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9+)5&08.2&) 

 

 7&/.+F_5! <B!3*+-?!.+#5B!/:5! ?&.!$5&(> 2+/1F_!*> $&#5+/2!:.$+/:+255 

.1V$#+-+ .!(&. S&: 2+#BV$:51&( &:&#!?5: L. Q. Q+*/+1/:5; !_V 1 *&B&(! 60-X -+#+1 

2$+Z(+-+ 1!:&, $&#5+/2!:.$+/:+25F 1 Z5$+:+? /?>/(! [.+-+ /(+1& +3f!#5*F!. /+3+; 

3+()Z+; :$<- 2$+C!//+1 14&5?+#!;/.15F ?!9#< [(!:.$+?&-*5.*>? 2+(!? 5 1!_!/.1+? 1 

15#! +.#!()*>X 54+(5$+1&**>X &.+?+1 5(5 ?+(!:<( (-&4+1), 1 I+$?! :+*#!*/5$+1&**>X I&4 

– 95#:+/.!; 5 :$5/.&((+1 5 #&9! 35+(+-5B!/:5X +3f!:.+1. g&$&:.!$*>? 2$54*&:+? [.5X 

2$+C!//+1 F1(F!./F 2$5*&#(!9*+/.) 5X : +2$!#!(V**+?< 5*.!$1&(< #(5* 1+(* (~1 ?? – 10 

/?) 5(5 B&/.+. (~ 109 – 1011 /-1), (!9&_5X ?!9#< #&(V:+; 5*I$&:$&/*+; +3(&/.)6 5 +3>B*>? 

$&#5+B&/.+.*>? #5&2&4+*+? (<().$&:+$+.:5X 1+(* - HSQ), ..!. 1 +3(&/.5 .&: *&4>1&!?>X 

/1!$X1>/+:5X B&/.+. (LQi). Q $&#5+/2!:.$+/:+25B!/:5X F1(!*5FX ?!9#< 1!_!/.1+? 5 

[(!:.$+?&-*5.*>? 2+(!? 2$+5/X+#5. +3?!* #+/.&.+B*+ ?&(>?5 :1&*.&?5 [*!$-55 hj, 

?!*)Z5?5, B!? :1&*.> 5*I$&:$&/*+-+ 54(<B!*5F. @?!**+ 1/(!#/.15! .+-+, B.+ 2$5?!*F!./F 

?&(+! 1+4?<_!*5! 5//(!#<!?+-+ +3f!:.&, $&#5+/2!:.$+/:+25B!/:5! 5//(!#+1&*5F 

2+41+(F6. 1>F15.) .+*:5! #!.&(5 $&4*++3$&4*>X &.+?*>X +3$&4+1&*5;, *&B5*&F +. 

/.$<:.<$> [(!:.$+**+; +3+(+B:5 +.#!()*>X &.+?+1 5 :+*B&F /.$<:.<$+; /(+9*>X 

[(!:.$+**+-5+**>X /5/.!?, 1 B&/.*+/.5 – :$5/.&((+1. D/+3+! ?!/.+ 2+ B<1/.15.!()*+/.5 5 

1+4?+9*+/.F? 2+(<B!*5F 5*I+$?&C55 +3 5//(!#<!?+? +3f!:.! 4&*5?&6. 

$&#5+/2!:.$+/:+25B!/:5! ?!.+#> 5//(!#+1&*5F 1 </(+15FX $!4+*&*/*+-+ 2+-(+_!*5F 

[(!:.$+?&-*5.*+-+ 1+4#!;/.15F *& 1!_!/.1+ 1 2$5/<./.155 1*!Z*!-+ ?!#(!**+ 

?!*F6_!-+/F ?&-*5.*+-+ 2+(F – .&: *&4>1&!?>! ?&-*5.*>! $!4+*&*/>. Q +.(5B5! +. 

+2.5B!/:+; /2!:.$+/:+255, 1 :+.+$+; $&//?&.$51&6./F 2!$!X+#> ?!9#< &.+?*>?5 5(5 

?+(!:<(F$*>?5 ?<().52(!.&?5 1 ?&-*5.*+-$!4+*&*/*>X 54?!$!*5FX 54<B&6./F 2!$!X+#> 

1*<.$5 #&**+-+ ?<().52(!.&. 7& 1+4?+9*+/.) 5/2+()4+1&*5F [.5X 2!$!X+#+1 :&: /$!#/.1& 

54<B!*5F 1!_!/.1& 12!$1>! +3$&.5( 1*5?&*5! d. G. N+$I?&* 1 1923 -. ]$5 [.+? +* #&( 

:&B!/.1!**+! :1&*.+1+! +3fF/*!*5! $!4+*&*/*+-+ 2+-(+_!*5F LQi 54(<B!*5F 

I!$$+?&-*!.5:&?5, :+.+$+! 3>(+ +.:$>.+ !_V 1 1911 -. Q. S. O$:&#)!1>?. Q 1931 -. 

&?!$5:&*/:5; I545: @. O. b&35 5/2+()4+1&( &.+?*>! 5 ?+(!:<(F$*>! 2<B:5 (*&2$&1(!**>! 

