
Gaussian fit to these peaks reveals the existence of two independent copper sites 1
and 2 having different NQR frequencies (Fig. 3).

YA is g Fig. 3. T.he parameters of diﬁerent.contribu—

a & a s % tions to the Cu NQR signal for

A By AA A1 = 0.08 <x<0.18 in Lay.FEu,S.CuO;,

—_— = . o o - . . . I (T=1.3K): ®Cu NOR frequencies of

T a5 —— o L) sites 1 - open circles and 2 - filled

= 40k o circles; the corresponding half widths

? ke eme g L] at half rr?aximum (HWHM) — open a.nd

Salao oo0oo 4 Silled mangles resp.; the ﬁequenczes

g , . ] , , , corresponding to the maxima of the

w 008 010 0.12 0.14 O.16 Q.18 magnetic contribution 3 are shown by
&rcomieni {x) squares
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To make the site assignment, note that the NQR frequency is sensitive to the
local hole concentration changing between 0.5 and 0 hole per Cu atom [3]. In a
linear approximation we obtain that for the given x the resonance frequency v is
connected with the local hole density n(r) via the relation vo(n,H) = VQO(H) + fn
with the empirical constant £ and H(r) being the internal magnetic field. The first
term here is the NQR frequency for the compound with zero Sr content, the
second one is the positive shift due to the local increase of the effective fractional
charge on Cu. This expression agrees both with the calculations in the ionic [11]
as well as in the cluster [12] models (in the uniform case n = x).

It follows from our results (Fig. 3) that the resonance frequencies * VQ(I)(X)
for line 1 are shifted to lower values from the reference value *14(0,0) = vy’
(we use here VQO =31.9 MHz estimated for La,CuQ, [13]). This indicates that
the positive contribution to *vy(x,n) is small and that the effective fractional
charge on sites 1 is near zero. The corresponding resonance frequency depends
on the local internal field and has a minima for Zeeman frequencies falling in
the vicinity of bare quadrupole frequency * VQO. The distribution of the
resonance frequencies is enhanced at the point corresponding to the minima
giving rise to a narrow line 1. In contrast, line 2 is due to the sites which exhibit
a positive shift respect to * VQO . It means that these sites belong to the regions
with an increased average charge (hole density) on the Cu ions. The high
frequency part of the spectrum can be analyzed by subtraction of the 1 and 2
contributions from the entire signal. The resulting spectra are shown in Fig. 1.
The frequencies corresponding to their maxima are plotted in Fig. 3. We assume
that this line corresponds to the broadened, 1/2 <> — 1/2 transitions of nuclei
located in sites 3 experiencing an internal magnetic field (note the broad high-
frequency shoulder). The satellites are unresolved due to inhomogeneities of the
internal magnetic field and of the NQR frequencies. If the orientation of the
internal field with respect to the electric field gradient is identical to that
observed for La,CuO, [13] the frequency of this transition enables us to estimate
the quadrupole shift and to determine the Larmor frequency for this Cu site to be
45.2 MHz for x = 0.12. It corresponds to an internal field of 40.1 kOe. Using the
hyperfine constant |4q| = 139 kOe/up [14], we estimate the effective magnetic
moment of Cu at site 3 to be equal to 0.29 pp, coinciding with the value
obtained from neutron and muon experiments [4,15].

Since quantitatively similar spectra were observed for each compound of the
first group we believe that they contain the same elementary "bricks" of the phase
under study. Discussing the relative weight of the different contributions and
extrapolating the corresponding signal intensities to # = 0 we find the contributions
of sites 1, 2, 3 to be given by the ratio (1:6:13).
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For the interpretation of our results it is important that signal 1 is not
connected with any specific feature of the structure, whereas the signals 2 and 3
correspond to the extremal points of the spin and charge distributions.

The NQR frequencies for the site 2 (see Fig. 4) are almost the same for
any x thus indicating that for all Sr concentrations the stripes are equally
charged. The effective charge in a stripe is near 0.18 - 0.19. This is larger than
the average hole concentration (x) but less than 0.5 expected for the ideal
stripe picture [3]. It means that the charge is distributed over the domain wall
of a finite thickness. Together with the above-mentioned intensity ratio this
indicates that the real stripe picture differs from the ideal one. The changes in
intensity of the NQR spectra are due to variation of the number of "bricks" for
the compounds with different x, which depends on the pinning strength. Our
results indicate that the stripe phase is pinned at least for the time scales
shorter than 107 sec (so called quasistatic regime).

WAO0PVWOP® DVWOOYYWOODD
POVORLVWROVY VWAOOWPOOVY
WOV OR® YWVWOOYVOOLYY
POORVWRPOVRD VWOOOVWOOOVY
WPOWPVORPY YVOOYVOOLYY
OO0V VXOOYYOOVY
WAOVWPVORW YYWOOYYWOOLYY
POO0VR0VR ©OO0VOO0VYD

Fig. 4. The possible models of the stripe structure: a) charged (n = 0.5) stripes and three-
leg spin ladders; b) charged (n = 0.25) stripes and two-leg spin ladders. The circles
represent the copper ions whereas the arrows indicate the magnetic moment’s
orientation. The shadowed circles correspond to the nonmagnetic sites with the
distributed hole density

The pinning for 0.08 <x <18 is due to the buckling of the CuO, plane. It is
connected with the CuOg octahedra tilts around the [100] and [010] axis by the angle
@, which for given Eu substitution is governed by the Sr content. It follows from
Fig. 2a, that the quantity of the pinned phase, which is proportional to the NQR signal
intensity, is peaked at x = 0.12 when according to our estimations the entire sample is
in the pinned stripe phase. This indicates additional strong pinning due to the
commensurability effect. Such pinning is not unique for the LTT phase (as buckling
is). It is a manifestation of the plane character of the inhomogeneities of the charge and

spin distributions. Together with the existence of three different Cu sites (note that site
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1 corresponds to a defect) this gives an independent justification of the stripe picture.
Our data are compatible with two models: i) the structure [3] with the charge domain
wall along one Cu-O chain separated by the bare three-leg ladders (Fig.4a). The
deviation of the estimated effective charge from 0.5 may indicate that in reality the
thickness of the charged stripe is larger than one lattice spacing; ii) the structure [16]
with the charged walls consisting from two neighboring Cu-O chains separated by
two-leg spin ladders (Fig. 4b). The average hole density in this model is 0.25. This is
closer to the observed 0.19, but there are some problems with the relative intensity of
the sites 2 and 3 and the periods of spin and charge modulations.

Upon increasing x over x =0.18 the tilt angle is decreasing below the critical
value @, =3.6° [17] and depinning of the stripe phase takes place (i.e. transition to the
dynamical regime). Such behaviour occurs for the compounds with Sr concentration
x> 0.18. The corresponding NQR spectrum transforms to the narrow signal at higher
frequencies, which for x = 0.24 is shown in the inset to Fig. 1. The intensity of this line
(proportional to the quantity of the unpinned stripe phase) is shown in Fig. 2b.

The analysis of this relatively narrow signal reveals only two different sites with
$Cu NQR frequencies of 37.60 MHz and 39.82 MHz. Within 1% accuracy these
frequencies coincide with those known at the same x for the 4 and B sites in the LTO
superconducting phase [18] confirming that the LTT structure differs only in the
directions of CuQOg octahedra tilts. The satellite B is due to Cu having a localized hole
in the nearest surrounding since, according to [12, 19], its NQR frequency has the
additional positive shift 01, =2.5 MHz. The observed transformation of the NQR
spectra in comparison with those for x <0.18 is due to the fast transverse motion of
stripes in the depinned phase. As a result the internal magnetic field on Cu nuclei is
averaged out, and the effective fractional charge is homogeneously distributed over all
Cu nuclei giving usual NQR frequencies. A transition from the quasistatic to the
dynamical regime of fluctuations, which is due to depinning, leads to drastic changes
in the magnetic and superconducting properties.

Regarding the superconducting properties we note that the depinning point
separates two different types of superconductivity. For x <0.18 we are dealing with a
weak Meissner effect, an increased London penetration length and with 7, increasing
with x growing up to 0.18. Combining these facts with the absence of a narrow signal
typical for the bulk superconducting phase, indicating that the impure LTO phase is
absent, and with the suppression of the relaxation via magnetic moments of doped
holes, one has arguments in favor of possible one-dimensional superconductivity along
the charged rivers of stripes — the issue which is widely discussed [20]. For x> 0.18
we have bulk superconductivity with conventional London length, typical NQR signal
and decreasing 7,(x). Such crossover may be caused by the transverse motion of the
stripes carrying superconducting currents, which gives rise to the conventional
superconductivity in CuO, planes. Although possibly a simple coincidence, it happens
when the doping x is equal to the effective charge () in a stripe.
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I1.The stripe fluctuations in the LTO phase

1. The interest to the microscopic phase separation in the superconducting
La,_,Sr,CuO, has received a new impetus after the recent neutron scattering
experiments [21,22] in the LTO phase of La,_,Sr,CuO,4 with moderate x which
reveal the presence of modulated AF order very similar to that observed in the
LTT compound La;s,Ndy4Sr,CuO,. But on a larger time scale magnetic
fluctuations in La,_ ,Sr,CuO, are dynamical, especially for the superconducting
state, and their relevance to the stripe structure is a matter of debate. In
particular, the dynamical nature of the microscopic phase separation hinders
the investigation of its properties by means of low frequency local methods
such as conventional NMR.

Therefore it is of great importance to investigate the phase diagram and the
properties of magnetic fluctuations in superconducting La, Sr,CuO, and related
compounds shifting the measurements to larger frequencies. This section is
devoted to analysis of the Gd°" EPR measurements [23,24] which are focused
mainly on the investigation of the temperature and doping dependence of the low
frequency magnetic fluctuations for the superconducting La, ,Sr,CuO, with hole
doping covering the entire superconducting region of the phase diagram.

The temperature behaviour of the multiline Gd**ESR spectrum for 7> T, is
qualitatively very similar to that observed for the Eu doped La,_Sr,CuO, compounds
(with LTT symmetry) described in [24,25]: a linear dependence of AH on temperature
which is followed by the rapid growth of the linewidth at low T (the typical
temperature dependence of the AH for the most intense central component is shown in
Fig.5). But after cooling below 40K the behaviour of superconducting and
nonsuperconducting (Eu doped) samples becomes different: the linewidth of
superconducting LSCO exhibits the downturn starting at a temperature 7,,, dependent
on x, whereas for other samples which are not bulk superconductors AH continues to

grow upon further lowering temperature . )
(see Fig. 5). I ® La S, CuO,
2. We address now the question — & ¢ ° L O fa1BSh,,Cu0, |
why the temperature dependences for = 0l %
the nonsuperconducting (LTT) and =2 ©
. = 600 |
superconducting (LTO) compounds are 2
so different at low temperatures? To
find an answer we take into account that & ,, .
. i . e eavee e
in addition to the important but tem- L»"_.:ﬁ‘?.h’-?h h
. . . 300
perature independent residual inhomo- . T T e S T
geneous broadening the linewidth is Temperature, K
given ]?y d.lfferent homogeneogs Fig. 5. The Gd’* ESR linewidth temperature de-
Conmbl.ltlons linked to the magnetic pendence for LTO superconducting LSCO
properties of the CuO, planes: and LTT nonsuperconducting LESCO
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I) the interaction of Gd*"spins with the charge carriers, i.e. the Korringa
relaxation channel. The simplest Korringa term in the linewidth is AH=a + bT
with b =4(JNp)*P,, [26], where P, =[s(s +1)-m(m + 1)] — is the squared
matrix element of the Gd spin-state transitions, Nr is the density of states at the
Fermi level, J is the coupling constant between the Gd and charge carrier spins.
For the system under study it was discussed in [27]. Note, that the enhancement of
the linear slope for the Eu doped compound is due to the influence of the
depopulation of the first excited magnetic Eu level [25].

1I) the interaction of Gd with the AF fluctuations of copper spins, giving rise to
the homogeneous broadening of the Gd ESR line (a close analogue of the nuclear spin-
lattice relaxation). Introducing the internal field at Gd site, Hgg4, and averaging over the
random orientation of the local Cu moments with respect to the external magnetic field
it is possible to write the corresponding contribution to the linewidth as

1 2 2t
AH =—(vH P —_— . 1
3(7 o) m{r+l+(a)sr)2} )

Here 7= 7, exp(E,/kT) is the life-time of AF fluctuations, z, is its value at the
infinite temperature, and E, is the activation energy, proportional to the spin
stiffness p, (E, = 27p,), @ is the ESR frequency.

This term describes the standard Bloembergen-Purcell-Pound (BPP) behaviour:
the broadening of the EPR line upon cooling with the downturn at a certain freezing
temperature 7,, corresponding to @,z = 1. It was observed in [23,24,27] that depending
on the Sr content the linewidth behaviour transforms from the BPP-like (with the
maximum at 7,,) to the pure Korringa (linear) temperature dependence. Based on the
observation that the relative weight of the BPP-contribution compared with the
Korringa one decreases with increasing Sr doping, it was concluded [23,24] that at low
x the Gd spin probes the almost magnetically correlated state and at the high x — the
almost nonmagnetic metal. The corresponding phase diagram is shown in Fig. 6.

