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ZnixMnxSe BIRLOSMOSININ ELEKTRON VO MAQNIT XASSOLORININ TOMOL
PRINSIPLORDON TODQIiQi
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Funksional Sixliq Nozariyyasi vo lokal spin sixliq yaxmnlagmasi istifado olunmagla Quantum Wise program paketi ¢arcivasinda
miixtolif konsentrasiyalarda Mn 3d kegid elementi ilo aggarlanmus ZnSe birlosmoasinin elektron vo magnit xassalori todgiq edilmisdir.
ZnSe:Mn birlogmosi Tiglin zona qurulusu va hal sixligi diaqrami tomal prinsinplordan toyin edilmis, magnit momenti giymotlondirilmig-
dir. Hesablamalardan Mn atomu ilo aggarlanmig miixtolif ZnSe genis 6zoklori {igiin magnit momentinin giymeoti 5.0 pg-a borabor alin-
mugdir. Tam enerji hesablamalarindan ferromagnit spin diiziiliistiniin antiferromagnit spin diiziiliigiine nisbaton daha dayamqh oldugunu
gostorir. Birlosmo tigiin Kiiri temperaturu qiymetlondirilmis vo miisyysn olunmusdur ki, ZnSe:Mn birlogmasi paramagnit tabists malik

olub, magneto-optik cihazlar iigiin perspektiv materialdir.

Agar sozlor: ZnSe:Mn, magnit momenti, paramagnit, spin-polyarlasmis zona qurulusu, hal sixligi (DOS).
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GIRiS

Todgigat obyekti olarag 11-V1 yarimkegiricilar gru-
pundan olan genis gadagan zolagma (2.7 ¢V) malik ZnSe
birlosmoasinin segilmasi bu birlogmonin texniki totbiq im-
kanlari ilo baghdir [1, 2]. ZnSe kristah iso mavi-isigsagan
diodlarin, qisa dalga uzunluglu lazerlorin, fotodetektorla-
rin, giinag batareyalarmin, sensorlarin, infraqirmizi pance-
rolorin, fotovoltaik qurgularin istehsalinda genis istifado
olunur.

Son zamanlar 3d kegid elementlari ilo agqarlanmug
oksar 11-VI grup birloasmalarinin elektron va magnit
xassalarinin todqiqi zamam alds olunan maraqh fiziki
xassolor (yarim-metal ferromaqnit, yiiksok magnitlon-
mo, Kiiri temperaturunun otaq temperaturundan yuxari
olmasi vs s.) tadqiqatgilarin boyiik maragina sabab ol-
musdur [3-5]. Sato vs basqalarmin iginds [6] miiolliflor
gostarmigdilor ki, V vo Cr atomlan ilo agqarlanms ZnO,
ZnS, ZnSe va ZnTe yarimkegiricilori yiiksok Kiiri tem-
peraturlu materiallar sirasina daxildir. Mn atomu il asgar-
lanmig ZnSe p-tip yarimkegirici birlagsmadir vo onun
valent zonasinin yuxari kenarinda d-hallar1 fotoliimi-
nessensiya vo magneto-optik cihazlar {i¢iin ¢cox pers-
pektiv materialdir [1]. [7] todgigat isinde iso
ZnSe:Mn birlogmasinin olavs agqar atomu daxil edil-
dikds spintronikada texniki totbiq tictin faydali nami-
zod material oldugu gostorilmisdir.

Toqdim olunan todqigat isinin magsadi Mn atomu-
nun miixtolif konsentrasiyalarmin ZnSe-in elektron vo
magnit xassalarine tesirinin va belaliklo ds, onun spintro-
nika vo opto-elektronikada texniki totbiq imkanlarinin
aragdirilmasina hasr olunmusdur.

HESABLAMA METODU

Togdim olunan nozori todgiqat isinde Atomistic
ToolKit (ATK) program paketi istifado olunmagla,
Funksional Sixliq Nozoriyyasi (DFT) [8] osasinda lokal
spin sixiq yaxmlasmasi (LSDA) [9] ilo MnyZni,Se
(x=25%, 12.5%, 6.25%, 3.125%, 1.5625%) superozok-
lorinin elektron vo magnit xassolori todqiq edilmisdir.
Elektron-ion qarsiiqli tesiri normani qoruyan Frits-
Hubbard-institute (FHI) ion psevdopotensiallar1 [10] ilo
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nozoro alinmugdir. BZ tizra integrallama Monkhorst-Pack
sxemi tizra 5x5x5 k-noqts istifado olunmagla xiisusi nogto-
lor tizro comlomo ilo ovoz olunmusdur. Hesablamalar za-
mani sistem {glin optimallagdirma proseduru yerino
yetirilmigdir. Baxilan halda kristalin strukturunun optimal-
lagdirilmasi zamani atomlararasi qarsiligli tasir giivvesinin
maksimal giymoti 0.01¢V/A, mexaniki gorginlik tenzo-
runun maksimal giymati iso 0.01eV/A®-dan kigik olana qo-
dor, yoni tarazliq qurulus parametrlorina gotirilono gador
optimallagdirma proseduru davam etdirilmisdir. Dalga
funksiyalarinin ayrihiginda kinetik enerjinin maksimal giy-
moti 100 Ry olmusdur. Zn iigiin 12(5s% 4d'%), Se iigiin
6(3s? 3p*) vo Mn iigiin iso 7(3d° 4s?) elektron valent
elektronu hesab edilmisdir.