2+.+:5 &.+?+1 5(5 ?+(!:<(, #15-&6_5X/F 1 1&:<<?!) 1 ?&-*5.*+-$!4+*&*/*>X 

[:/2!$5?!*.&X 1*&B&(! #(F 54?!$!*5F ?&-*5.*>X ?+?!*.+1 F#!$, & 4&.!? #(F 54?!$!*5F 

$&4(5B*>X X&$&:.!$5/.5: ?+(!:<(, &.+?+1 5 F#!$. ]$!#(+9!**+! @. O. b&35 

:1&*.+1+?!X&*5B!/:+! +25/&*5! /1!$X.+*:+; /.$<:.<$> /2!:.$+1 1 [.5X [:/2!$5?!*.&X 1 

#&()*!;Z!? 3>(+ 2$5?!*!*+ 2$5 5*.!$2$!.&C55 /2!:.$+1 [(!:.$+**+-+ 2&$&?&-*5.*+-+ 
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$!4+*&*/&, +.:$>.+-+ J. S. k&1+;/:5? 1 1944 -. Q #&()*!;Z!? 2+(<B5(5 $&415.5! $&4(5B*>! 

?+#5I5:&C55 ?&-*5.*+-$!4+*&*/*>X ?!.+#+1. Q *&/.+F_!! 1$!?F /<_!/.1<!. *!/:+():+ 

.52+1 ?&-*5.*>X $!4+*&*/+1, /1F4&**>X / *&(5B5!? < [(!:.$+*+1 5 F#!$ /25*+1+-+ ?+?!*.& 

:+(5B!/.1& #159!*5F: F#!$*>; ?&-*5.*>; $!4+*&*/ (dTb); [(!:.$+**>; 2&$&?&-*5.*>; 

$!4+*&*/ (`]b); #1+;*+; [(!:.$+**+-F#!$*>; $!4+*&*/ (N`db); +2.5B!/:5 #!.!:.5$<!?>; 

`]b (DN`]b); F#!$*>; :1&#$<2+()*>; $!4+*&*/ (dSb); I!$$+?&-*5.*>; $!4+*&*/ ( Tb 

5(5  b); /25* - 1+(*+1+; $!4+*&*/ (LQb); &*.5I!$$+?&-*5.*>; $!4+*&*/ (O b). Q 

2$!#(&-&!?+? 1*5?&*56 /.<#!*.+1 5 *&<B*>X /+.$<#*5:+1 <B!3*+? 2+/+355 :$&.:+ 

54(+9!*> +/*+1> *&53+(!! Z5$+:+ 2$5?!*F!?>X 1 $&#5+/2!:.$+/:+255 .1V$#>X .!( 

?&-*5.+$!4+*&*/*>! ?!.+#> 5//(!#+1&*5F `]b (1?!/.! / N`db) 5  Tb.  O1.+$> 2+/+35F, 

*&B5*&F / /!$!#5*> 70-X -+#+1 2$+Z(+-+ 1!:&. 2$5?!*F(5 `]b - /2!:.$+/:+256 1 

(&3+$&.+$5FX :&I!#$ `(!:.$+*5:5 .1V$#+-+ .!(& 5  545:5 2+(<2$+1+#*5:+1 5 

+2.+[(!:.$+*5:5 I545B!/:+-+ I&:<().!.& 77GH #(F 5//(!#+1&*5F 2$5?!/*>X &.+?+1 

-$<22> 9!(!4& 1 :$!?*55 5 /+!#5*!*5FX O3Q5, $&#5&C5+**>X #!I!:.+1 1 :$!?*55. D#5* 54 

&1.+$+1 (O. O. J9!1/:5;) / 2$5?!*!*5!? `]b 5 N`db 5//(!#+1&( 1 (&3+$&.+$55 5?!*5 

k!!?&*& 1 75#!$(&*#&X /(+9*>! #!I!:.> :$!?*5F - :+?2(!:/> 54 &.+?+1 5(5 5+*+1 -$<22> 

9!(!4& 5 /+3/.1!**>X #!I!:.+1 1 :$!?*55. Q *&/.+F_!! 1$!?F +:&4&(+/) 2(+#+.1+$*>? 

2$5?!*!*5! `]b #(F 54<B!*5F #!I!:.+1 1 ?+*+54+.+2*+? :$!?*55. D:+(+ 10 2+/(!#*5X (!. 

`]b 2$5?!*F!./F *&?5 #(F 54<B!*5F /1+;/.1 -!.!$+/.$<:.<$ / *&*+B&/.5C&?5 :$!?*5F. 

7&:+*!C, 1 2+/(!#*!! 1$!?F, 1 /1F45 / $&415.5!? *+1+-+ *&<B*+-+ *&2$&1(!*5F – 

/25*.$+*5:5 5 /1F4&**>? / [.5? 3+()Z5? 5*.!$!/+? : .&: *&4>1&!?>? $&43&1(!**>? 

?&-*5.*>? 2+(<2$+1+#*5:&? *&?5 (J. L. N!?5#+1, Q. Q. S&$4&*+1), </2!Z*+ 2$5?!*F!./F 

?&-*5.*+$!4+*&*/*>; ?!.+#  Tb #(F 5//(!#+1&*5F /1+;/.1 [.5X *+1>X I!$$+?&-*!.5:+1. 

 N&**+! <B!3*+! 2+/+35! /+/.+5. 54 #1<X -(&1. ]!$1&F 2+/1F_!*& `]b / 1:(6B!*5!? 

$&4#!(& N`d`b. Q.+$&F /+#!$95. 1 +/*+1*+? +25/&*5!  Tb. Q +3!5X B&/.FX 54(+9!*5! 

5((6/.$5$<!./F :&: 2$5?!$&?5 54?!$!*5; 54 (5.!$&.<$>, .&: 5 *!:+.+$>?5 $!4<().&.&?5 54 

[:/2!$5?!*.&()*+; 2$&:.5:5 &1.+$+1. 