The different temperature dependences of the superconducting and
nonsuperconducting samples may be explained assuming that for the
superconducting samples the linewidth below T is governed by fluctuating fields
which are transversal to the magnetic field responsible for the Zeeman splitting of
the Gd spin states (the second term in Eq.(1)). Since these fluctuations are induced
by Cu moments lying in the CuO, planes, it means that Gd ions are subjected to
the constant magnetic field normal to these planes. This may indicate that the
magnetic flux lines penetrating in the layered superconducting sample tend to
orient normally to the basal planes where the circulating superconducting currents
flow. (The difference of the T,, and T, values observed for the samples with small
x enables one to conclude that the possible distortion of ESR lineshape owing to
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the non-resonant microwave absorption as the main reason for the apparent
narrowing of the ESR line below T, seems to be improbable).

m-T

80 - o° AT
M o E Fig. 6. The fluctuation’s phase diagram of
o 60F o & the superconducting La,.,Sr.CuO,.
5 = The triangles correspond to the
'é il magnetic  transition  temperature
1y - Tu(x), squares — to the supercon-
= o 4 2 ducting transition temperature T.(x)
£ 20r = ; ;\ - and the circles to the magnetic

o fluctuations activation energy E,(x)
I P B 1

0,05 0,10 0,15 0,20 0,25 0,30

Srcontent, X

Since the measurements [23,24] were carried out at nonzero external field it is
very important to consider the flux lattice effects. At typical ESR fields of ~0.3 T,
which are oriented normal to the CuO, layers, the period of the lattice is 860 A,
whereas the vortex core sizes for La,.Sr,CuOy is 20 A. As the upper critical field
equals to 62 T, it is clear that in the case of ESR the vortex cores occupy only 0.5% of
the CuO, planes. According to [28,29] the Cu spins in the vortex cores may be AF
ordered. Therefore the phase diagram in Fig. 6 indicates that not only the spins in the
normal vortex cores are AF correlated, but the AF correlations are spread over the
distances of the order of magnetic correlation length which at low doping reaches
600 - 700 A [29].

3. Numerical simulations of the temperature dependences of the Gd ESR
linewidths for the compounds with different Sr content make it possible to estimate the
values of the parameters in the expression for the linewidth: the maximal internal field
Hgq is about 200 Oe; 7., = 0.3-10"2 sec and the corresponding activation energies E,
which are shown in Fig. 6. One of the key moments of the present study is the
comparative Gd EPR analysis of the magnetic fluctuations for the different
metalloxides, such as La, Sr,CuO4 (LSCO) [23,24], La, Ba,CuO, (LBCO) [30],
(La-Eu),,Sr,CuO,4 (LESCO) [25], ( La-Nd),..Sr,CuO, (LNSCO) [8]. Note that for
LBCO the measurements were restricted by the doping region in the vicinity of the
well known 7, dip, whereas the last two series discussed in the previous part
corresponded to the nonsuperconducting LTT phase. (Since the influence of the Nd
magnetic moments for the LNSCO compound hinders the ESR measurements, the
activation energy for this compound was estimated from the measurements of the
nuclear spin relaxation on Cu and La nuclei [8]).
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i ' ' ' : : It is established [24] that

M 1008 for all LSCO based compounds

. the activation energy of magnetic

el = . |y, fluctuations is enhanced near the

63 139 1/8 doping. This indicates the

Cu . La important role of the commen-

S M . 1096 gurability and gives evidence of
e v

v o °® the plane character of the

inhomogeneous spin and charge

0 T 7 i P = distributions.  The  maximal

Temperature, K activation energies are 80 K for

Fig. 7. The temperature dependence of the *Cu and Lay,Sr,CuO,, 144 K for

La NMR linewidths for the supercon- La, ,Ba,CuO,, 160 K for
ducting LSCO with x = 0.12 (La-Eu),.,Sr,Cu0O, and 143 K for

(La-Nd),.Sr,CuO, Note that the
signatures of the bulk superconductivity [24] for La, ,Ba,CuO, and (La-Eu),.,Sr,CuQ,4
become visible upon the suppression of the activation energy down to 80 — 85 K. It is
possible to conclude that these values of the activation energy are probably the critical
ones for the realization of the bulk superconducting state. Fluctuations with the higher
activation energies are effectively pinned and suppress superconductivity.

The features of the phase separation in the superconducting LSCO were
observed also in the ***Cu and *’La NMR [23,24,31,32]. The measurements of
oriented powder samples in a magnetic field perpendicular to ¢ axis revealed
that for Sr content near 1/8 the central lines of the observed spectra both for Cu
and La exhibit the broadening upon cooling below 40 - 50 K (Fig. 7). This is
connected with the slowing down of the inhomogeneous magnetic fluctuations,
which gradually freeze upon cooling. It allows us to estimate that the additional
magnetic field at La nucleus is 0.015 T. If we consider that for the
antiferromagnetic La,CuQO, the copper moment of 0.64 pg induces the hyperfine
field of 0.1 T at the La site [13], then the effective magnetic moment of copper
in the superconducting LSCO is ~0.09 .

NMR linewidth, T

40,05

IV. Conclusions

The Cu NQR analysis of the Eu doped La,.,Sr,CuO, revealed that at 1.3 K the
ground state of the LTT cuprates for moderate Sr content corresponds to the
pinned stripe-phase and that the pinning is enhanced at the commensurability.
Nonequivalent copper positions in the CuO, planes were found. One of them with
a magnetic moment of 0.29 pg is related to the AF correlated domains. From the
behaviour of the NQR frequencies it follows that the effective charge of the
domain walls separating these domains is almost independent on the Sr content x.
The onset of the bulk superconductivity at larger x correlates with the dramatic
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transformation of the NQR spectra, indicating the depinning of the stripe phase
and the crossover from the quasistatic to dynamical regime.

The combined ESR and NMR measurements of the LTO cuprates with the
bulk superconductivity make it possible to conclude that the inherent feature of
their superconducting state is the dynamical nanoscale phase separation. In the
vicinity of hole doping x = 1/8 this separation may be realized in a form of
dynamic stripes — the corresponding enhancement of the spin-stiffness reveals the
plane character of the spin (and charge) inhomogeneities. The characteristic
fluctuation’s frequencies are strongly inhomogeneous resulting in the coexistence
of regions with quasistatic (frozen) and dynamical fluctuations.

According to our analysis the low temperature state of different lanthanum
cuprates is strongly dependent on the spin-stiffness of the compound under study and
it is possible to introduce the “critical” value of stiffness, which separates the
compounds with the bulk superconducting phase from the nonsuperconducting ones.
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O CITMHOBBIX IEPEXOJAX B KOMIIVIEKCAX Fe(IIT)

[O.B. S6n0kos', B.B, 3esenios’, MLA. AyFyCTBIHI/IaK-H6JIOKOBal,
A. Kpyrcka', E. Mpo3uscki®
! Unemumym Monexynapnoii @usuxu ITAH, ITosnans, Honvwa
2 Mockosckuii @uzuko-Texnuyeckuti Huemumym, JJonzonpyousiii, Poccus
3 Unemumym Xumuu Bpoynasckozo Yuusepcumema, Bpoynas, ITonvua

Iporecc mepexona Bbicokuii crmH (BC) <> mmskmii cima (HC) msyden B
TIOJIMKpHUCTAIIIaX THoceMu-KapOasoHatoB Fe(Ill) cocraa M[Fe(Th-R-Sa),] ¢ M,
R =Na, H (4); NHy, 5-Br (B) u K, 5-Br (C) metonom JI1P npu armocdeprom u
ruzpocratrdeckoM 10 600 MPa naBnenusx B unrepsane temmeparyp 80 - 400 K.
Wamepensr taxke Y1) u teg oOpasnoB mist 7=1.8 — 400 K. B A crmHOBBIIH
niepexon (CI1) siBisieTcst MPOTSHKEHHBIM: Lo I3MEHsieTest T 5.9 g ipu 330 K o
5.7 ug mipu 50 K, mocne wero cmagaer 1o 3.4 g mpu 1.8 K. AHanm3 mmprHBI
mHnn DI 1P nokasai, uro AB nmeet odMeHHoe nporcxokneHne. HC komrekcsr
(HCK) we pacnpenemsitorest cpem BCK  crarmcrideckn, a coOuparorcs B
OrPaHUYEHHBIX O0NACTSX CTPYKTYphI — B goMeHax. [TnotHocTs HCK B momeHax
nioBbIIIacTes ¢ oHmkerneM 1 (AB mamensiercst ot ~70 — 80 mT mpu 200 K 1o ~
20 mT npu 80 K). B mporniecce CIT mmpuHa jiHIN AB PE3Ko U3MEHSIETCS B ABYX
obmactsix Ttemmepatypsl (240 — 236 K m 195 — 191 K), yxasemBas Ha
niepepacnpenererre HCK B nomenax. B obmactn 195 — 191 K CI1-y conytcByer
obicTpoe yBenmuueHue komraectsa HCK.

[Ipunoxxenne BHemrHero npamnenust P crumysupyer CII, omHako xapakrep
nporiecca (BC) <> (HC) zaBucut ot T. [pu T >240 K HCK =e pacnpenenstorcs
CllydaifHBIM 00pa3oM, OJHAKO HMX IUIOTHOCTh B OONACTSX CKOIUIEHHS HEBBICOKA
(AByu > 50 mT). INpunoxxenune P Hmke 236 K yacTHdHO paspyiiaeT JOMEHEI,
yacte HCK Bo3Bparaercs npu 3tom B BC coctosiaue. [Ipu nonmwkenun 7 onbITa
00J1acTb MepecTpOHKH JOMEHOB CMEIIAeTCs B CTOPOHY BBICOKHX P.

CII B B coepmaercs B uHTepBasie Temmeparyp 100 — 250 K (B unTepBane
150 - 200 K pe3ko) u Tak xe yepe3 0Opa3oOBaHKE JOMEHOB, HO B OTJIHYHE OT A
mwioTHOCTE HC KOMIDTEKCOB B IOMEHaX HapacTaeT OYeHb OBICTPO. YiKe B Havaje
peructpammu 1P npu Pamm AB(240 K) ~ 21 mT; AB(170 K) = 13.7 mT. B
obmactu pasHoro conepxanusi HCK n BCK npu 7' ~ 140 K nponcxomut pe3kuit
niepexon ot pasznensHoro cymecrsoBanms Gpaz HCK u BCK k pacnpenenenHoMy
cOCTOsIHMIO KoMIulekcoB. Jlapnenue npusout K CII, xak u Temneparypa. IIpu
Pvax = 600 MPa B HOBOE CITMHOBOE COCTOSIHHE TIEPEXOIUT NPUMEPHO TOJIOBUHA
KOMIUIEKCOB. JTa o0macTe P Tak je OTBEYaeT IEepPEeXOIHOMY COCTOSHHIO
kpuctawia. OHa cMenaercs B o0nacTb Oonee Huskux P npu nonwxkenuu 7. CII B
C mpoucxomut B uHTepBae 7 360 — 250 K. Ero usyuenue mo3Boimio Jrydiie
0CO3HaTh poib 7 1 P B Mpolecce CIMHOBOTO NMEPEXO.

IMponeccer 0Opa3oBaHKS U ASCTPYKIMH JOMEHOB MOKA3BIBAIOT ONPEIeTCHHbIN
rucrepesuc. Hapacramme mnotHoctu HCK B mpeanomMeHoM — cOCTOSHUU
XapakTepHu3yIoT napHele koppemsimin HC komruiekcos. Peskue Tpanchopmarym



O cnunogvix nepexooax ¢ komnaexcax Fe(Ill)

JIOMEHOB OIIPENENSIOTC KoorepaTuBHBIME d(dekramu. [Ipomeccy mepexona
kpuctaimia ¢ goMeHaMi HC KOMIUIEKCOB K PaBHOBECHOMY IpH NaHHBIX 1 U P
COCTOSIHUIO CBOMCTBEHHBI YEPThI CAMOPETYJINPOBAHNUSL.