Qeyd edak ki, birlogmenin qadagan zolagimin eninin
eksperimentdon molum naticays uygun alinmasi megsadi-
lo Hubbard U yarimempirik diizalisindan: Zn-in 3d ha-
It tigtin U=4.5 eV va Se-nin 4p hali iiglin iso U=3.8 eV
istifadoe olunmusdur [2, 11-13].

Odobiyyat aragdirmalart gostarir ki, oaksor tad-
qiqat islori 3d kecid elementlari (Fe, Mn, V, Cr, Co va
Ni) ilo asqarlanmig kubik quruluslu ZnSe sisteminin
elektron vo magnit xassolorinin Gyranilmasine hosr
olunmugdur. Son zamanlar Mn ilo asqarlanmig GaN
birlogmoasinin todqiqi gostorir Ki, asqarin konsentrasi-
yast 6% olduqda, desiklor giiclii lokallagir vo tayin
olunmus Kiiri temperaturu eksperimentdan malum na-
ticodon [14, 15] 10 K asagidir. [16] todgiqat isinds ve-
rilmisdir ki, Mn?* metal ionunun maddays daxil olma-
st 11-VI agqarlanmig yarimkegiricilords oldugu kimi
antiferromaqnit supermiibadilaya gatirir vo agqar ato-
munun d-zonalar1 onun 3d® konfiqurasiyasina pay ve-
rr.

ZnSe:Mn BIRLOSMOSININ ELEKTRON VO
MAQNIT XASSOLORI

Toqdim olunan magaloda Mn?* atomu ilo asqar-
lanmig 16-, 32-, 64-, 128- vo 256-atom torkibli genis
ozakloar tiglin elektron vo maqnit xassalori arasdirilmus-
dir. Ferromagnit (FM) va antiferromagnit (AFM) spin
hallarinin aragdirilmas1 magsadils heksagonal qurulus-
lu ZnSe birlagmasindan uygun genis 6zoklor diizaldil-
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mis vo strukturda iki Zn atomu iki Mn?* 3d kegid ele-
menti ilo avaz edilmisdir (sokil 1). Homin sistemlor
tiglin tomal prinsiplordon hesablamalar asqar ato-
munun uygun olarag x = 25 %, 12.5 %, 6.25 %, 3.125
%, 1.5625 % konsentrasiyalarinda yerina yetirilmisdir.

Hesablamalardan Mn il agqarlanmig 16-, 32-, 64-,
128- vo 256-atom torkibli genis 6zaklor tigiin spin-yu-
xar1 (1) va spin-asagi (|) hallara uygun gadagan zola-

ginin eni giymatlondirilmis va sistemlogdirilarak cad-
val 1-do verilmisdir.

Tomol prinsiplordon hesablamalarin spin-polyar-
lagsmus elektron zona quruluslar (sokil 2) vo tam hal
sixliglart manzaralarinin (sokil 3) naticalori gostarir ki,
Mn ilo agqarlanmis ZnSe yarimmetal madds deyil vo
bu natics [4] isindokine uygundur.

Sakil 1. 32-atomdan ibarst Zn14aMn2Se1s sisteminin qurulusu.

Cadval 1.

Miixtoalif Zn1.xMn,Se bork mohlullar iigiin spin-yuxari va spin-asagi
hallara uygun qadagan zolaginin eni

Birlosmo MP grid X, % Qadagan zolagn eni, eV
spin-yuxari spin-asagi

ZnsMn2zSes 5x5x5 25 1.64 2.629
ZnisMniSeis 5x5%5 6.25 3.3 1.49
Zn1aMnaSeis 5x5%5 12.5 2.12 271
ZnzoMn2Sesz 5%5x5 6.25 222 2.65
Zns2Mn2Sess 3x3x3 3.125 2.29 2.454
Zn126MnaSeizs 3x3x3 0.78125 2.24 2.54

Energy (eV)

Bandstructure of Zn;sMn;Seys. spin-down state
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Energy (eV)