 Q *&/.+F_!! 1$!?F 5?!!./F +3Z5$*&F <B!3*&F 5 *&<B*&F (5.!$&.<$& 2+ 

?&-*5.+$!4+*&*/*>? ?!.+#&?, +/+3!**+, 2+ `]b-/2!:.$+/:+255. D3Z5$*>! ?+*+-$&I55 

541!/.*>X <BV*>X L. O. O().Z<((!$& 5 l. T. S+4>$!1& [1], O. O3$&-&?& 5 l. l(5*5 [2] #&6. 

+/*+1&.!()*+! 54(+9!*5! .!+$55 ?!.+#& 5 !-+ ?*+-+B5/(!**>X 2$5?!*!*5; 1 

[:/2!$5?!*.&()*+? 5//(!#+1&*55 5+*+1 2!$!X+#*>X [(!?!*.+1 1 .1V$#>X .!(&X. ]!$1>! 

5//(!#+1&*5F 2!$!X+#*>X [(!?!*.+1 5 $&#5&C5+**>X #!I!:.+1 1 2+(<2$+1+#*5:&X 

/<??5$+1&*> 1 ?+*+-$&I55 N9. A6#15-& 5 G. Q<#3!$5 [3]. D/*+1> ?!.+#& 54(+9!*> 1 $F#! 

:*5- <B!3*+; *&2$&1(!**+/.5, *&2$?!$, [4,5]. m!() *&/.+F_!-+ 2+/+35F 2+?+B) 
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/+$5!*.5$+1&.)/F 1 ?*+-+B5/(!**+; (5.!$&.<$!. ]+/(!#+1&.!()*+! 54(+9!*5! #&9! .+():+ 

`]b *! 1+4?+9*+ 1 +#*+? 2+/+355. ]+[.+?< 1 2!$1+; B&/.5 /*&B&(& 1 $&4#!(&X 1.1 5 1.2 

2!$!B5/(F6./F 1+4?+9*+/.5 ?!.+#& `]b 5 #&V./F :$&.:+! 2$!#1&$5.!()*+! $&//?+.$!*5!. 

]$!#/.&1(F!./F /25*+1>; -&?5().+*5&*, /+/.&1(F6_5; +/*+1< :1&*.+1+?!X&*5B!/:+-+ 

+25/&*5F. ]+:&4&*& !-+ /1F4) / .+*:+; 5 /1!$X.+*:+; /.$<:.<$+; (nL 5 LnL) /2!:.$+1 `]b. 

D25/&*& X&$&:.!$*&F I+$?& (5*5; /2!:.$+1. ]$!#/.&1(!*>, 1&9*>! #(F 2+*5?&*5F /1+;/.1 

&.+?+1 2!$!X+#*>X [(!?!*.+1 1 &(?&4+2+#+3*>X 2+(<2$+1+#*5:&X 5 5X `]b–

/2!:.$+/:+255, .!+$5F :$5/.&((5B!/:+-+ 2+(F 5 ?+#!() A6#15-&-Q<#3!$5. Q /(!#<6_!? 

$&4#!(! 1.3 2!$1+; B&/.5 #&6./F .!+$!.5B!/:5! +/*+1> ?!.+#& +. :(&//5B!/:+; (&$?$+1/:+; 

2$!C!//55 #+ 2$5?!*!*5F ?&.$5B*+-+ &22&$&.& :1&*.+1+; ?!X&*5:5 2$5 +25/&*55 nL, LnL 

5 /<2!$/1!$X.+*:+; /.$<:.<$> (LLnL) /2!:.$+1 `]b. ]+:&4&*> #+2+(*5.!()*>! 

1+4?+9*+/.5 #1+;*+-+ [(!:.$+**+-F#!$*+-+ $!4+*&*/&. 

 Q+ 1.+$+; B&/.5 2+/+35F +25/>1&!./F ?!.+#  Tb. A5.!$&.<$&, 2+/1F_V**&F 

?&-*5.*+?< $!4+*&*/< 1 I!$$+?&-*!.5:&X, *! /.+() +3Z5$*& :&: 1 /(<B&! `]b. @4(+9!*5! 1 

4*&B5.!()*+; ?!$! 3&45$<!./F *& ?+*+-$&I55 [6] 2+# $!#&:C5!; L. Q. Q+*/+1/:+-+,  

<B!3*5:&X [5,7] 5 *!#&1*!; +34+$*+; /.&.)! [8]. Q :+*C! 1.+$+; B&/.5 2$51!#!*> #1& $&4#!(&, 

1 :+.+$>X :$&.:+ 54(&-&!./F I545:& ?&-*5.*>X $!4+*&*/+1 1 I!$$5?&-*!.5:&X 5 

&*.5I!$$+?&-*!.5:&X, 2$+1+#5./F /$&1*!*5!  / ?&-*5.*>? $!4+*&*/+? 1 I!$$+?&-*!.5:&X. 
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:8"2" 1. <8)>'+.%%(? @"+"A"$%&'%(? +)-.%"%0 

1.1. B.-A.D%.0'& A)'.5" 

  

 `(!:.$+**>; 2&$&?&-*5.*>; $!4+*&*/ (`]b) – $!4+*&*/*+! 2+-(+_!*5! [*!$-55 

/5/.!?+; 2&$&?&-*5.*>X &.+?+1, ?+(!:<( 5(5 [(!:.$+*+1 2$+1+#5?+/.5, 2+?!_!**>X 1 

2+/.+F**+! ?&-*5.*+! 2+(!. ]+/:+():< 2&$&?&-*!.54? &.+?+1 5 ?+(!:<( -(&1*>? +3$&4+? 