1. BBeaenune
B Hacrosiiiee BpeMst 0CO3HaHO, YTO OOJACTh TEpecevyeHns] TEPMOB Ha JUarpamme
Tana63-CyraHo, MMEIOINX HAWMCHBIIYIO SHEPTUI0 U PAa3IMYHYI0 MYJIBTHUILICT-
HOCTh, OIIpeNeNsieT TOJBKO BO3MOXHOCTH II€PEXOfla MAarHWTHBIX HOHOB C
xouduryparweit 3d* — 3d” u3 oxHOro crmHoBoOro cocrosHus B apyroe [1-3]. Cam
TIPOIIeCcC Iepexona — ero OBICTPOTa M 00JACTh TEMIIEPaTyp, B KOTOPOH CITMHOBBIN
nepexon (CII) mMeer MecTO B Pa3IMYHBIX COCAWHEHHUSX, ONPENCICTCS IPYTHMHU
¢dakropamu.  [lpuumnoii, oOycrnosnuBatomieii  paseutue  CII,  sBusioTCs
B3aUMOJEHCTBUS MEXIy KOMIUIEKCAMH B HOBOM CIIHHOBOM COCTOSHHH. OTO
HETOCPENICTBEHHO CIIEAYeT U3 TOro (hakTa, YTo TOJBKO B PAcTBOpPAaX KOMILICKCOB
«CTMH-aKTUBHBIX» HMOHOB COOTHOILIECHHE KOJMYECTBA KOMIUIEKCOB B HH3KO-
cmoBoM (HC) wu  Beicoko-cmHOBoM (BC)  cocTosHHMAX — ompeessieTcs
BonbiiMaHOBCKOM — 3aCENEHHOCTBIO  COOTBETCTBYROIIMX — TepMoB  [3].  Bceé
MHOTO00pa3¥e CIIMHOBEIX MEPEX0JI0B, CPEIH KOTOPBIX MOXKHO Ha3BaTh Pa3MEITHIC U
pe3Kue, MOHOTOHHBIC W CTYIICHYATHIC, TOJHBIC W HE3aBEpIICHHBIC [2], mpucyte
BEILIECTBAM B KPHUCTAUIMYECKOM COCTOSHUH. Y TBEP)KICHHE O CYIIECTBEHHOH POJIH
B3aMMOEHCTBUI B CIIMHOBBIX MEPEX0AaX SBISCTCS TOYTH OYEBHIHBIM, OTHAKO ITY
po0IeMy HeJb3s CINTATh PEIMICHHOH, U OHO JIMIIH MOAYEPKHUBACT €€ BaKHOCTB.
MoxHO a priori 0XuJaTh, YTO CHJa U IPHUPOJA B3aUMOJACUCTBUN MEXITY
KOMIUTIEKCAaMH OIMHAKOBOTO CIFHA JOJDKHBI 3aBHCETh OT CBOWCTB KOMIDIEKCAa U
KpUCTaJsla B IIEJIOM, NPEeXIe BCEr0 — OT UX CHMMETPHH M OT HAJIWYHA
CTPYKTYPHBIX CBSI3€d MEXKIY KOMIUIEKCAMH B KPUCTALIMYECKOW pemierke. B
JUTEpaType paccMaTpUBAINCh pa3HbIE MEXaHU3Mbl B3aWMOICHCTBUH MeEXIy
KOMILIEKCAMH, HaXOJSIIMMKCS B OJJMHAKOBBIX CITMHOBBIX COCTOSHHSX: DJIEKTPOH-
(doHoHHas cBs3b [4-6], ynpyrue B3ammopeicTBus [7,8], KoomepaTHBHBIE SH-
TEJUICPOBCKUE B3auMojieiicTBUs [9]. iMest B BHIy OONBIION AMANa3oH pa3iHdHiA
CITUHOBBIX TIEPEXOMIOB (CITMHOBBIA MEPEXOJ] MOXKET MPOCTHPATHCS Ha HECKOIBKO
COTEH TpajycoB, a MOXKET COBEpLIATHCS B IIpejesiaXx HECKOJBKHX TIpalycoB),
€CTECTBEHHO IIPEJII0oNaraTh, 4To JeJI0 CKOpPEee BCETO HE OTPaHMYMBACTCS KAKHM-TO
OTIpeNeIeHHBIM BHIOM B3amMojeicTBuid. OmHAKO Cper HUX MOXXHO BEIICIHTH
OIMH BMJ: B3aUMOJEHCTBUE KOMIUIEKCA C KPUCTAJUIMUECKON DPELIETKOM U 4depes
pemieTKy JApyr ¢ JApyroM. HMX MOXHO ONpeAeNuTh TEPMHHOM YIIpyTHe
B3aumoyeiicteust  [7,8]. Mx cneumduka B COCOUHEHHSX CO CIHHOBBIMH
nepexoJaMu OOYyCJIOBJIEHA pPa3IMYleM pa3MepoB HOHOB B pa3HBIX CIIMHOBBIX
COCTOSIHUSIX, ¥ OHH IIPUCYIIIM BCEM CTPYKTypaM CO CIIMHOBBIMH Tepexoamu [7,8].
B3anmopeiicTBusl MexXIy KOMIUIEKCAMH OAMHAKOBOTO CIIMHA, TO KpaifHei
Mepe B Hadale TMpollecca, ODKHBI HMETh TApHBIA XapakTep ©  OBITh

368



10.B. Aonoxos, B.B, 3enenyos, M.A. Ayzycmuinuax-o10x08a et al.

ommkozaelcTByronMu. Crano OBITh, [UIT MX OCYIIECTBJICHHS KOHIEHTpAIHS
KOMILUIEKCOB JOJDKHA OBITh JOCTaTOYHO BBICOKOH. Ho mpomecc mepexonma
HEN30€KHO HAYMHACTCS C HUYTOKHO MAJIBIX KOHIICHTPAL KOMIUIEKCOB B HOBOM
CITUHOBOM COCTOSTHUU. TpeOyeTcst BBIXO U3 3TOW CUTYaIlud, M H3Y4YeHHUE IpoIiecca
nepexo/ia UMEET TaKoe JKe OOJBIIOe 3HAUSHUE, KaK U U3yYCHUE ero MEXaHU3MOB.

Eme nHa panneit craquu m3ydenust CII ObI1o BBICKa3aHO MpeAronoXkeHue [4] o
TOM, 4YTO CIIMHOBBIE MEPEXObl BO3HHKAIOT B OOJNACTSX BBICOKOTO CONEpIKaHHs
KOMIIJIGKCOB B HOBOM CIIMHOBOM COCTOSHUM, B JIoMeHaX. OHO OBUIO BOCIIPUHSITO
HCCIIeIOBATENSIMHU, OJTHAKO JIO MOCJIEAHETO BPEMEHH HE Y/1aBajloch MOJIYYUTh MPSIMBIX
MOATBEPKACHUI cylecTBoBaHus aoMeHOB [10,11], He ToBops yke O KakuX-JIOO
CBEICHMSIX 00 WX CTPYKType M OpraHm3aimi. Ham ymanoch MpOIBHHYTBCS B 3TOM
HalpaBJIeHNH, M3y4asi C MOMOIIBIO AJIEKTPOHHOTO MapaMarHUTHOTO Pe30HaHca OJIMH
n3 kxomiuiekcoB skene3a (III) — watpmeByro comb THOceMukapOazonata Fe(IIl)
Na[Fe(Th-Sa),] —, noxassIBatoliero CHjIbHO pacTIHYTBIN CITMHOBBIN mepexon [12,13].
3neck MBI IpHBefeM pesyibraTel M3ydeHus nepexoga BC < HC B aByx nmpyrux
coemmaeHnsX: NHy[Fe(Th-5Br-Sa),] u K[Fe(Th-5Br-Sa),] [2], a Takke HOBBIC JaHHEIC
s Na[Fe(Th-Sa),].

HazBanuple  coenmHeHWs  TpUHAMICKAT K OOMIMPHOMY — KIJIAcCy
THOCEMHUKapOa30HATOB apoMarthiyeckux anpaerugoB sxenesa (III) ¢ oOmeit
dopmynoit M'[Fe(Th-R-Sa),]” [2,14]. KoopaMHAIMOHHBIM TOMMIIPOM B ITHX
COCIUHEHUAX SBIAETCS MCKaXeHHBINH okTadap Fe[O,N,S,] (puc. 1). 3amenienus
M" u R IpUBOIAT K pasiMyHBIM TUIIAM CITMHOBBIX EPEXOIOB.

TpamuMOHHO CHMHOBBIE TIEPEXOIbl HCCICAYIOTCS METOJaMU CTaTUYECKOM
MarHUTHOW BOCIIPUMMYHMBOCTH, TAMMa-PE30HAHCHON M ONTHYECKON CIIEKTPOCKOITUH 1
C TIOMOIIBIO PEHTIeHOCTPYKTypHOrO aHanuza [1-3]. UcnomszoBasicsa Tawke u OlIIP,
OJTHAKO €ro pojib OTPaHNYMBAIACH TIABHBIM 00pa3oM (ukcupoBaHueM s¢dexra. Mbl
UMM UEJbI0 M3y4YeHHWe Tmpolecca CIIMHOBOTO Iiepexoia. HOBBI  MMITyIbe
HCCIIEJIOBAHNSl PACCMATpPUBAaEMOro (eHOMEHa TOMydrin Orarofapsi BO3MOXKHOCTH
SKCIEPUMEHTAILHON pea3aluy MPeICKa3aHHOTO paHee Ul 3TUX COeqUHEHUH [15]
CIMHOBOTO TIEPeX0a MO/ BO3ACHCTBHEM BBICOKOTO (COTHH MPa) maBnenns. Briepsrie
CIMHOBBIE TIEPEXOBI TIPH BHICOKMX JaBIICHMSX HaOmomamichk B kKomrmiekcax Fe(IT)
[16], Teopetrraeckoe obocHOBaHME TpemToxkeHo B [17,18].

CHUHOBBIE IEpexoJbl B Ha3BaHHBIX COCIUHEHHSX (DUKCHPOBAIUCH HAMU
MMyTeM H3MEPEeHHHl MAarHUTHON BOCIPHUMYHMBOCTH, COIyTCTBYIOIINE SIBJICHUS
n3yyanmch MerogoMm OIIP B X- u Q-guana3oHax mnpu  atMochepHOM |
THJPOCTATUYECKOM JIaBJICHHH.

2. JKcnepuMEeHTAJIbHbIE Pe3yJbTAThI

Cunre3 BemiecTB onucaH B [2,14]. U3BecTHO [cM. 2], 4TO B 3aBHCHUMOCTH OT

YCIIOBHM CHHTE3a BEIIECTBA IPU HEU3MEHHOM COCTaBE MOTYT UMEThb pa3HbIE

obmactn mepexoma m3 BC B HC cocrtosHme. 3aBUCHMOCTH OT TeMIEpaTyphl
369



O cnunogvix nepexooax ¢ komnaexcax Fe(Ill)

MarauTHOH BocnpunmuuBocTH NH4[Fe(T-5Br-Sa)2] HoBoro cuutesa Ommxe K
takoBoi s obpasma NH4[Fe(T-5Br-Sa)2] (b) [2] ¢ Toit Tonpko pa3HHIEH, 9TO
CII mns HEro 3aBepIIaeTcs MOMHOCTEIO B MHTEpBate 1o 300 K.

Cmpykmypa coedunenuu. W3 WCCIETyeMBIX BEUIECTB KPHUCTAJLTMUECKas
CTpyKTypa AeTaibHO paciuudposana Tonmbko miss NHy[Fe(Th -5Br -Sa),], omnako
MOTHBEI BCEX CTPYKTYP OJIM3KH, @ MOJIEKYJIbI KOMILIEKCOB OCTpOoeHb! naeHTnaHo. HC
¢daza NHy[Fe(Th - 5Br - Sa),] kpucramumizyercs B OPTOPOMOHYCCKOW CHHTOHHH C
NpOCTpaHCTBeHHOM rpymmoi P, [19]. Ilapamerpsl sneMeHTapHOH — sueiku
a=21.179A, b=11.755 A and ¢ =8.560 A. Wom Fe(lll) koopauHupoBaH
ONS-10HOPHBIMHI aTOMaMH JIBYX THOCEMHMKapOa30HATHBIX JIMTaHJoB (pHc. 1). ATOMBI
KHCJIOpO/ia, a30Ta M CEphl PACIIONOXKEHBI B JIBYX B3aHMMHO IEPHEHUKYISIPHBIX TUIOC-
kocTsix ¢ O u S B cis u N B frans no3uiusaX. 3HAYUTENBHBIX OTIMUUNA B CTPYKType
OPraHWYECKUX YacTeH JIMTaHIOB HE HAOMIOIATOCh. DTOr0 HE CKAXKEIIb O TEOMETPHHI
BC u HC mommmpos. Bo Bcex m3ydeHHBIX coemuHeHMSX BC OKTadmpel MMEIOT
O0mpIMe pa3Mepsl M CHIIBHO MCKaxeHBl. YTibl L — Fe — L ommaarorcs B HUX OT
TaKOBBIX B TIPaBUIILHOM OkTadape Ha ~ 20°. B BC okradape mmHbl cBszelt Fe—S
pasHb! 2.44 A, a pasmmums nmmH sxBaTopHanbHBIX csseit Fe-N (~ 2.13 A) u Fe-O
(~1.96 A) Bemmuxu. B HC oxTaszpe yrist L — Fe — L oTangaroTest oT yIiioB B HPaBHIlh-
HOM OKTadzpe He Ooee, deM Ha 4°. Paccrosaus Fe-S pasHbr 2.234 A, u muHbL SKBa-
TopuabHbIX cBszeit Fe-N (~1.925 A) u Fe-O (~1.946 A) pasmiuarorcs ouens mMaro.

Maznumnas eocnpuumyueocms. MarauTHas BOCIIPUHMUYHBOCTS ObLIa M3MepeHa
B umHTepBaie Temmeparyp 1.9 — 400 K ¢ momomsto CKBHA-Mar€HeroMerpa THUIIA
MPMSXL-5. Vcnonp30Balics MaIagyMeBblid 3TajJOH, MAarHUTHAs BOCIIPUHIMYHBOCTH
kotoporo npu T =293.1 K npunnmanack pasroit 5.30 X 107 cm® g 1; 6bum BHECEHBI
nonpaBky Ha quamaraeTusm [20]. CBepXIIpOoBOISIIII MaTHHT ITO3BOJISUT BaphHPOBATH
MarauTHoe nose ot 0.1 10 5 T.

Ha puc.2 mnokazaHbel TemrepaTypHble 3aBUCHMOCTH MAarHHTHBIX MOMEHTOB
u3yueHHbIX coemuHennit. CrmHoBbi niepexoq BC <« HC B Na[Fe(Th-Sa),]
TIPOUCXOJIUT B OYEHb IIHMPOKOM HHTEpBAIC
Temreparyp. MarHuTHbIi MOMEHT O4YEHb
MEJUICHHO YMEHBIIAeTCsl, HaunHasi IPUMEPHO
¢ 300 K go 50 K, mocne 4ero ero BeIuduHa
pe3ko mazaer. BuaHo, 4To Jaxke mpu camou
Hm3kor Temmeparype CII He 3aBepimeH.
CnunHoBbie niepexonsl B NHy[Fe(SBr-Th-Sa),]
u  K[Fe(5Br-Th-Sa),] smastorcs  Oonee
PE3KMMH, OHU 3aHUMArOT UHTepBasl ~ 150 K|
HO TIPOMCXOAAT B pPasHBIX JWara3oHax
TEMIIEpaTyp, YeM M ONPAaBJABIBAIOT BHIOODP IS

Puc. 1. Cmpyxmypa anuona [Fe(Th-Sa),] ~ ACCIENOBAHMI MIMEHHO STHX COEIMHEHHIA.
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Cnexmpor OIIP. W3mepe-

_ Ma[Fe{Th-5a),
HUS [OPOIIKOOOPAsHBIX 00pa3 8- [Fet T )] pacoos0oe0e
[IOB TIPH aTrMOC(EepHOM JIaBiie- ] qpnamaene o
o +
HUM TPOBEJCHBI B X-IMana3oHe 5

Ha cnekrtpomerpe RADIOPAN ; K[Fe{Th:SBr-Sa}z]
SE/X-2547 B uHTepBalie TeMmre- _% 4

= NH [F&{Th-5Br-S
paryp 80 — 360 K u B Q-mma- et - 52}, ’ft
MasoHe  HAa  CIEKTPOMETPE o .