Sakil 2. Zni1sMn1Sess ticiin DFT-LSDA+U metodu ilo hesablanmis zona quruluslari: spin-yuxari (qara) ve spin asagi

(qurmuzi).
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Sakil 3. Zn1sMn1Sess ticiin DFT-LSDA+U metodu ilo hesablanmig tam hal sixligi.
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Sokil 3-don goriindiiyii kimi, Mn atomunun
struktura daxil edilmasi tam hal sixlig1 manzarasinds
dayisikliya sobab olur, lakin ZnixMnxSe birlogmasi
yarim-metal ferromaqnit spin diiziiliigiine malik xassa
gostarmir. Lakin, giicli p-d hibridlogmasina gors asqar
Mn?* vo Se atomlar1 arasinda ferromagnit garsiligh to-
sirlori agkar edilmisdir. DOS hesablanmalarindan mii-
ayyan olunmusdur ki, valent zonasinda Zn-d vo Se-p
elektron hallar1 va kegirici zonada Mn-d hallar1 agqar
atomunun miixtalif konsentrasiyalarinda qadagan zo-
laginin eninin azalmasina vo artmasina 6z payini verir.

Mogalods ZnSe:Mn birlogmasi tigiin 6zayin tam
magnit momenti, habels agqar atomun vs onun otrafin-
daki torkib atomlarinin da magnit momentlori giymot-
londirilmis, ferromagnit vo antiferronmaqnit spin dii-
ziiliglorindon hansimin dayaniqli olmasi aragdirilmis-
dir. Mn agqar atomu vo onun otrafinda yerlogmis
struktur atomlariin magnitlonmoasi

sokil 4-do veril-I
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mig vo magnit momenti oxlarla gostorrilmigdir. Mn
asqar atomunun yaxinligindaki atomlarin magnit-
lonmasi Se-4p vo Mn 3d-hallarinin hibridlogmasi he-
sabina bas verir. Hesablamalar gostorir ki, iki Mn
atomu arasindaki mosafalor 3.98, 7.96, 9.50 vo 17.21
A oldugda AFM, lakin bu mosafo 43.7 A-o borabor
oldugda FM hali stabil olur.

Asgar Mn atomunu magnitlonmays 4.669 pug
(esas pay Mn-nin d-hallarindan: 3.875 ug), 15 Zn va
16 Se atomlar1 uygun olaraq 0.053 vo 0.278 pg pay
verir. Mn atomunun otrafinda yerlosmis vo onunla
kimyovi rabitods olan 4 Se atomlarinin magnit mo-
mentlori comi 0.196 pg toskil edir. Belsliklo, Mn:ZnSe
sisteminin tam magnit momenti 5.0 pg -dur vo alinmig
bu natico [4] isindo alinmis natico (4.99 ug) ilo yaxsi
uygunluq togkil edir.
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Sakil 4. ZnisMniSess birlogsmasinin spin-polyarlagmasi. Magnit momenti yasil oxlarla gostorilmisdir.

Bundan slave, ZnixMn,Se genis 6zoklor tgiin
Kiiri temperaturu giymetlondirilmis (9.9 K) vo miioyyan
olunmusdur ki, ZnSe:Mn birlogsmoasi paramagnit tobioto
malik materialdir.

NOTIiCO

Toqdim edilon mogalode LSDA metodu vo
Hubbard U yari-empirik diizalislori nazero alinmagla
Mn?* atomunun miixtelif konsentrasiyalariyla asqar-
lanmis virsit strukturlu 16-, 32-, 64-, 128- vo 256-
atom torkibli ZnSe genis 6zoklor ii¢iin spin noazors
alinmagla elektron vo magnit xassalari tomal prinsip-
lordon tadqiq edilmisdir. Zn atomunun Mn ils ovozlon-

moasi yolu ilo alinmig ZnyxMn,Se iigiin yerino yetiril-
mis hesablamalardan maddonin paramagnit spin
diiziiliistine malik oldugu vo birlosmonin magnit xas-
sasina malik oldugu (5.0 pg) toyin olunmusdur. Birlos-
monin magnitlonmasins asas miisbat pay asqar atomun
d-hallarindan galir. FM vo AFM hallarina uygun tam
enerji hesablamalart AFM spin diiziiliisiiniin dayanigli
oldugunu gostorir. Tadqiq olunan sistemlar ii¢iin zona
qurulugu hesablamalarindan qadagan zolagin eninin
asqarlanmamis ZnSe-no nozaron azaldigi miiayyan
olunmusdur. Belaliklo, hesablamalarin  naticalori
ZnSe:Mn maddasinin magneto-optik cihazlar iigiin ol-
verigli material oldugunu miiayyan edir.

N. Ahmed, et al., Materials Science-Poland, 2017,
v.35 p.479.

V.N. Caofarova, AJP Fizika, 2022, c. XXVIII, Nel, 5.43.
S.K. Chang, et al., J. Appl. Phys., 1987, v.62,
p.4835.