+3</(+1(!* *!*<(!1>? /<??&$*>? /25*+? [(!:.$+**>X +3+(+B!:, & < [(!:.$+*+1 

2$+1+#5?+/.5 - 2$+/.+ *&(5B5!? /25*&, .+ 1?!/.+ `]b 5*+-#& <2+.$!3(F6. .!$?5* 

[(!:.$+**>; /25*+1>; $!4+*&*/ (`Lb). 

]&$&?&-*5.*>; $!4+*&*/ 3>( +.:$>., :&: <9! +.?!B&(+/) 1>Z!, J. S. k&1+;/:5? 1 

1944 -. 2$5 5//(!#+1&*55 2+-(+_!*5F [(!:.$+?&-*5.*+-+ 54(<B!*5F *& B&/.+.! 133 TGC 1 

1+#*+? $&/.1+$! ?!#*+-+ :<2+$+/& (CuSO4⋅5H2O), 4&.!? 1 *&3(6#!*5FX `]b 2$5 3+(!! 

1>/+:5X B&/.+.&X 1 2&$&?&-*5.*>X :$5/.&((&X. Q .!B!*5! 2!$1+-+ #!/F.5(!.5F 2+/(! [.+-+ 1 

X+#! 54<B!*5F F1(!*5F 5 </+1!$Z!*/.1+1&*5F .!X*5:5 1>F/*5(5/) Z5$+:5! 1+4?+9*+/.5  

?!.+#& `]b.  

 L2!:.$> `]b 2+41+(F6. 2+(<B5.) 1&9*<6 5*I+$?&C56 + ?&-*5.*>X /1+;/.1&X 

1!_!/.1&, + X5?5B!/:+; /1F45 5 1&(!*.*>X /+/.+F*5FX 1 .1V$#>X .!(&X, + #5*&?5B!/:5X 

14&5?+#!;/.15FX ?!9#< /25*&?5 5 $!ZV.:+;, + ?&-*5.*>X ?+?!*.&X F#!$ 5 ..#. `]b ?+9!. 

2$5?!*F.)/F #(F 5//(!#+1&*5F (63>X &-$!-&.*>X /+/.+F*5; 1!_!/.1& 5 35+(+-5B!/:5X 

+3f!:.+1. Q #&()*!;Z!? 2+F15(5/) 3+(!! /(+9*>! ?+#5I5:&C55 `]b - #1+;*+; [(!:.$+**+-

F#!$*>; $!4+*&*/ (N`db), +2.5B!/:5 #!.!:.5$<!?>; `]b – (DN`]b), &:</.5B!/:5; 

2&$&?&-*5.*>; $!4+*&*/ (O]b). b+#/.1!**>?5 `]b F1(!*5F?5 /B5.&6./F F#!$*>; 

?&-*5.*>; $!4+*&*/ (dTb), I!$$+?&-*5.*>; $!4+*&*/ ( Tb). 

 N(F ?+*+:$5/.&((+1, /+#!$9&_5X 2&$&?&-*5.*>! 5+*>, / 2+?+_)6 `]b ?+9*+ 

2+(<B5.) /(!#<6_<6 5*I+$?&C56:  

&) B5/(+ *![:151&(!*.*>X ?&-*5.*>X C!*.$+1 1 [(!?!*.&$*+; FB!;:! ?+*+:$5/.&((&;  

3) +$5!*.&C56 ?&-*5.*>X C!*.$+1 2+ +.*+Z!*56 : :$5/.&((+-$&I5B!/:5? +/F?;  

1) /5??!.$56 3(59&;Z!-+ +:$<9!*5F 2&$&?&-*5.*+-+ 5+*&; 

-) 2&$&?!.$> +/*+1*+-+ 5 1+43<9#V**>X /+/.+F*5; 2&$&?&-*5.*+-+ 5+*&; 

#) [*!$-!.5B!/:+! $&//.+F*5! ?!9#< +/*+1*>? 5 1+43<9#V**>? <$+1*F?5; 

!) *!:+.+$>! #&**>! + F#$!: /25*, ?&-*5.*>; ?+?!*., :1&#$<2+()*>; ?+?!*.;  

9) 1>F/*5.) ?!X&*54?> /25*-/25*+1+-+ 5 /25*-$!ZV.+B*+-+ 14&5?+#!;/.15F.  

 ]$5*C525&()*+ [(!:.$+**>? 2&$&?&-*!.54?+? +3(&#&6.: 

&) 1/! &.+?>, 5+*> 5 ?+(!:<(> / *!BV.*>? B5/(+? [(!:.$+*+1, *&2$5?!$, H, Na, NO, NO2 ;   
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3) &.+?>, ?+(!:<(> / BV.*>? B5/(+? [(!:.$+*+1, +3(&#&6_5X +.(5B*>? +. *<(F 

$!4<().5$<6_5? ?+?!*.+? :+(5B!/.1& #159!*5F (53+ 1 +/*+1*+? /+/.+F*55 

(*&2$5?!$, O2), (53+ 1 1+43<9#V**+? /+/.+F*55 (*&2$5?!$, &$+?&.5B!/:5! /+!#5*!*5F); 

1) 5+*>, 5?!6_5! B&/.5B*+ 4&2+(*!**>! 1*<.$!**5! +3+(+B:5, *&2$5?!$, Cu2+  , Fe3+ 5 ..#.; 

-) /1+3+#*>! $&#5:&(>, F1(F6_5!/F X5?5B!/:5?5 /+!#5*!*5F?5 / *!/2&$!**>?5 

[(!:.$+*&?5 *& ?+(!:<(F$*+; +$35.!, *&2$5?!$, CH3 5 #$.;    

#) C!*.$> +:$&/:5 - 4&X1&B!**>! [(!:.$+*> 5(5 #>$:5, *&2$5?!$, F- C!*.$> 1 _V(+B*+- 

-&((+5#*>X :$5/.&((&X (NaCl 5 #$.); 

!) /1+3+#*>! [(!:.$+*> 1 1&:<<?!, ?!.&((&X, 2+(<2$+1+#*5:&X;  

9) $&#5&C5+**>! #!I!:.> 1 :$5/.&((&X 2+(<2$+1+#*5:+1, #5[(!:.$5:+1. 