-+
4 o e

Varian E-12 npu Temmepatypax " +++++++++

100 — 200 K. Usmepennst mpu 5| ;‘:a"‘"’+++”+ﬂ+++++++++””
TUAPOCTATUYECKOM JIABJICHUH JI0 . : : : . : : : :
600 MPa B HWHTEPBAIE TEM- 1 a0 00 160 200 250 300 0 400

neparyp 80—400K BbmomnHs- T K
JHCh B X-IMANAa30He C OMOIIBIO Puc. 2. Temnepamypruie 3a8ucumocmu MazHUMHOZ0

0GOPY/IOBAHHS, OMHCAHHOTO B momenma coeounenuti M[Fe(Th-R-Sa),]

[21]. ArammsupoBamick MHTErpaabHas MHTEHCHBHOCTH cirHaia HC KOMITIEKCOB oy, 1
€€ 3aBHCHMOCTb OT TeMITlepaTypbl 1 u JaBleHus P, IpruHbI THHAN AB,y;, g-(hakTopsr,
unTepBaibl 1 1 P, B kotopsix uMen mecto CI1, a takxe Bun 3aBucumocted d/,,,,/dPr 1
dZ,,/dTp. Ocoboe BHUMAHUE YAESIIOCh 00MNACTSM U3MEHEHHsI TapaMeTPOB, B KOTOPBIX
Habmopamcs ocodeHHocTH. [lone3HbIM I 3TOM LieNM OKa3asIcsl Tak K& KOHTPOIb 3a
3¢ QeKTUBHBIMU TapaMeTpaMH: MHMKOBONH HMHTCHCUBHOCTBIO / CJ1a0O-TIONIEBOM dacTh
npousBogHON curHata OIIP oT mMakcuMyma 10 HyneBoM JMHHMM M €€ IIMpHHA Ha
TOJIOBUHE WHTEHCHBHOCTH AB. AJIEKBAaTHOCTb W3MEHEHMS] 3THUX IapamMeTpoB U
WHIMBUAYaTbHONM [mmpuHbl curHaia OIIP WM ero uHTerpanbHOM WHTEHCUBHOCTH
WUTFOCTPUPYIOT PE3YINIBTaThI MX aHAJIN3a, TIOKA3aHHbIE HIDKE.

CnvHOBBIH ITepexo/] B M3yYEHHBIX COSAMHEHHUSX 00YCIIOBIICH CMEHOI OCHOBHOTO
TepMa °S (3MEKTPOHHAS KOH(HIYpALs t2g3 egz, S=5/2) Ha tepm T (tzgs, S=1/2),
paCIICIUICHHBI TONAMH JIMTAQHAOB HU3KOH CHMMETPUM M CIIMH-OPOHTAIbHBIM
B3anmoeticteieM. DIIP nccnemyempix komruiekcoB B BC cocTosHUM TpencTaBiser
co0oif BecbMa TPOTSDKCHHBIM CIIEKTP Malod WHTEHCHBHOCTH. [IpwdmHBI 3TOTO
00YyCIIOBIIEHBI CPAaBHUMOCTBIO IIAPAMETPOB TOHKOM CTPYKTYPBI C BETMUMHOM KBaHTa /v
X-nmuamnaszona, OonbIoi muprHON JmHNE DI1P, NMEIomuX AUTONBHYTO IPUPOIY U HE
ycpenHeHHbIX oOMeHHbIMU B3ammopeicTBisiMmu HC komruiekcoB ¢ BC cocemsimu,
JOTIOTHUTEIIEHO PasMBITHIX B crekTpax DIIP MenkokpucTauimaecknx o0pasos. OTH
CIEKTPhI MOYKHO OBLITO HAOMIOATh IPH BHICOKUX TEMITEpaTypax, KOT/ia OTCYyTCTBOBAIN
curHanbl HC kommekcos. [py noHmkeHNH Temrepatypbl OHH OBICTPO TIOJIaBISUIICH
BO3PACTAIOIIMMH 110 MHTEHCHBHOCTH CUTHaNIaMK KomiuiekcoB B HC cocrosiamm.

Anam3 criektpoB OITP HC xoMrmiekcoB ormmpasicst Ha corocTaBieHue HaOrroae-
MBIX CHTHAJIOB, 3aITCaHHBIX B IM(POBOM (hopmMaTe, TEOPETUUECKHM CIIEKTpaM, KOTOphIe
CTPOITHCH C HCTIONB30BaHNEM cTazaapTHoi nporpammbl WINEPR SimFonia Brucker.
Jst orerkn komrgectBa HC KOMITIIEKCOB HCTIONB30BANH B KadecTBe cTaHaapTa BaMnF,.
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2.1 /lannvie onsn NafFe(Th-Sa),]

Pesymerarel m3ydeHmst 3TOro coeauHeHWs ormicaHsl B [12,13]. I'maBHBIe W3 HEX
cBomares K cuemyroremy. Xots CII pasBuBaercs BechbMa MeUICHHO (CM. puc.2) U
korneHTparst HC xomruiekcoB, He mpeBbana (rpu temreparype 254 K) 0.1 BecoBsix
%, curnanel HC xommekcoB ¢ g=2.293; g,=2.193 u g,=1.937 ysepenHo
JIETeKTAPOBANINCh, HaunHasi ¢ Temmeparyp nprMepHo 300 K. [mpuna maamm AB
(270 K) papmsmace = 74 mT u OBICTpO yMEHBIIIANIACH C TIOHIDKEHUEM TeMIieparypbl 7'
(puc. 3). I1naBHOE M3MEHEHHE IIMPHHBI JIMHUH TIPEPHIBATOCH PE3KHM €€ YMEHBIICHHEM
B o6mactn 240 — 236 K ma 12 mT (mepssiit kputuseckuii uarepsar, T,V =238 K) n B
obmacti 195 — 191 K (7,24 =193 K). Hmke 180 K AB m3MeHsuIach OdeHb CIIabo
(AB(150 K)=21 mT). HaOGmopancss OTYeTIMBBIA THCTEpe3uC WM3MEHEeHWd AB B
KpUTHYecKuX obmactsix: T 21=203 K, "T=244 K. B VHTEPBAJIE U3MEPEHUI
MHTETpaTbHAs MHTEHCHBHOCTh CHTHANIA BhIpacTana npuMmepHo B 10 pa3 (mBykpatHOe
yBenmueHue curHana B uHTepBasie 280 — 140 K o0s3ano 3akony Kropu). Cnemosaio
OXUJATh, YTO 3aBUCUMOCTh MHTeHCHBHOCTH /(1) u I,,(T) Oyner umets B T, 0(1) u TC(Z)
ocobenroctH, kak U AB(T). OmHako OKa3aaoch, YTO CKAaYOK MHTEHCUBHOCTH HMMENT
MECTO TOJBKO pH 7 1@ B obmacti T K1) (Luu(T)) YBEJIMYHMBATIACh MOHOTOHHO.

;e

| down
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& AB dawn
G + ABup il
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Puc. 3. Temnepamypnwie 3asucumocmu unmerncuenocmu I(T) u wupunvt aunuu AB(T) IIIP
xomnaexca Na[Fe(Th-Sa),].npuammocgepnom oagrenuu (P = 0.1 MPa)

Anamm3 nosenennst AB(T) mpuBen Hac K 3akimrodeHuro [12], 4to ymeHbleHHe
NIMPHHBI JTAHAM 00YCJIOBJICHO BO3HUKHOBEHHUEM U YCHJICHHEM TIPH MOHYDKCHUN TEMITC-
patypsl oOMeHHBIX B3auMozeiicTeuii Mexnay HC xommiekcamu. Kak oTMedanoch,
roHuenTpanyss HC xommiekcoB Obuta KpaliHe HIBKOH. SIcHO, 4TO 0OMEHHbIE B3anMo-
JIEHCTBUS MEXTy HUIMH HE MOTIIH OBl BO3HUKHYTH, e 061 HC KoMITTeKChI ObLH pac-
npernierieHbl B MaccuBe BC koMuiekcoB cratuctraeck. Otcrona ObLT ClieiaH BaXKHBIN
BBIBOJI, YTO HAYWHAs TMPAKTHYECKH C MOMEHTa cBoero 3apoxaeHns, HC KoMIueKch
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MMEIOT TEHJICHIIMIO TPYIIIAPOBATHCS B OTPAHIMUIEHHBIX 00J1acTsAX CTPYKTYPBI KpUCTaLIa.
(MBI MCKITIOWIIIA BO3MOMKHOCTD PENAKCAOHHOTO CcykeHus ymHuii OIIP, a Tak ke
TIPUHIATAATIEHO BOSMOXKHOE CYKEHHE 32 cUeT 3(PEKTOB OBICTPHIX BHYTPEHHHUX MIEPEXO-
noB BC — HC, interconvesion effects; MbI BepHEMCSI K OOCYXIECHHIO 3THX BOIIPOCOB
urxe). Benen 3a Copan u Ceku [4] B uTeparype 11 0003HaueHHsI CKOIIEHHI KOMIT-
JIEKCOB B HOBOM CIIMHOBOM COCTOSIHUM HCIIOJIB3yeTCs TepMHUH domenbl. (IloguepkHem,
YTO MX CYILIECTBOBAHHUE OCTABAIOCh TMIIOTETUYECKHUM). MBI COXPaHUM €T0, OJTHAKO Oro-
BOPHUMCSI, 4TO peallbHOe (PU3MUECKOE COZEpIKaHNE 3TOTO TEPMUHA B CITy4ae CIIMHOBBIX
HIEPEXOZIOB OTIMYAETCS OT TAKOBOIO Kak B cilydae (eppomarneTusma (001acTh KpUcTa-
J1a, UETMKOM COCTOSIIIAS U3 MArHUTHBIX KOMIUIEKCOB C OPUEHTHPOBAHHBIMU MarHUTHBI-
MM MOMEHTaMH), TaK U OT TOTO CMBICIIA, KOTOPBIH BKJIA/IBIBAJIM B HETO HCCIIEIOBATEIH,
TIBITAasICh OOHAPYXUTH OOMeHb! TIPU SIBIICHUSIX CrOss-over (00J1acTH CTPYKTYpBbI, LIETUKOM
COCTOSIIIUE U3 KOMIUIEKCOB B OLPEZIENICHHOM CIIMHOBOM COCTOSIHUH).

Wzyuas 3aBucumoctit AB(T) mst Na[Fe(Th-Sa)2], MbI mokasany, 9To IUIOTHOCTH
HC xomrmiekcoB B IOMEHaX HE TIOCTOSTHHA, OHA YBEJIMUMBACTCS TP OHIDKEHIN TEMITE-
patyps, niprdeM B obnactsax 7. u T.”) 310 yBemueHHe MPOMCXOIUT CKAauKo0OPas3Ho.
Bome 7" umeer mecto mporuece GopMHpOBaHMs JIOMEHOB. B IepBOi KpHUTHUECKOIT
obmacty 1wioTHOCTE HC KOMITIEKCOB B IOMEHAX PE3KO YBEIMUMBAETCs Oe3 BO3pacTaHUs
UX KOMIUIEKCOB B KpHcTasuie. (MBI CBSI3bIBaEM 3TOT HpOLIECC € TeM, uTo Hakorwienne HC
KOMIUIEKCOB, UMEOIIMX MeHbIe yeM BC KoMIIeKchl pa3Meps! U SIBIIIOLIMXCS 110 Cy-
1IecTBY Je(heKTaMK CTPYKTYPBI, B OTPaHUUYEHHBIX 00JIACTSX KPUCTALIA BBITOHO SHEpre-
Tideckd. [lnotHocTs HC KOMITIEKCOB omnpesiessieTcsl MPH 3TOM HEKUM pPaBHOBECHEM
MeXIy OJM3KOIEHCTBYIOIMMU YIPYTHMH B3anMozercTBrsiMiu HC koMmruiekcoB pyr ¢
JIPYTOM M C KPHUCTALUTIYECKOI PEIIeTKOW M 3HEpriel nx TeIUIoBbIX KoyieOanuii). Hinke
7.V 3101 MpoIEce mpoxomKaeTes U 3aBepiaercs B oomacti 7.7, Korja yBemmueHHe
mnotHoctn HC xommuek- .
COB B JIOMEHAX COTPOBOX- 40 T=150K
JaeTcsl W YBEJMYCHHEM
YHCIIa WM Pa3MepoB J0Me- ]
HoB (OIIP He mo3BOMISET
JeTaIU3UPOBaTh ITO SIBIC-
HHE). 371ech BCTYNalOT B
ciwty 3GQeKTl  TaTbHO-
TIEHCTBHS. 20

OIIBITHI € JaBIEHUEM
TIPOBOJWJIM  TIPU  pas3HbIX
TeMIIepaTypax BO BCEM HH-

7 T T T T T
TepBale M3MEHEHUH AB : [ERR

F aa

o5

F3C o

30 ]

A mT
b

T T T T
150 200 280 i

(7). 3aciyKHUBAKOT AKLCH- Pressure, MPa
TUPOBAHUS  CICHYIOWIMC  Pyc. 4. 3asucumocmu unmencusnocmu I(P) u wiupunsl aunuu
(paxrel (cm. puc. 4). AB(P) DI1P xomnaexca Na[Fe(Th-Sa),].npu T = 150 K

373



O cnunogvix nepexooax ¢ komnaexcax Fe(Ill)

a) JlaJieHune, KaK U TeMIlepatypa, IPUBOJUT K CTMHOBOMY TIEPEXOTY.