W. Benstaali, et al.,Mater. Sci. Semicond. Pro-
cess., 2013, v.16, p.231.

P.V.B. Lakshmi, et al., Cryst. Res. Technol.,
2009, v.44, p.153.

K. Sato and H. Katayama-Yoshida, Phys. Stat.
Sol. (b), 2002, v.229, p.673.

M. Behloul, et al., Journal of Magnetism and
Magnetic Materials, 2016, v. 419, p.233.

P. Hohenberg, W. Khon, Phys. Rev. B, 1964, v.136,
p. B864.

R.G. Parr, and W. Yang, Oxford University
Press, New York, Oxford, 1989, v. IX, 333 p.

(1]

(2]
(3]

[4]
(5]
(6]
[7]
(8]
(9]

20

[10] F. Martin, S. Matthias, Comput. Phys. Commun.,
1999, v.119, 1, p.67

[11] V.N. Jafarova, Journal of Modern Physics B,
2022, v.36, No.24, p.2250156.

[12] V.N. Cafarova, N.T. Mammadov, M.A. Musayev,
AJP Fizika, 2022, c.XXVIII Ne3, s.46.

[13] V.N. Cofarova. AMEA-nin Xoborlori,
C.XXVIII, Ne5, 5.107.

[14] E. Sarigiannidou, et al. Phys. Rev. B, 2006, v.74,
p.041306(R).

[15] K.W. Edmonds, et al. Appl. Phys. Lett., 2005,
v.86, p.152114.

[16] W. Stefanowicz, et al., Phys. Rev. B, 2010, v.81,
p.235210.

2022,



Zn;,Mn,Se BIRLOSMOSININ ELEKTRON VO MAQNIT XASSOLORININ TOMOL PRINSiPLORDON TODQiQi

V.N. Jafarova

AB INITIO STUDY OF ELECTRONIC AND MAGNETIC
PROPERTIES OF Zn1xMnxSe COMPOUND

Electronic and magnetic properties of ZnSe compound doped with Mn 3d transition element at different concentrations were stud-
ied within the Quantum Wise software package using Density Functional Theory and local spin density approximation. The band struc-
ture and density of states diagram for the ZnSe:Mn compound were determined from first-principles, and the magnetic moment was es-
timated. From the calculations, the value of the magnetic moment for various Mn doped ZnSe supercells was obtained equal to 5.0 pB.
Total energy calculations show that the ferromagnetic spin ordering is more stable than the antiferromagnetic phase. The Curie tempera-
ture for the compound was evaluated and it was determined that the ZnSe:Mn compound has a paramagnetic nature and is a promising

material for magneto-optical devices.

B.H. I:xagaposa

MCCJIEJOBAHUE SJIEKTPOHHBIX U MATHUTHBIX CBOMCTB COEJIMHEHUSI
Zn1xMnxSe U3 IIEPBBIX IPUHLUIIOB

DNeKTPOHHBIC ¥ MarHUTHBIC CBOMCTBA COCAMHEHHs ZnSe, JErHMpOBAHHOTO MEPEXOIHBIM 3lieMeHTOM Mn 3d B pasiidHbIX
KOHLIGHTpaIsIX, ObUIM MCCIEI0BaHbI B IporpaMMHOM Iakere Quantum Wise ¢ Mcrionb3oBaHHeM Teopur (DYHKIMOHANIA IIOTHOCTU U
HpUOIDKEHHS TOKATBHON CIIMHOBOM ITOTHOCTH. 113 IEpBBIX MPUHIIMIIOB Ope/IeNIeHbl 30HHASI CTPYKTYPa U AHarpaMMa INIOTHOCTH CO-
CTOSIHHH coerHeHns ZnSe:Mn, oLieHeH MarHUTHBI MOMEHT. V3 pacueToB MoMydeHo 3HaueHHe MarHUTHOTO MOMEHTA TS PA3IIMIHbIX
cymepstaeek ZnSe, JETMPOBaHHBIX MaprasieM, paBHoe 5,0 Mb. PacueTsl mosHO# SHepruy MOKa3bIBAIOT, YTO (heppoOMarHUTHOE CIIH-
HOBOE yIopsiioueHre Ooree CTabIiIbHO, YeM aHTh(eppoMarauTHas (aza. OueHeHa TeMmeparypa Kropu coeTMHEeHrs U YCTaHOBIICHO,
YTO coemuHeHre ZnSe:Mn HMMeeT MapaMarHUTHYIO NPHPORY W SIBJIIETCS MEPCHEKTHBHBIM MATEpPUaOM JUII MarHUTOONTHYECKHX

YCTPOMCTB.
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