 Q #5[(!:.$5:&X 5 *! /(5Z:+? /5()*+ 2$+1+#F_5X 2+(<2$+1+#*5:&X ?!.+#+? `]b 

5//(!#<6./F /1+3+#*>! [(!:.$+*> 5 #>$:5, /+3/.1!**>! #!I!:.>, #5/(+:&C55, 

2+1!$X*+/.), 2$5?!/*>! #!I!:.>. ]$5?!/5 5 #!I!:.> ?+9*+ 5//(!#+1&.) 1 /5()*+ 

2$+1+#F_5X 2+(<2$+1+#*5:&X 5 ?!.&((&X, !/(5 5/2+()4+1&.) +3$&4C> / .+(_5*+; ?!*)Z! 

.+(_5*> /:5*-/(+F 

 a/2 ωµρ=δ ,                                                          (1.1.1) 

-#! p – <#!()*+! /+2$+.51(!*5!, q – :$<-+1&F B&/.+.&, r& – ?&-*5.*&F 2$+*5C&!?+/.). 

 ]+ :$&;*!; ?!$!, .!+$!.5B!/:5 ?!.+# `]b +3(&#&!. 3+()Z5?5 1+4?+9*+/.F?5, 1+ 

1/!X 1>Z! 2!$!B5/(!**>X /(<B&FX ?+9!. *&3(6#&.)/F `]b. g+.F 2$&:.5B!/:5 [.5 

1+4?+9*+/.5 <#&V./F $!&(54+1&.) #&(!:+ *! 1/!-#&. H/2!X 4&15/5. +. 1+4?+9*+/.!; 

54?!$!*5F 1 Z5$+:+? 5*.!$1&(! .!?2!$&.<$, *&B5*&F +. -!(5!1>X .!?2!$&.<$ 1 !#5*5C> 

-$&#</+1 S!()15*&, 2$5?!*!*5F *&3+$& +3$&4C+1 / :+*.$+(5$<!?>? /+#!$9&*5!? $&4(5B*>X 

#!I!:.+1, 2$5?!*!*5F $&4(5B*>X 1+4#!;/.15; *& 1!_!/.1+ (#&1(!*5!, +2.5B!/:+! +3(<B!*5! 

5 ..#.). @, :+*!B*+ 9!, </2!X 4&15/5. +. 5/:<//.1& $&/Z5I$+1:5 /(+9*>X /2!:.$+1 `]b.  

 Q #&()*!;Z!? *59!, 1 .!X /(<B&FX, :+-#& [(!:.$+*>, +.1!./.1!**>! 4& 2&$&?&-*5.*+! 

2+-(+_!*5!, (+:&(54+1&*> 1 1!_!/.1! *& #!I!:.&X 5(5 2$5?!/FX, ?> 3<#!? 5/2+()4+1&.) 

+#5* .!$?5* - 2&$&?&-*5.*>; C!*.$ (]m). 

  

 

1.2. 9+)52"+&')8E%.) +"00A.'+)%&) 

1.2.1. FH'E J28)%&J <9K 

 

 Q +/*+1! `]b (!95. [II!:. k!!?&*& - F1(!*5! $&/_!2(!*5F [(!:.$+**>X 

[*!$-!.5B!/:5X <$+1*!; ]m 1 ?&-*5.*+? 2+(!. b&//?+.$5? 1!_!/.1+, /+#!$9&_!! &.+?> 

5(5 ?+(!:<(>, 5?!6_5! 2+ +#*+?< *!/2&$!**+?< [(!:.$+*<. N(F 2$+/.+.> 1*&B&(! 
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/B5.&!?, B.+ :&9#>; [(!:.$+* *! +3(&#&!. +$35.&()*>? ?+?!*.+? (L=0), ..!. *&X+#5./F 1 S-

/+/.+F*55. 7!. /25*-/25*+1+-+ 14&5?+#!;/.15F. Q ?&-*5.*+? 2+(! 2$+5/X+#5. $&/_!2(!*5! 

1>$+9#!**+-+ 2+ /25*< [*!$-!.5B!/:+-+ <$+1*F ($5/.1.2.1). `(!:.$+*> / 2$+!:C5!; /25*& 

S=- 1
2 (?&-*5.*>; ?+?!*. 1#+() 2+(F) 5?!6. [*!$-56 ?!*)Z!, B!? < [(!:.$+*+1 /  S= + 1

2   

(?&-*5.*>; ?+?!*. 2$+.51 2+(F). b&4*+/.) [*!$-5; ?!9#< [.5?5 <$+1*F?5 

HgE Bµ=∆  1),                                                       (1.2.1) 

 -#! 3!4$&4?!$*>; I&:.+$ /2!:.$+/:+25B!/:+-+ $&/_!2(!*5F g=2,0023 #(F /1+3+#*+-+ 

[(!:.$+*&, µB = mc2/eh - ?&-*!.+* l+$& (5(5 1 /5/.!?! L@ µB = m2/eh =9,2741⋅10-24 N9⋅n-1 

= 5,7884⋅10-5 [Q⋅n-1), 7 - *&2$F9!**+/.) ?&-*5.*+-+ 2+(F. i!$!4 *!:+.+$+! 1$!?F 2+/(! 