6) ITpu Temneparypax Bbime 7., T.e. B KPUTHYECKOH TeMIIEPaTyphl, K
KOTOPOI TIPOMCXONUT BBIIENICHHE JOCTATOYHO ONpENEIeHHO CHOPMHUpPOBABIIMXCS
JIOMEHOB, JIaBJIeHHE CITab0 BIIWSIET Ha Tpoliece JoMeHooOpasoBanus. Hanpumep, npu
T =257 K yBemuuenne gasnerus ot 0.1 MPa no 300 MPa npuBoAWT K yMEHBIIIEHHUIO
umpub! K OIIP ot 62.3 mT go 51.8 mT. Pacnpenenenne HC xommekcoB He
SBISIETCS CTATUCTHYECKUM M B 9TUX YCIOBHSX. [Iporecc ux rpynmmpoBKd Hadajcs,
OJIHAKO O JIOMEHaX TOBOPHTH IOXKAITyH paHO, yJ0OHee Ha3blBaTh 3TO COCTOSIHHE
NnPe00OMEeHHbIM COCMOsiHUeM, YTOOBbl BCE-TaKM OTJMYaTh €ro OT COCTOSIHHSL CO
cratucTrdecku pacnpezeneHHpIMH HC komIuiekcamu.

¢) MHTepecHbIM sBISIeTCSl Pe3yibTaT BO3NCHCTBUS JABICHUS Ha JIOCTATOYHO
copmupoBaBmmecs fomeHbI. C 0HOW CTOPOHBL, TaBJICHHE Pa3pyIaeT JOMEHE, Tiepe-
BOJISL CTPYKTYPY B npedoomennoe cocmosinue (B cocTosiaue, korna AB ~ 40 mT). C apy-
TOH CTOPOHBI, 3TOT MPOLECC COIPOBOXKIACTCS YaCTHYHBIM OOpaTHBIM IIEPEX0/IOM
HC — BC (puc. 4). [leno Bemmmsaut ciexytonmmM oopaszom. HC xoMrekcs! kak More-
KyJIbl C LIEHTPaTbHBIM HOHOM, HMEFOIIMM pasmepbl Ha 0.2 A MeHbIMe, uem okpysKaro-
IMe MOJIEKYJIBI, SBIISFOTCS e(peKTaMu CTPYKTYpbl. C TOUYKH 3peHHs MUHIMyMa SHep-
TUH CHCTEMBI OKAa3bIBAeTCSl BBITOJHBIM, KOrJa 9TH JAeeKThl He M30JMpOBaHbL [lpu
arMoc()epHOM JTaBJICHHH TUIOTHOCTH MOJIEKYJT B HOBOM CITHHOBOM COCTOSIHHH OIIpEZIe-
JI€TCSL PABHOBECHBIM COOTHOILIEHHEM MKy BBIMIPHILIEM B YIPYTOil SHEPTHH 32 CHET
o0berHeHus Ie(heKTOB U TEIUIOBOM AHEPrueil MOJeKyI1, CTpeMsIeiics], BOOOIIEe TOBO-
Ps, pa3pyLINTh YCTAaHABIIMBAIOLIEECS PACIONIOXKEHNE KOMIUIeKcoB. IIpnkiampBaeMoe
JIaBJICHUE CO3JaeT HOBBIE YCIIOBHS JUISl ONITUMAILHOTO TIPH JIAHHOM TeMIlepaType CoOT-
HOIIICHHS MEXXITy ITapameTpamu “0e3ne(hekTHhIX U “neeKTHRIX” 00IacTeil KpUCTAIUTH-
YecKoH peleTku. B pesynbrare naBieHre NPUBOAMT K HEKOEMY COCTOSIHHIO C Ooee
paBHOMEpPHBIM pacrperenenieM nedekToB — komiuiekcos xenesa (II) 8 HC cocto-
stHUH. [Ipy 3TOM TepsieTcst Kakasi-To JI0J1s1 SHEPTHH, KOTOpasi CIOCOOCTBOBAJIA MIEPEXOY
BC — HC u paBHOBecue cMelaercs B cTopoHy BC cocrosHuii. JlambHeNIee noBbIe-
HU€ JIaBJieHust P CHOBa MPUBOJIUT K MPOIOJDKEHHTO potiecca nepexoaa BC — HC.

1) Uem HiDKe TeMIeparypa OIbITa, TeM OONbIIKE JaBIeHHs TPEOYIOTCS Ui
OCYIIIECTBIICHHUS 3TOTO MpoLecca.

2.2 /lanunvte ona NH,[Fe(Th-5-Br-Sa),].
Crextpsr OI1P npu atmMocepHOM [aBIEHNM 3alUCHIBATIM B MHTEPBAIE TEMIIEPATYP
80 - 300 K. M3y4anuck Tak sxe MenKokpuctammdeckue odpasipl. Crextpsl DI1P npu
ruapocTaTraeckoM qasieHnu 10 500 - 550 MPa peructprupoBasvch Ipy TeMIiepaTypax
312.5K,292 K, 283 K, 273 K, 250K, 230 K, 199 Ku 150 K.

I(T) u AB(T) npu P, (0.1MPa). Curnan DI1IP, umeronuii popmy, THIIHY-
HYI0 7151 HeHTpoB ¢ S = 1/2 u anuzorponHsM g-hakropom ¢ g, =2.197 £ 0.005
u g||=1.971 £ 0.003, yBepeHHO NETEKTHPOBAJICS NMPHU MOHIKEHUU TEMIIeparTy-
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Puc. 5. Temnepamypnas 3a8ucu- x 160 NH [Fe(Th-5Br-Sa},]
mocmb cnexmpa OIIP komn-  zap g
nexca  NH,[Fe(Th-5Br-Sa);] 54«
npu P = 0.1 MPa

pel, HauuHasA ¢ 1 okojo 260 240K
K (puc. 5) u Op1T OTHECEH K
BO3HHUKAIOIIUM B IIpoIecce

CII HU3KO-CIMHOBBIM KOMII-
nexcam Fe(Ill). (M3mepenus

B Q-1namna3oHe IO3BOJIMIH
BBISIBUTH POMOMYHOCTH  g-
¢akropa: g, =2.213 £0.003,

g, =2.187+£0.003). B oTnu- 200 220 240 260 260 300 320 30 360 380
yue ot  Na[Fe(Th-Sa),] Magnetc field, mT

acuMMeTpust (OpMBI CHTHa-

7a OblJIa 3aMETHOH C caMoOTO 53
Hayala ero HaOIIJeHHS, a 2
yxe mpu ~ 240 K crana
oTueTnUBOW. WHTerpasbHas 144 i
WHTCHCUBHOCTh CHTHana (1

I(T)) Bo3pacrama mpH MOHU- 179k
KEHHH Temmeparypsl 10 80

K B gmecsatku pa3 ObicTpee,

YeM CJIeI0BAJTIO OXKMUIATh AT 150 K
OOBIYHOTO ITOBBIIICHUS WH-
TeHCUBHOCTH curHana OIIP
3a CHET YBEJIMYECHHS Pa3HOC-
TH 3aCeJICHHOCTEH CIIMHOBBIX
moaypoBHe# (puc. 5, 6). D10
XOPOILO COTJIACYEeTCsl € 3aBUCHUMOCTBIO L44(7T), IpHBEIeHHON Ha puc. 2. B Hava-
Jie perucrpanuu muprHa JuHuu AB cocraBmsuia ~ 50 — 60 mT, 3arem pesko
ymenbmanack 10 ~ 20 mT npu 240 K u 1o ~ 16 mT npu 220 K u Gonee measeH-
HO 10 13.7 — 13.9 mT npu 165 - 155 K, nocne gero oueHs pe3ko Bo3pacTayia 10
18.7 mT mpu T=140 K, a 3atem o 19.4 mT npu 120 K, He m3MeHssICH IpH
JanpHeleM moHmwKeHnn Temmnepatypsl 10 80 K (puc. 6). HammeHnbmmM 3Haqe-
HUSIM AB OTBedaso HEKOTOpOE 3aMe/IJICHHE POCTa WHTEHCHUBHOCTH / CHTHala B
YKa3aHHOM HHTEpBaje TeMIepatyp co cpemHuM 3Hadernmem 1 =T, = 160 K.
(UHTerpampHasi HHTEHCUBHOCTD Iy, TIPH 3TOM YBEIHMYHBAIaCch MOHOTOHHO). DTa
TeMIiepaTtypa MpUMEpPHO OTBEYAeT cpeAHer Temmneparype natepnana 240 — 80 K,
B KOTOPOM HaOJIIOJalioch CUIIbHOE yBenudeHue curHana OIIP komuiekcos c

230 K

i

r T T T T T T T T 1
0 2] 240 G0 280 300 30 340 380 360
Magnete field, mT
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S=1/2 or Hawama WX 1210
JIETEKTUPOBAHHUSI 1o SOf . ° 1 25’?
OKOHYAHUS pe3Koro I TR, * ABdown N R
pocra, a Tak ke mpu- .| & T B T 132
MEpPHO IOJIOBUHHOW Be- . + Y
nuunpe curmama OIP | . o 18
npu 7= 80 K. (Crenyer 2 o o : ve.t 118 s
OTMETUTH, YTO B 3aBU- ”nu_ « 4 LTS 140 3
cuMOCTH I,(T) OTCYT- € 20 F - 1%
CTBOBaN  KaKoii-nmm6o P :fg
TUCTEpE3UC, TOrJa Kak 10 x lup A e 1 ann
s AB(T) on Habmmo- CX ] é;u
nancsi. Jlanuelie, npuBe- ol I
ACHHBIC Ha pHC. 6, M- 60 80 100 120 140 160 180 200 220 240 280
JIIOCTPUPYIOT — IIEJIECO- o

06pasHOCTL  HCHOMB30- Puc. 6. Temnepamypuvie 3asucumocmu unmencuenocmu I1(T) u
Banus napamerpa /(7) wiupunvt aunuu AB(T) DIIP xomnaexca NH [Fe(Th-5Br-
Hapany ¢ Lun(7T). Tloc- Sa),] npu ammocgheprom oasnenuu (P = 0.1 MPa)

JIEJIHUH TIpaBUIIBHO Tie-

penaer yBenudenne konmuectBa HC kommiekcoB B mpormecce CII, Torma kak
TEPBBI, YYBCTBUTEIHHO pearupyss Ha OCOOCHHOCTH H3MEHEHHUS IapameTpoB
cnexrpa JI1P, mo3BossieT cyauTh 0 BakHOU XapakTepuctuke nporecca CIT — 06
O0COOEHHOCTSIX TIpoIiecca JOMEHOOOpa30BaHuUs; CM. HIDKE).

I(P) u AB(P) npu d¢uxcuposannvix memnepamypax. B 3THX ombITax
nmaBnenne yBenmumBaiock or 0.1 MPa mo 500 — 550 MPa. Vicnoms3oBaics
OIMH W TOT e oOpasen. Kak W npHM H3MEHEHHAX TEMIEpaTypsl IpH
aTMOC(EepHOM MNaBIECHHWHU, IIOBBINIEHHE P TNpH HEU3MEHHOH TeMIepaTtype
NpUBOANT K cuumHOBoMy mepexony u3 BC cocrosuus monos Fe(Ill) B8 HC
coctrosare ©W K HabOmogenuto curHanoB OIIP HC xkommiaexcoB Fe(IlI).
[Monyuennsie nanHble cyMMupoBaHbl B Tabmure 1 u Ha puc. 7 u 8. Kak Bugum,
THIPOCTATUYECKOE JaBJICHWE NPUBOJAMUT K CIIMHOBOMY IEPEXOAY JAaxe IpHU
temneparype 7 =312K, 3nauutensHo (> uyemM Ha 50 K) mnpessimaromeit
Temmneparypy, npu koropoit OIIP Haumnaer QuxcupoBaTh mnosiBaenne HC
KOMIUIEKCOB IPH aTMOc(hepHOM aaBiieHnH. Ero Hagaio (CHOBa ¢ TOYKH 3peHUS
OI1P) umeer mecto npu P ~ 300 MPa. Ormerum creayroniie ocoOOEHHOCTH
CIMHOBOTO NEPeX0/ia B YCIOBHSIX THJIPOCTATHYECKOTO JaBIICHUSI.

Kak n B ompitax mpu P =const, B ciydae 7 =const mpu HaOIIOJCHUH
rporiecca mepexoza no mapamerpy /(P) mpoliece BBITTSIIUT ABYXCTYIEHYATHIM.
Haumnas ¢ Temmeparypsr 292 K, mpu yBenwdeHWM AaBICHHUS HaOIIOAETCS
nepexoHas 00J1acTh, KOTOPYIO YZOOHO XapaKTeprn30BaTh CPEAHUM 3HAYECHHUEM
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<P>=P., B KOTOpO U3MEHsETCS
xapakrep nosenenus /(P) u AB(P)
(puc. 7 u 8). [lepexomHas 00IaCTh
MMEET MpPOTSLKEHHOCTh ~ 120 —
150 MPa wu pasgenser 3aBHCH-
Mocty, Habmomaemsre ipu CII, Ha
JIBE BETBU NPUMEPHO OJWHAKOBOM
MPOTSDKEHHOCTH B mmikane P. OnHa
OTBeYaeT JaBjcHusIM P < P, BTO-
pas P> P.. Ha 3aBucumoctu I(P)
HaOIr01aeTCsl yMEHbIIIEHNEe HHTEH-
cuBHocTH curHana JIIP B okpect-
HocTH P.. B To e Bpems aHanu3
WHTETPAIbHBIX  MHTCHCHBHOCTEH
MIPUBOANT K MOHOTOHHOMY YBEJIH-
YeHUIO [, (P). Ilepexomnas 00-
JIACTH CMEMIACTCS B CTOPOHY MEHb-
wux P npu nonmxenun 7. Ilpu
JOCTYITHBIX B HAIIUX OMBITaX JaB-
JIEHUSX HE yIaBaloCch HAOIIOAAThH
00e BETBU OJTHOBPEMEHHO, TO €CTh
He yaaBanock Habmonate CII mon-
HOCTHIO B OJIHOM LIMKJIE W3MEHe-
HUs mapameTpoB. Kaxmas BEeTBb B
OTJIICIGHOCTH 3aHMMAET HHTEPBAJ
napineHuii ~ 300 MPa, u »Tu uH-
TEpBAJBI COXPAHSIIOTCS B OIBITAX
IpU  Pa3JINYHBIX TEMIIEpaTypax,
CMENIasch BMECTE C IEpEeXOJHOM
007acTEI0 B CTOPOHY MEHBIIHNX
3HauUeHUH P 1pu NOHWKEHUU
TeMIepaTypbL.

3aBucumocts I(P) Tpu TOBBI-
UIEHNM ¥ TIOHIDKCHHH JaBJICHUS
TMIOKa3bIBaeT OIpPEJICICHHbI THUCTe-
pe3uc. Beimenum 11 Kaxaoil BETBU
3aBucuMoctH [(P) ToukM Ha ee
cepenrHe U 0003HAYMM HX KaK P,T

* up
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u P 1/2‘L . Torma (P 1/2T -P 1/2‘1’) =AP  pyc. 7. 3asucumocmu unmencusnocmu I(P) cuenana

XapaKTepu3yeT BEJIUYMHY THUCTE-
pe3uca, a (Pl/zT + P1/2~L)/2 =Pip.

OIIP kommnexca NH [Fe(Th-5Br-Sa),] npu
memnepamypax om 312 K oo 199 K
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BenmunHa THcTepe3nca HeBeNMKa, HO HAJEKHO IIPEBBIIIACT OMIMOKM 00pabOTKH
ONBITHBIX JAHHBIX. 3aMETHM, YTO B M3MEPEHHSIX MarHUTHON BOCHPHHMYHMBOCTH, KaK
1 B 3aBUCHMOCTSIX 1,,,,,(P), THCTEPE3UC OTCYTCTBYET.

Paccmorpum ocobeHHOCTH TOBeAcHUS MHPUHEI JuHuE ABH{P). MBI yke
OTMedalH, 4To JaBieHue npuBoaut k CII make B TOM ciiydae, Korna TemIie-
paTypa HaMHOTO BBIIIEe TOH, mpu Kotopoi HaumHaeTcs CII mpu atmochepHOM
nasnenuu. Hampumep, npu 7' = 312.5 K ang nagana CII Tpebyercst mpuioxXuTh
P =250 -300 MPa. (CurHan OeTeKTHpPYEeTCS paHbIIe, 9eM MOXXHO HaIeKHO
M3MepsITh ero mupuHy). [Ipm sTomM HawanbHas mmpuHa TUHUU ABj31;5(300) =
24 mT, TO ecThb CYIIECTBEHHO MEHbIIE Ha4yaJbHOH IIMPHHBI JIMHHHU,
HabOmonaeMoi mpu armocdepHom nasienuu (cM. Tadu. 1 u puc. 6 u 8).

Puc. 8. 3asucumocmu wupurvr -
Huu AB(P) OIIP xomnnexca
NH,[Fe(Th-5Br-Sa);]  npu
memnepamypax om 312K
0o 199K

AB.mT

1+ T
[ 104 200 300

Preszure, MPa

—
A0 SO0

IMocne mosiBiennst curHana JI1P B ombiTax ¢ naBnenneM AB(P) ymeHbIIaeTcs,
JOCTUTaeT MHWHHMAJbHOW BEIMYMHBI W 3aT€M JOCTaTOYHO DPE3KO BO3PACTaeT.
Hauanphas mmpwusa smaME pu nossineHnd HC koMmiekcoB, kKak 1 Tpedyemoe s
3TOTO JIaBJICHUE, TEM MEHBIIIE, YeM HIDKE TeMIIepaTypa OIbITa (KOHEYHO, BETUUHHBI
JIABIIEHUH 3aBHUCST OT YYBCTBUTENBHOCTH CIIEKTPOMETPA; IOCIEIHSS HUXKE Y
obopynoBanus i HaOmonenus OIIP mon naBneHweM, MOSTOMY NPHUBOAMMBIE
BEJIMYMHBI SBJIAIOTCS OTHOCUTENBHBIMM; YHHMBEPCAIBHBIM SIBISETCA TapaMerp
AB#{P) MuHuManbHbIe 3HAYEHHUS IIMPUHBI JMHUM TaKkXke yMeHbIIatoTcs. Ctout
OJTHAKO OTMETUTh, YTO OHM He jocTuraroT BenuuuHel 13.7 mT, kotopas
HaOJro/laeTcss MpU  TOHIDKEHHM TeMIlepaTrypbl TpH aTrMOc(epHOM JaBIICHUH.
JlaBneHus, Ipu KOTOPBIX IMPOUCXOJUT pe3Kkoe yimmupeHue curnana OI1P, mpumepHo
OTBEYAIOT HIDKHEH TpaHMIIe TIEPEXOJHON 001acTH.
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2.3. lannvie ona K[Fe(Th-5Br-Sa),].

CoryacHO [aHHBIM MAarHUTHOW BOCHPHMAMYHBOCTH CIIMHOBOM TIEPEXON B ITOM
COSIMHEHUM HauMHaeTrca npu Temmeparypax =360 K. Illupoxmii u mnoutu
cummerprunbii curHan OIP, nvesumit npu 7'= 353 K mmpuny AB = 55 mT, cyxancs
npHu TIOHWKeHnH Temreparypsl 1 npu 295 K AB paswsutace 304 mT (puc. 9).
Habnromanack sIBHO BBIpakeHHas aHuM3oTporms  g-(aktopa (g, =2.252 +0.005;
g,=2.164 £ 0.005 g,=1.985 + 0.005). VIHTeHCHBHOCTH BO3pacTana MpH TOHIKEHUN
TEeMIIepaTypbl MOHOTOHHO, 0e3 Kakux-mbo uckakennid kpuBoir I(7) (puc. 10).
Hasnenue, nproxenHoe npu 7= 366 K, 6pictpo npuseno k nosiienuto curaana HC
xommiekcoB: [lupokas, ¢ AB ~60 mT, muaust OIIP nmosBunack yxe Npu JaBIEHUN
50-75 MPa. Ee cyxeHne TpH YBEIWYCHHH [AaBICHUS OBUIO MEHBIINM, YeM IIPU
MIOHIDKEHUH TEMIIEPATyphl, OAHAKO OHO uMeno mecto, u npu 550 MPa mT AB umena
BemmauHy nopsiaka 43 mT (puc. 11).

IS3K

HIK

320K
\/// Puc. 9. Temnepamypnas — 3aeucu-
mocmb cnekmpa OIIP kom-
nrexca  K[Fe(Th-5Br-Sa),]
295 K }’lpMP =0.1 MPa

W

305 K

r T T T T T T T 1
L) 2600 280 00 N 340 360 R 400
Magnetic field, mT

70

& Imensity
ol 0in SITRTRR 455
501 . . Ju0 Puc. 10. Temnepamyprvie 3asucu-
- ' . " MOCMU  UHMEHCUBHOCTUL
= . 195 IT) u wupunvr auHUU
Z 304 a0 . 5 AB(T) DOIIP  komnaexca
L
‘"‘E 2ol a . Jan = K[Fe(Th-5Br-Sa);]  npu
- ot " ammocgheprnom  dagneHuu
L — . 13 (P = 0.1 MPa)
o - n
[ a
0
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3. O6cy:kaeHue pe3yJibTATOB

Janaple MarHUTHON BocmpurMYuBOCTH M JIIP MOKa3pIBalOT, YTO B HM3Yy4aeMBIX
coequHeHMsIX muMeer Mecto CII, koTopeli HaOmromaeTcs Kak TNpH TOHMKEHWH
TEeMIEpaTypsl, TaK W HPH MOBBIIEHNWH NaBieHns. CIMHOBBINA MEpexox B Pa3HOH
CTETICHH pa3MBIT. 3aKIOYeHWs MAarHUTHOM BocnpummumBoctd Y (7) m OJIIP
OTHOCHUTEJIFHO HHTEpPBAJIa TEMITEPaTyp, B KOTOPOM IPENMYILECTBEHHO COBEPIIACTCS
nepexon BC < HC, B ocHoBHOM wmaeHTHYHEL. OIIP mo3BomseT aHanmm3mpoBaTh
tonbko curHaibel HC xommiekcoB. Xotst mst NHy[Fe(Th-5-Br-Sa),] cnextpsr BC
komriekcoB Tipu 7> 260 K, mpu kotopeix HC kommmiekchl He HaOIromaroTcs,
BBIpXEHBI Ooliee oTueTnBo, 4yeM B ciydae Na[Fe(Th-Sa),], ux Obuio Obl TpyIHO
pacmm(ppoOBBIBaTh HAIEKHO M3-3a OYECHb OOJIBIIMX LIMPHH JUHUH. [IpndauHs! 3TOTO
aHaJOrM4HBl oTMeueHHBIM BhIme. K Tomy ske BC criekTpsl OBICTPO TOAABISAIOTCS
BO3TOPAIOLIMMH TIPH TIOHW)KEHUH Temrieparypbl curHaiamu HC  KOMIUIEKCOB.
CkazaHHoe 371ech B ele Oodpureii crenenn otHocures ¢ criekrpam K[Fe(Th-5Br-
Sa),], B xotopeix CII coBepmraercst mpu Oojiee BBICOKMX TeMmeparypax. Bce sTo
OJTHAKO He OOEIHSET pe3yJbTaThl JKCIIEPHMEHTA, MOCKOIBKY HHUYTO HE MEIIaeT
W3yYCHUIO 0OJIee TPOCTHIX CIIEKTPOB *A-cocrosians HC KOMIUTIEKCOB, MMEIOIINX
ANIEKTPOHHBIN civH S = 1/2.

PocT WHTEHCHBHOCTH CHTHAJIOB TPW TIOHIDKEHWH TEMIIEpaTyphl 3a CYUET
yBemmuenus unciia HC KOMITIEKCOB MHOTOKPATHO TIPEBBIIIAECT B HCIIOIb30BAHHBIX
HHTEpBallax TeMIlepaTyp OONBIIMAHOBCKOE yBENMYEHHE MHTeHCHBHOCTH. Ilapamerp
I(T) xoppemipyeT ¢ BEeNMUMHOM f4y(T). MBI OyzneM Tak ke MMETH €ro B BHIY,
XapakTepu3ys MOJHOTY NEPeX0/ia P T'UIPOCTATHYECKOM JIABIICHUH.

Haunem oOcyxJeHHe C paccCMOTpeHWsI LIMPWUH JIMHUK HaOIFOIaeMBbIX

curHaio OIIP u wux

0.1MP2 TEMIIEPATYPHBIX  3aBUCH-
By — e mocteii. HC xomrmutekchl
150 MPa /\// BO3HUKAIOT B Maccuee BC
350 MPa KOMIUIEKCOB. MarHHTHBIE

MoMeHTel BC KoMITIEeKCcOB
C by BC ® 5.9 1, OKpY-

,//\ \\/ﬁ xarommx HC xommiekcer,
450 MPa CO3MAIOT HA HHUX 3HAYH-
TENbHBIE JIOKAJBHBIE Mar-

550 MPa

HUTHBIE TIOJSI W JOJDKHBI
TIPUBOAUTD K OOJBIINM IIIH-
punam uaEiA OIIP HC
KkoMIuiekcoB.  Hampumep,
Puc. 11. 3aéucumocmv ~ cnexkmpa  OITP xomnnexca ~ PH 33POKICHHA HC xomm-

K[Fe(Th-5Br-Sa),] om oasnenus npu  JIEKCOB B Na[Fe(Th-Sa),]
memnepamype 366 K IpH BBICOKHX TEMIIEpaTy-

350 MPa

r T T T T T T T T T T T 1
240 280 20 500 20 340 B0 3D 40O
Magnetic field. mT
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pax mwmpuHa JuHMM OIIP umena numonsHyro npupoxny u AB~ 130 mT [12].
CurHanoB ¢ TakMMM BeIMYMHaMH AB B Hauajle Iepexoja CJIelOBalo KIaTh U B
JIpyrux m3ydeHHbIX coemuHeHmsX. OpHako B NHy[Fe(T-5Br-Sa),] AB,1(260) He
npesbimana 22 mT. IIpu 3ToM O4YeHb BaXHO, YTO JOCTATOYHO Y3KHE CHUTHAJIBI
HaOJroIaMCh cpady, ¢ Hadala WX JeTeKkTupoBanus. [Ipy moHmwkennn 7, Kak ¥ B
ciyqae Na[Fe(T-Sa),], nadbmonanoce nomosnnutensHoe cyxenue Jmann OIIP. C
TOYKH 3peHus ycroBui HaOmomeHus: OIIP mpu m3ydaeMBIX CITMHOBBIX IIEpexoiax
naTepecHo coeauHenne K[Fe(Th-5Br-Sa),], B KoTopoM mepexoa CABHHYT B 00JIacTh
BBICOKMX Temreparyp. HawamsHas mmpuraa curaama OIIP mpu 7=366 K Benmka
(~55 mT), omHaKo OHA TaKKe YMEHBINAETCS IMPW MOHIKEHUH TEMIIEPAaTYphl U YKe
TIpY KOMHATHOM TeMITepaType CTAaHOBUTCS 3aMeTHO MeHbIeH (~30 mT).