1:(6B!*5F ?&-*5.*+-+ 2+(F 1 /5/.!?! /25*+1 *&/.<25. .!2(+1+! $&1*+1!/5!. Q [.+? 

/+/.+F*55 4!!?&*+1/:5! <$+1*5 4&/!(!*> 1 /++.1!./.155 / $&/2$!#!(!*5!? l+()C?&*&, 

+.*+Z!*5! 4&/!(V**+/.5 n1 *59*!-+ <$+1*F : n2  1!$X*!-+ +2$!#!(F!./F 1>$&9!*5!? 

                                                kT
Hg

e
n
n

B

2

1

⋅µ

=   ,                                                        (1.2.2) 

-#! k - 2+/.+F**&F l+()C?&*&, T - &3/+(6.*&F .!?2!$&.<$&. 

 

b5/.1.2.1 k!!?&*+1/:+! $&/_!2(!*5! 

[*!$-!.5B!/:5X  <$+1*!; [(!:.$+*+1 1 ?&-*5.*+? 

2+(! 5 $!4+*&*/*+! 2+-(+_!*5! ?+_*+/.5 P  

:1&*.+1 $&#5+B&/.+.*+-+ 54(<B!*5F 

HgEh Bµ=∆=ν .  

 

 

 

 ]$5 +3>B*+ 5/2+()4<!?>X 1 `]b 2+(FX H 2$5?!$*+ ∼ 10000 `$/.!# (1 /5/.!?! L@ 

[.+ /++.1!./.1<!. ?&-*5.*+; 5*#<:C55 Q=1 n!/(&),  ( )kTHg B /µ <<1. ]+[.+?< ?+9*+, 

$&4(+951 (1.2.2) 1 /.!2!**+; $F# 5 +-$&*5B51Z5/) 2!$1>? 2+$F#:+? ?&(+/.5 2+ 1!(5B5*! 

Hg Bµ , 4&25/&.)  

                                                
1) ]$5?!B&*5!: Q /5/.!?! !#5*5C L@ BgE Bµ=∆ , -#! B – 5*#<:C5F ?&-*5.*+-+ 2+(F. D#*&:+ 1 
(5.!$&.<$! 2+ `]b (5  Tb) #+ /5X 2+$ +3>B*+ 5/2+()4<!./F *! /5/.!?& !#5*5C L@, & CGSM, 1 
:+.+$+; 4&25/>1&6. HgE Bµ=∆ . Q [.+; /5/.!?! !#5*5C 1 1&:<<?! *&2$F9V**+/.) ?&-*5.*+-+ 
2+(F H B5/(!**+ /+12&#&!. / 5*#<:C5!; ?&-*5.*+-+ 2+(F B (H=r0B, r0=1). 
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kT

Hg
1

n

n B

2

1 µ
+=  .                                                          (1.2.3) 

7!3+()Z+; 543>.+: n1-n2 2$51+#5. : 2+F1(!*56 ?&:$+/:+25B!/:+-+ ?&-*5.*+-+ ?+?!*.& M 

!#5*5C> +3fV?& 1!_!/.1& 5(5 : *&?&-*5B!**+/.5 1!_!/.1& 

0
00 µ

χ=χ= B
HM                                                        (1.2.4), 

-#! H – *&2$F9!**+/.), B - 5*#<:C5F ?&-*5.*+-+ 2+(F, 7
0 104 −⋅π=µ  G*/? – ?&-*5.*&F 

2+/.+F**&F, /.&.5B!/:&F 2&$&?&-*5.*&F 1+/2$55?B51+/.)  

                                      
kT3

1SSgN 2
0

0

)( +⋅µ
=χ

2
B  ,                                                    (1.2.5) 

-#! N0 – :+*C!*.$&C5F ]m, 1 $&//?&.$51&!?+? /(<B&! S=1/2. 

 N+2+(*5.!()*+ 2$5(+95? : /5/.!?! $&#5+B&/.+.*+! ?&-*5.*+! 2+(! H$B= H1cos(2πνt) 

2!$2!*#5:<(F$*+ *&2$&1(!*56 2+/.+F**+-+ 2+(F H . S+-#& [*!$-5F :1&*.+1 2$53(59&!./F : 

$!4+*&*/*+;  

hν = ∆E = g⋅ µB⋅H,                                                        (1.2.6) 

 

/ +#5*&:+1+; 1!$+F.*+/.)6 /.5?<(5$<6./F 2!$!X+#> :&: 1-2 *& $5/. 1.2.1 11!$X / 

2+-(+_!*5!? :1&*.+1 hν , .&: 5 2-1 - /1!$X< 1*54 / 54(<B!*5!? .&:5X 9! :1&*.+1. n&: :&: 

n1>n2 , 2$!1&(5$<!. 2+-(+_!*5!. ]$5 [.+? $&4*+/.) n1-n2 <3>1&!. 5 $!4+*&*/*+! 2+-(+_!*5! 

<?!*)Z&!./F. D#*&:+ 1/!-#& !/.) $!(&:/&C5+**>! 2$+C!//>, :+.+$>! /2+/+3/.1<6. 

1+//.&*+1(!*56 .!2(+1+-+ $&1*+1!/5F (1.2.2) B!$!4 14&5?+#!;/.15! /25*+1+; /5/.!?> / 

:+(!3&*5F?5 $!ZV.:5. Q4&5?+#!;/.15! /25*+1+; 2+#/5/.!?> / $!Z!.+B*+; X&$&:.!$54<6. 

1$!?!*!? /25*-$!ZV.+B*+; $!(&:/&C55 τ1 . b!4+*&*/& *! 3<#!. 5 2$5 /(5Z:+? ?&(>X, 5 2$5 

/(5Z:+? 3+()Z5X τ1. 759*FF -$&*5C& +2$!#!(F!./F </(+15!? τ1 >>1/ω . J/(5 τ1 ≈1/ω , 

Z5$5*& (5*55 $!4+*&*/*+-+ 2+-(+_!*5F ∆H +:&4>1&!./F /$&1*5?+; / $!4+*&*/*>? 2+(!? 

H0, $!4+*&*/ *!$&4(5B5? *& I+*! 2+B.5 *! 4&15/F_!-+ +. B&/.+.> 2+-(+_!*5F 

$&#5+B&/.+.*+-+ 1+4#!;/.15F. ]$5 τ1 →∞  (/(&3+! /25*- $!ZV.+B*+! 14&5?+#!;/.15!) #&9! 

?&(&F ?+_*+/.) 2$51+#5. : *&/>_!*56 /2!:.$& `]b 54-4& <?!*)Z!*5F ∆n = n1-n2 . Q 

<Z5$!*5! (5*55 `]b ?+-<. #&1&.) 1:(&# #$<-5! I&:.+$> (*!+#*+$+#*+! ?&-*5.*+! 2+(!, 

F#!$*>! /25*>, /25*- /25*+1+! 14&5?+#!;/.15!). L25*-$!ZV.+B*&F $!(&:/&C5F +2$!#!(F!. 

*59*5; 2$!#!( Z5$5*> (5*55, $&1*>; τ1/2 . ]$5 +./<./.155 +$35.&()*+-+ 1>$+9#!*5F (l=0) 

+3>B*+ τ1  1!(5:+ 5 /2!:.$> `]b ?+9*+ *&3(6#&.) #&9! 2$5 :+?*&.*>X .!?2!$&.<$&X. ]$5 

l≠0 τ1  $!4:+ 2&#&!. / $+/.+? .!?2!$&.<$>, 5 *&3(6#!*5! `]b 1+4?+9*+ (5Z) 2$5 -!(5!1>X 

.!?2!$&.<$&X.  
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 J/(5 *!/2&$!**>! [(!:.$+*> +3(&#&6. +.(5B*>? +. *<(F +$35.&()*>? ?+?!*.+? 

:+(5B!/.1& #159!*5F (p-, d-, f- [(!:.$+*>), .+ ?&-*5.*>; ?+?!*., /1F4&**>; / +$35.&()*>? 

#159!*5!?, /:(&#>1&!./F /+ /25*+1>?. Q $!4<().&.! g-I&:.+$ +2$!#!(F!./F I+$?<(+; 

A&*#!  

                           
( ) ( ) ( )

( )1JJ2
1LL1SS1JJ

1g
+

+−++++=  ,                                              (1.2.7) 

-#! J - 1!(5B5*& 2+(*+-+ ?+?!*.& :+(5B!/.1& #159!*5F, L - +$35.&()*+-+, S - /25*+1+-+ 

?+?!*.+1. ]$5 L=0, J=S 3<#!. g=2, & / <BV.+? $!(F.515/./:5X [II!:.+1 g=2,0023, :&: 

<:&4>1&(+/) 1>Z!. 

 Q :$5/.&((! +3>B*+ 5?!!. ?!/.+ /5()*+! 14&5?+#!;/.15! [(!:.$5B!/:5X 2+(!; / 

*!/2&$!**>?5 [(!:.$+*&?5. D$35.&()*>; ?+?!*. ?+9!. 3>.) “4&?+$+9!*” 

:$5/.&((5B!/:5? 2+(!?, 5 .+-#& g-I&:.+$   2$53(59&!./F : B5/.+ /25*+1+?< 4*&B!*56 ≈ 2. 

`.+ 14&5?+#!;/.15! +3>B*+ &*54+.$+2*+!, B.+ 2$51+#5. : .+?<, B.+ g-I&:.+$ /.&*+15./F 

.!*4+$+?.  

 J/(5 *& 2&$&?&-*5.*+? C!*.$! (+:&(54+1&*+ *!/:+():+ *! /2&$!**>X [(!:.$+*+1, .+ 

5X 14&5?+#!;/.15! / 1*<.$5:$5/.&((5B!/:5? 2+(!? +3>B*+ 2$51+#5. : $&/_!2(!*56 (5*5; 

`]b *& $F# +.#!()*>X (5*5;, B&/.+ *! $&1*>X 2+ &?2(5.<#!, 2+(+9!*5! :+.+$>X 4&15/5. +. 

14&5?*+; +$5!*.&C55 ?&-*5.*+-+ 2+(F 5 :$5/.&((&. Q [.+? /(<B&! -+1+$F. + .+*:+; 

/.$<:.<$! (nL) /2!:.$& `]b. i5/(+ (5*5; nL $&1*+ 2S, -#! S - [II!:.51*>; /25* 

2&$&?&-*5.*+-+ C!*.$&.  