[IprBeneHHbIE NaHHBIE ITOKA3bIBAIOT, YTO B Pa3inMyHbIX BemecTtBax AB(T)
HMMEIOT pa3Hble BEJMYMHBI IIPU PasHBIX TEMIIEPATypax, OIHAKO TEHACHIMU
TEMIIEPAaTYPHBIX HW3MEHEHHWH HWMEIOT OJIMHAKOBbIM XapakTtep. HalOmomaemble
IIUPUHBI JTMHUHA 00YyCIIOBIEHBI IPEXK/Ie BCErO Pa3BUTHEM CIIMHOBOIO Iepexoja, a
HE HMHTEPBAJIOM TEMIIepaTyp, B KOTOPOM OH HaOIoAaercs. DTO IMO3BOJIAET HE
paccmarpuBaTh B KadecTBE INPHYMHBI CYXXEHHS JIMHHUHM TpU TOHWXKeHHH T
NapaMarHUTHYIO pelakcaliio. OTO 3aKIIOYCHHE MOATBEP)KIAI0T TaKXKe JaHHbIE
OmbITOB C JaBieHueM (cM. Takke [13]), KOTOpoe MOXET NPUBOAMTH KaK C
CY)KEHMIO, TaK U K pacimupeHuro auHui OIIP He3aBUCHMO OT TOro, MpH Kakoi
TEMITepaType MPOUCXOAIT U3MEHEHUS IMPHUHBI THHUU DI1P.

W3BecTHO, YTO ecTecTBEHHOW NPHIMHON cyskeHust uHni JI1P MoryT ObITh
OOMEHHBIC B3aMMOJEHCTBHS MEXTy pOJACTBEHHBIMM TmapTHepamu. OmgHako
OOMEHHBIE B3aMMOJICHCTBHS SBILSIFOTCS ONMHM3KOAEHCTBYIONIMME, OBICTPO 3aTyXas
IIPY yYBEIMYCHUH PACCTOSIHUS MEXIy IapaMarHUTHBIMU Komiulekcamu. OHHM He
Moriu Obl ObITh 3(dexTrBHBIMM B Hauane nporecca CII mpu crarncruueckom
pacnpenenenun BosHuKatomux HC komrurekcoB. W3ywass Na[Fe(Th-Sa),], sl
npunum K 3axmodeHuo [12], uro HC kommekcsl B mponecce pazsutus CII He
pacnionaratorcs B penietke BC KOMITIEKCOB CTydaifHbIM M HE3aBUCUMBIM 00pa3oMm,
HO TpPYNIIMPYIOTCS B OrPaHWYEHHBIX OOJACTAX CTPYKTYpHl (IOMEHax) Ha
paccTOSHMAX, IOCTATOYHBIX JUISi BO3HHUKHOBEHHS OOMEHHBIX B3aWMOJICHCTBHIL.
Bonee Toro, HabmomaeMble M3MEHEHNS IUPHH JIMHUKA CBHAETENBCTBYIOT O TOM, C
M3MEHEHHEM TeMIieparypbl 7 0OMeHHbIe B3auMoaeiicTBHs M3MeHsIoTCsl. [ocKombKy
caM 1o cebe OOMEH, KaKk M MarHWTHbIEC IHUITOJb-IUITOJIbHBIC B3aNMOJCHCTBHSA, OT
TEeMIIEpaTypbl HE 3aBHCHUT, €T0 YCHWJICHHE MOXET OBITh CBS3aHO TOJBKO C
M3MEHEHHEM B3anMMHOro pacronoxkennss HC KOMIIIEKcoB, Mpekne BCEro ¢
M3MEHEHHEM HX IUIOTHOCTH B IOMEHaX. DTH BBIBOABI JOJDKHBI OBITH CASMAHBI U UL
HOBBIX IIPEACTABUTEIICH pacCMaTPHBAEMOI0 KJIacca BEIIECTB.

Husko criMHOBBIE KOMIUIEKCHI TPYIIUPYIOTCS B JIOMEHAaX C CaMOro Hauaja
CIIMHOBOTO TEpexXo/a. ITOMY CIOCOOCTBYIOT BHYTPHMOJNEKYJSIpHBIE niepexoasl HC—

BC, TpaHCIIIHOHHAS CHMMETPUS KPHCTAIIA M TOT (haKT, YTO OJIM3KOE PACTIONIOKEHHE
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«medextoB» — HC KOMIUIEKCOB BBITOJTHO 3HepreTHdecku. [Iporeccy ariomepanin
HC xoMmIuiekcoB MpOTHBOACHCTBYIOT TEIUIOBBIE KOJIEOAHMS MOHOB M KOMILIEKCOB.
ITosToMy ecTecTBEHHO, YTO PAaBHOBECHBIE YCIIOBHS, omperersionme mioTHocts HC
KOMIIJIEKCOB B IOMEHE, 3aBHCST OT TEMITEPATYPHI.

B Na[Fe(Th-Sa),] CII cunpHO pactsiHyT, cKopocTh Hakoruenuss HC
KOMIIJIGKCOB HEBENMKA, M 3TO TO3BOJMIIO MCCIIEAOBATh IPOLECC JTOMEHHO-
obpazoBanus aeranbHO. B NHy[Fe(Th-5Br-Sa),] obnacte CII 3HauuTensHO yxe.
[TnotHocts HC KOMIIIEKCOB B JIOMEHAaxX HApacTaeT CTPEMHUTENBHO M yXKe K
MOMEHTY HaOmroneHus JuHuu OIIP sSBIsIOTCS O0OMEHHO-CyX)eHHbIMU. OIHAKO
TUTOTHOCTB 9Ta HE MaKCUMaJIbHA M YBEIUUUBACTCS MPH MOHIKEHUH TEMIIEPaTyphbl
ot 240 K no ~ 155 — 165 K (puc. 3), cCOnpoBOkIasich YCHICHHEM OOMEHHBIX
B3aUMOJECHCTBUM M YyMEHBIIEHHEM WIMPUH JUHUA AB. Mbl oTMeyaiu Ipu
OIMCAaHUH DKCIIEPUMEHTAIBbHBIX pe3ynbTatoB st NHy[Fe(Th-5Br-Sa),], uro npu
P =0.01 MPa x TemneparyprHomy untepBany 155 — 165 K¢ <I>=T7T,=160 K B
HC cocrosiHne mepexomuT TpUMEpPHO TIIOJIOBHHA KOMILIEKCOB  JKelesa.
Ha6monaemoe mosenenne [(7) m AB(T) moka3biBaeT, YTO TNPU JalbHEHIIEM
yBenn4ueHnH KoHIeHTpaun HC KOMIUIEKCOB yke HE MPOHCXOIUT BBIICICHHE
moMmeHoB ¢ HuMH. Hwmxke 7. ycioBus, crocobctByromue nokamm3anua HC
KOMITJIEKCOB, HMEIOIINX MEHBIINE pa3Mepsl, B JOMEHaxX MW OINpeessieMble
BBIMTPHIIIEM SHEPTUHM AAHHON OONAacTH pEIIeTKH, PaclpoCTPaHSIOTCS Ha BECh
KpHcTa/ul. JIOMEHbI NepecTaroT CyLIeCTBOBaTh B TOM BHJE, KOTOPBII OHM MMENH
moke T, ' TlepecTpoiika KpHCTAIMYECKOH pEIIETKH INPOMCXOTUT B Y3KOM
uHTepBane Temmnepatyp 150 — 130 K, npuuem ocoOGeHHO pe3ko B OKPECTHOCTH
T=145 K, npumepro Ha 15 K menbmieit 7, u 00ycllOBJIeHa BEPOSITHO TEM, 4TO
paszjeneHue  Kpuctaiia Ha  o0nacTH, — OOOramieHHbIE  KOMIUIEKCAMH,
OTJIMYAIOIIMMHKCS CBOMMH pa3MepaMi, HE OTBEYaeT PaBHOBECHOMY COCTOSIHUIO
KPHCTAJUIMYECKON CTPYKTYyphl. CKazaHHOE WLTIOCTPUPYIOT M3MEHEHUS IIHPHHBI
muann OIP AB, nokaszanubie Ha puc. 6. ToT dakr, yro Temmeparypa, BooOIe
TOBOpSI, TPEISATCTBYET OOpa30BaHUIO JOMEHOB, WIUTIOCTPUPYIOT JaHHBIE JUIs
K[Fe(Th-5Br-Sa),], xoropomMy BooOIIle HE CBOWCTBEHHBI JOMEHBI C BBICOKOW
I0THOCTHIO PC KOMIUIEKCOB.

I'mppocratiueckoe aBieHNE, Kak M MOHIKEHNUE TEMIIEPaTyphl, MPUBOIUT K
CIIMHOBOMY TIEPEXOAY, JaXKe €CIN OHO MPUKIIAAbIBACTCS IPH TEMIIEpaType, 6osee ueM
Ha 50 K npeBblnarorieil Hayano nepexoja npu atMocdepHoM jaBneHud. B mpuH-
LIWIE, 3TO €CTECTBEHHBIM pe3yNbTaT, MOCKOJIBbKY CXKaTHe KPHCTaula CIOCOOCTBYeT
YCJIOBUSAM €TO TIepexojia K COCTOSHHIO, B KOTOPOM KOMIUIEKCHl MMEIOT MEHBIINE
pazmepbl. OKHIaeMbIM MOXKHO CUHTAaTh M TOT (haKT, YTO 4eM HIDKE TeMIieparypa
ONbITA, TEM MEHBIIME NaBleHHs TpeOYyIOTCs /Il Hayana CIIMHOBOTO TNepexoja.
[TprMedaTenbHO, 4TO M B CIydae CIIMHOBBIX IEPEXOIOB, BBI3HIBAEMBIX JABICHHEM,
nmpuHbl HAAE D[P HC KOMIIIeKCOB Tak ke MMEIOT OOMEHHYIO MpUpoay (3TO
TIO/ITBEPKIAIOT JIaHHBIE Ha puc. 5-8). CienoBarenbHO, M B 9THUX YCIOBUSIX CIIMHOBBINA
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Tepexofl HauMHaeTcsi ¢ 00pa3oBaHMS JOMEHOB. MOXKHO OTMETHTh, YTO KOTIa
JIaBJICHUE MPUKIIAABIBATIOCH P BHICOKMX TeMIteparypax, miotHocTs HC komriekcos
B JIOMEHaX OKa3ajach OOJbINEH, YeM B OMBITE C MOHIKEHHEM [ TpH aTMOC()EpHOM
JIABIICHNM, HO TaK >k MOHOTOHHO BO3pacTaja MpH MOHWKEHHEM I OIbITa.
(Temmeparypam 312 K, 292 K, 283 K, 273 K u 250 K orBewamm ABy,, = 22.1 mT,
21.9 mT, 20.5 mT, 19 mT u 18.4 mT; npu armocheproM naBnernn AB,,, pu 260 K
obuta paBHa 50 — 60 mT u npu 40 K~20.2 mT). Oti naHHBIE yKa3bIBAalOT Ha
aJTUTUBHOCTD BO3JIEMCTBUS TEMIIEpATyphl U JABJICHUS HA CIIMHOBBIN nepexol. B To
e BpeMs MUHMMAJIbHas IIMPUHA JMHWM TPH TOHIWKEHWH 1 TPH aTMOC(EpHOM
JIABJICHUM OKa3ajach MEHbIIE (TO €CTh IJIOTHOCTb — BBIIIE), Ye€M NP COBMECTHOM
JIEHCTBUY TEMIIEPATYPhI U JaBICHHs BO3JCHCTBUS TEMIIEPATYPBl, YKa3bIBasl Ha TO, 4TO
BoszeiicTBue nasienust Ha CIT nposIBIISIIOT CBOIO CrIEHU(UKY.

Ha mpumepe Na[Fe(Th-Sa),] ™Mbl BHIenn, 4To TPH MEUICHHOM pPa3BUTHH
CIMHOBOTO TIepexojia, KOrAa yAaBajoch (UKCHPOBATh COCTOSHHSI C  MAaJlbIM
coznepsxanrieM HC KOMITIIEKcOB M paccpeioTOUeHHBIME JIOMEHAMH, JIaBIICHIE BOOOIIE
He crmocoOcTByeT BhICOKOM KonreHTparmu HC komrnrekcoB. Ero pefictBue mmbo
OTpaHMYMBACTCS CO3Z@aHWEM Oo0NlacTel ¢ «IpemIoMeHHol» 1ioTHocTeio HC
KOMIUTEKCOB, JHMOO TPUBOAUT K TpaHCPOpMAIlMA JIOMCHOB (€CM aBJICHWE
MIPHUKJIABIBACTCS B YCIOBHAX Pa3BUTHIX JoMeHOB). Korma ke mponecc nepexona BC —
HC mpotekaer ObICTpO ¥ 107 TOMEHOB B OOIIEH CTPYKTYpe KpHCTaIIa SIBISIETCS
3HAYUTENILHOM, JABJICHUE HE NPEMSATCTBYET JOMEHOOOPA30BAHUIO (XOTSI OCTAIOTCS B
KaKOI-TO Mepe U €ro «CIEPKUBAIOIIIE) TCHASHIUH, YTO MPOSBIISIETCS B BEIMUMHAX
HanbopIMx mioTHOcTe HC KoMITIeKcoB (MHHUMAJIBHBIX 3HAUCHHH AB) B OTIBITAX C
MOCTOSIHHBIMU  3HaueHwsiMH P win 7). CXOXeCTb W pasiMdusl BO3ACHCTBUA
TemrepaTypsl U naBinenus Ha CII BumHbI Tak ke B ocoOeHHOCTAX mporecca CII B
MIepEXOAHOI 00MacTH.

OcoOeHHOCTH TIOBeAeHHs ImpuH JuHU OI1P, a crano ObITh U 0COOCHHOCTH,
CBSI3aHHBIE C HAIMYMEM WM OTCYTCTBHEM JIOMEHHOH cTpykTypsl HC KoMIuiekcoB B
00JacT! Tepexo/ia, OTBEYaroIIel npuMepHo paBHOMY cozxeprkanmio BC n HC xomm-
JekcoB (cM. puc. 5-9), HaOMOMAMCh KaKk W B OIBITC C TOHIKEHWEM 1 TIpH
P=0.1 MPa, Tak u B 3KCIIepUMEHTax C JapJeHueM npu 7 = const. B To ke Bpems,
noBezierne ABp(T) u AB;(P) npu pa3HbIX TeMIepaTypax UMEJO pa3IndHbId XapaKTep.
U3 puc. 5-8 u Tabmn. 1 BuaHO, 9TO €CIH B IIEPBOM CITydae CKauK000pa3HOe M3MEHEHIE
AB HabnrOMan0Ck OMMke K OKOHYaHHIO TIEPEXOTHOM 001acT (TipH oHmkeHuu 1), TO
BO BTOPOM TaKoe ToBesieHre AB NpeiiecTBOBAIO IepexoHol obmactu. lanee, Ha-
a0 W CIEAYIOUIEe 32 HUM Pa3sBUTHE CIMHOBOTO IEPEXoja O MPHMEPHO PAaBHOTO
conepxanns BC m HC koMIieKcoB BO BCEX CIyYasx COMPOBOXKIATIOCH CY>KCHHEM
yami JI1P, mokaspiBasi, 9TO M B 3THX YCIOBUSX TIPOIIECC HIET depe3 00pa3oBaHUE
nomeHoB. OHaKO, eCIH [IPU HU3KUX TeMIieparypax, HaunHas ¢ 250 K u Hike, mepe-
XO0JI OT JOMEHOB K 0ojiee paBHOMEpHOMY pactipeneneHnio HC xoMIiekcoB o oobe-
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My 0Opasiia Mpy MOBBIIICHHN TaBJICHUs ObUT pe3kuM (cM. mosenenre AB(P) Ha puc. 8),
3aHMMast obnacTh gaBneHuit < 50 MPa, To mpu temmeparypax ot 273K mo 312K
ObicTpoTa yBeimuenus AB(P) nocine P, Oblia MpUMepHO Takoi ke, Kak pu P < P.
Hakoner, oOpatnM BHUMaHME Ha pa3Inyusl IPSIMOTO M 0OpPaTHOTO TPOIIECCOB
JoMeHooOpazoBaHusl. MokHO cuurtarh, 4ro armiomepain HC KoMIniekcoB B
JIOMEHax , Harpumep 1pu P < P, 1 mepexoay OT CTPYKTYpBI, BKIIOYAIOIIEH (a3bl
BC u HC xomIniekcoB, K €e COCTOSHHIO C IPHUMEPHO PaBHBIM PaCIIpeeICHUEM
KOMIUIEKCOB B Pa3HBIX CIIMHOBBIX COCTOSIHUSIX OTBEYAET BBIMTPHINI OIIPEIEICHHOTO
KommaectBa dHepruu. OOpaTHBIN Tporece TpeOyeT OTIMYAONIMXCS KOJMYECTB
TEIUIOBOW SHeprum (Koraa m3MeHsercs I mpu P = const) wim ynpyroil 3Heprun
(xorma mmensiercst P mpu 7T'=const). B pe3ynpraTte OKa3pIBaeTCs BO3MOMKHBIM
HaOJIOZIGHHEe BechbMa  CIHELM(HUYECKOro  SBICHHSA: THCTepe3nca  Ipolecca
oOpazoBanus u TpaHchopmarmu gomeHoB HC komruiekcoB. B sneprernueckmit
OaJaHC ATUX TIPOIIECCOB JAIOT BKJaJ W JIOKAJIbHBIE M KOOIIEpaTHUBHBIE
B3aMMOJICHCTBHS MEXIy KOMIUIEKCaMH W pemeTkoil. [Ipu pe3ko mpoucxosmmx
nepexosax pasHYuTh WX 3aTPyJHUTENbHO. MOXKHO, OJHAaKO, MoJiarath, 4TO
SHEPreTHYECKHe  XapaKTepPUCTHUKH, CBsI3aHHBIE C  yINPYTMMH  CBOWCTBAMH
nedopMupyroleiicss pemeTky, WASHTUYHB HEe3aBHCHMO OT TOTO, KaK IPOTEKaeT
CIIMHOBBIA Tepexoj. JTO JeNlaeT OCOOEHHO NEHHBIMH PE3yJIbTaThl, MOJyYEHHBIE
npu m3ydeHnn pactsaaytoro mepexoma B Na[Fe(Th-Sa),], a tak e pe3symbraTs
OIIBITOB C JABICHMSIMU. MBI HajieeMcs, 9TO JaJbHEHIIee N3ydeHHe 00CYKIaeMbIX
SIBICHUH TIO3BOJIUT TJIyOXKE MOHATHP MX M KOJMYECTBEHHO OXapaKTepPH30BAThH
3(heKTh! OIM3KUX U JANIEKUX KOPPEILHMIL B BICHHUAX CIIMHOBBIX IIEPEXO/IOB.

4. 3ak10ueHue

N3yuenne meromom DIIP crmHOBoro mepexona B kpucrawiax NHy[Fe(Th-5Br-Sa),] u
NHy[Fe(Th-5Br-Sa),] BMecte ¢ mpoBeneHHbIM paHee uccienoBanrieM Na[Fe(Th-Sa),]
[12,13] mpuBeno K HaAEKHBIM 3aKJIIOUYEHUSIM O TOM, YTO MPOLECC Mepexoja
OCYIIIECTBIIETCS Yepe3 00pa3oBaHHE OMEHOB, MPEHMYIIECTBEHHO COACPIKAIINX
koMIiekcel B HOBoM, HC cocrosiHuu. Takod mOAXoA aHadu3upoBajcs B
JTUTEpaType TEOPETUICCKH Ha MPOTSHKEHUH HECKOJIBKUX JIECSITKOB JIET, HO TOJIBKO
TeTepb MOJTYYHI SKCIIEPUMEHTAIBHEIC TTOITBEPKICHUS.

CIHOBBIC TIepeXOobl KaK (PH3HUKO-XMMHYECKOE SIBJICHHE O0JIaJaroT MHOTHMH
4yepTamH, TNpUCYIIMMH (a3oBbIM Iepexogam 1-ro poga. B 3tom oTHOLIeHHH
OOHapy>XeHHbIE HAMH SIBIICHUSI JIOMEHOOOpPA30BaHUS €CTECTBEHHO BITHCHIBAIOTCS B
CXEMBbI TIEPEXOJIOB C AIIEMEHTAMHU CTPYKTYPBI — 3apOJIbIIIAMH HOBOIA (ha3bl B MaccuBe
npexHed (asel. BMecTe ¢ TeM, MOIydYCHHBIC PE3yJbTaThl COMACPXKAT CBENCHUS O
HOBBIX YepTax, MPHCYIIMX IpoIeccaM ToMeHooOpa3oBaHus. OOHapyKEeHHE TpaHC-
(dopMarnmii TOMCHOB TNpPU WX TMEPEXONe K PABHOBECHOMY COCTOSHUIO B W3MEHSIIO-
IIUXCS (PU3UYECKUX YCIOBUSX CBHACTEIBCTBYET O TIPOIECCE Pa3BUTHSI HOBOH (has3bl —
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B HaIIEeM cirydae (a3bl KOMIUIEKCOB B HOBOM CIIMHOBOM COCTOSTHUH — KaK O TIPOLIEcCe,
KOTOPOMY CBOMCTBEHHBI YEPThI CAMOPETYIUPYIOLIEHCS CUCTEMBI.

MBI paccMaTprBaeM IpoIecchl 00pa3oBaHuUs JOMEHOB U MX Pe0OpasoBaHuUs
B CTPYKTYPHI, OTBedaromre HoBoi ¢a3ze HC KOMITIEKCOB ¢ HEM3MEHHOU cpemHeit
IUIOTHOCTBIO TIO BceMy 00beMy KpHCTala, KakK IPOLEcCHl, OOYCIIOBICHHBIE
HaJM4UeM OJM3KO- U JaJIbHE-ACHCTBYIONINX KOPPEIALMA MEXy KOMIUIEKCaMH B
ONPEIEICHHOM CIMHOBOM COCTOSIHHUM W KPUCTAJIMYECKOW peleTKor. Mbl
rojiaraeM, 4To aHaju3 OOHApyKEHHBIX 3aKOHOMEPHOCTEH, HATJISJHO HPOSBISIO-
mmxcs B moBeaeHuM mHpuH JuHMA OIIP w mx ocoOeHHOCTEH, MO3BOJIUT
KOJIMYECTBEHHO OXapaKTepU30BaTh ATU KOPPEJISALMU U MTPOLIECCHI B LIEJIOM.

Tabnuua 1. Jauusie o napamempax, xapaxmepusyowux Gopmuposanie 0OMeH08
6 NH4[Fe(Th-5Br-Sa)2]

1-51 BeTBB 2-51 BETBb
P B MPa AB B mT MPa
T; K P1/2 APl/2 (ﬁﬁnﬂd;) (ﬁpBI:IW;) 82(()1;5313 Pc Pl/2 APl/2 PHacmmeH
312.5(3285 11 > 500
292 | 250 20 22 19.8 400-500 > 500
(280)  (400)
283 20.5 18.9  400-500
(220) (350)
273 | 188 24 19 17.6  350-450 450
(180)  (300)
250 | 86.5 14 18.5 16.2  300-350 350
(100)  (250)
230 | 28 14 16(0.1) 14.8 250-300 300 [ 425 10 >500

(160)

199 | <0.1 142 135 150-180 200 | 375 15 500
(<0.1) (120)

150 275 400

Py, — naBnenue, ornpenensroniee CPeIHIO TOUKy 1-0i U 2-0if BeTBei 3aBUCHMOCTH
1(P); AP, — BenM4MHA rECTEpe3nca 00pa3oBaHusl JOMEHOB (10 BEJIMYHHE IUIOTHOCTH
HC xommiekcoB); ABy,, — mmpuHa jguand OIIP npu maBineHnn P, onpeerstonieM
Havano peructpaumu  OIIP;  AB,,,—mmpuna muann OIIP, orBewaromias
MakcuManbHOM mioTHocTH HC kxoMIiekcoB B oMeHax; 0P — 00acTh JaBIICHUM, B
KOTOPO# MPOUCXOUT PA3PYIICHUE JOMEHOB; Pyycyen — JABICHHE, XapaKTEPH3YIOIIEe
3aBepmieHue nporecca nepexona BC — HC.
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SPIN TRANSITIONS IN Fe(IIT) COMPLEXES

Yu.V. Yablokov', V.V. Zelentsov’, M.A. Augustyniak-Yablokovl,A. Krupskal,
E. Mrozinski’
! Institute of Molecular Physics PAS, Poznan, Poland
? Moscow Physical-Technical Institute, Dolgoprudnyi, Russia
7 Faculty of Chemistry, University of Wroclaw, Wroclaw, Poland

The process of the high spin (HS) <> low spin (LS) transition is studied in the polycrystalls of the
Fe(Ill) thiosemicarbazonates, M[Fe(Th-R-Sa),], with M, R=Na, H (4); NHy, 5-Br (B) u K,
5-Br (C) by the EPR method at atmospheric and hydrostatic pressure up to 600 MPa in the
80 - 400 K temperature range. The y(7) and g4 were also measured for 7= 1.8 — 400 K. Spin
transition (ST) in A4 is a continued one: z4 changes from 5.9 z at 330 K up to 5.7 x5 at 50 K
whereupon changes sharply to 3.4 4 at 1.8 K. The analysis of the EPR line width AB has shown
its exchange origin. LS complexes (LSC) are not statistically distributed among the HS ones
(HSC), but are gathered in a limited regions of structure — domains. The density of the LSC in
domains increases with the T lowering. (AB changes from ~70 — 80 mT at 200 K down to
~20 mT at 80 K). The line width AB sharply changes in the ST process at the two 7 intervals
(240-236 K and 195—191 K), pointing to the redistribution of the LSC in domains. Within
195 — 191 K this phenomenon is accompanied by the sharp increase of the LSC quantity.

The application of the external pressure P stimulates ST, however the character of the
(HS) <> (LS) process depends on 7. At 7' > 240 K LSC are not distributed accidentally,
nevertheless their density at the regions of gathering is not high (AB > 50 mT). The application of
P below 236 K destroys domains partly, a number of the LSC returns to the HS state. The
domains reorganization occurs at increasingly high P values at the 7 lowering.

ST takes place in B at the temperature interval 100 — 250 K (in interval 150 - 200 K it occurs
more rapidly). It occurs through the domain formation as well but, contrary to the A case, the
density of the LSC in domains grows very quickly. Already at the beginning of the EPR
registration at P, AB(240 K) ~ 21 mT; AB(170 K) = 13.7 mT. In the 7 interval corresponding to
the equal LSC and HSC contents, at 7 ~ 140 K, the abrupt transition from the separate existence
of the LSC and HSC phases to their distributed state takes place. The pressure leads to the ST as
well as the temperature does. About half of the complexes passes to the new spin state at
P = 600 MPa. The state of the crystal is a transitional one at this P region. It shifts to the lower
pressures at the temperature lowering. ST in C occurs in the 360 — 250 K T range. Its study
allows to understand better the role of 7and P at the ST process.

The processes of the domain formation and destruction show a definite hysteresis. The
increase of the LSC density at the pre-domain state is defined by the pair correlations of the
LS complexes. The cooperative effects lead to the sharp transformation of domains. The
features of the self-regulation are inhered to the process of the transition of the crystal with
the LS complex domains to the state equilibrium at given 7" and P.
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