 @4-4& 14&5?+#!;/.15F *! /2&$!**>X [(!:.$+*+1 / F#$+? 2&$&?&-*5.*+-+ 5+*& 

1+4*5:&!. #+2+(*5.!()*+! $&/_!2(!*5! (5*5; `]b, *&4>1&!?+! /1!$X.+*:+; /.$<:.<$+; 

(LnL). N(F F#$& /+ /25*+? I 2+(<B&!./F 2I+1 :+?2+*!*. LnL. J/(5 1!(5B5*& [.+-+ 

$&/_!2(!*5F ?*+-+ ?!*)Z! gµB⋅7  (/25*-/25*+1+! 5 [(!:.$+**+-F#!$*+! 14&5?+#!;/.15F 

?*+-+ ?!*)Z! 4!!?&*+1/:+-+), (5*55 LnL [:15#5/.&*.*>, &?2(5.<#& (5*5; LnL 2+B.5 

+#5*&:+1&. ]+(+9!*5! (5*5; LnL 2$&:.5B!/:5 *! 4&15/5. +. +$5!*.&C55 :$5/.&((&.  

 O*&(+-5B*+ (1.2.4) #(F $&#5+B&/.+.*+-+ 2+(F 5?!!. ?!/.+ /++.*+Z!*5! 

                                M$B = χ⋅H$B .                                                           (1.2.8) 

n+ !/.), :$+?! 2+/.+F**+-+ ?&-*5.*+-+ ?+?!*.& (1.2.4) 2+F1(F!./F 2!$!?!**>; ?&-*5.*>; 

?+?!*. 54?!*F6_5;/F / B&/.+.+; ν. n&: :&: B&/.+.& ν 3(54:& : $!4+*&*/*+; B&/.+.! (1.2.6), 

:$+?! 2+-(+_!*5F [*!$-55 $&#5+B&/.+.*+-+ 2+(F 3<#!. 5?!.) ?!/.+ #5/2!$/5F 

(/++.*+Z!*5! S$+*5-&- S$&?!$/&), 5 4&15/F_&F +. B&/.+.> 1+/2$55?B51+/.), *&4>1&!?&F 

#5*&?5B!/:+; 1+/2$55?B51+/.)6, F1(F!./F :+?2(!:/*+; 1!(5B5*+;  

χ ′′−χ′=χ i .                                                          (1.2.9) 
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N!;/.15.!()*&F B&/.) χ′  +.1!./.1!**& 4& #5/2!$/56 - *!/+12&#!*5! I&4> :+(!3&*5; T$B / 

H$B , & ?*5?&F B&/.) χ ′′ - 4& 2+-(+_!*5! ?+_*+/.5 [(!:.$+?&-*5.*>X :+(!3&*5;  

                                             ⋅χ ′′ω=
2
1P H2

$B ,                                                     (1.2.10) 

-#! ω = 2πν .  

 L+-(&/*+ (1.2.6) #(F *&3(6#!*5F `]b ?+9*+ (53+ ?!*F.) ?&-*5.*+! 2+(! 7 2$5 

I5:/5$+1&**+; B&/.+.! ν, (53+ 54?!*F.) ν 2$5 I5:/5$+1&**+? ?&-*5.*+? 2+(!. n&: :&: #(F 

+3!/2!B!*5F #+/.&.+B*+ 3+()Z5X n1-n2 /+-(&/*+ (1.2.2) 9!(&.!()*> 3+()Z5! ?&-*5.*>! 2+(F 

5, /(!#+1&.!()*+, 3+()Z5! B&/.+.>, .+ 54?!$!*5! `]b 2$+541+#F. 1 LQi-#5&2&4+*! 

/&*.5?!.$+1>X 5(5 ?5((5?!.$+1>X #(5* 1+(* ν ≈ 1010 - 1011 GC. Q LQi #5&2&4+*! 

.!X*5B!/:5 .$<#*+ 54?!*F.) B&/.+.< 1 Z5$+:5X 2$!#!(&X. ]+[.+?< 2$5?!*F!./F 1&$5&*. / 

I5:/5$+1&**+; B&/.+.+; 5 54?!*F6_5?/F ?&-*5.*>? 2+(!?, :&: *& $5/.1.2.1. 

 

    1.2.2. F@&%.2(? $"A&8E'.%&"%  

 

 Q +3_!? /(<B&! .!+$!.5B!/:+! +25/&*5! 2&$&?&-*!.54?& F1(F!./F /(+9*+; 4&#&B!;. 

D3>B*+ 2$5 :1&*.+1+-?!X&*5B!/:+? $&//?+.$!*55 `]b +-$&*5B51&6./F $F#+? *54Z5X 

[*!$-!.5B!/:5X <$+1*!;, ?&-*5.*>! /1+;/.1& :+.+$>X +25/>1&6. +2!$&.+$+? [*!$-55, 

*&4>1&!?>? /25*+1>? -&?5().+*5&*+? H/2, .+ !/.), 2+(*>; -&?5().+*5&* /5/.!?> 

$&4#!(F6. *& #1! B&/.5  

                                                               H = H0 + H.7 ,                                                     (1.2.11) 

-#! H0 1:(6B&!. :5*!.5B!/:<6 5 2+.!*C5&()*<6 [*!$-56 [(!:.$+*+1 ]m 1 +./<./.155 

1*!Z*!-+ 2+(F 5 /25*- +$35.&()*+-+ 14&5?+#!;/.15F. Q H.7 2$+541+#5./F </$!#*!*5! 2+ 

1/!? 2$+/.$&*/.1!**>? :++$#5*&.&?. ]+[.+?< /25*+1>; -&?5().+*5&* F1(F!./F 

+2!$&.+$*>? 2+(5*+?+? 2+(*+-+ ?+?!*.& :+(5B!/.1& #159!*5F J, -#! 2J+1 - B5/(+ <$+1*!;, 

/1+;/.1& :+.+$>X #+(9*> 3>.) +25/&*> [3]. @*+-#& 1?!/.+ J 5/2+()4<6. [:151&(!*.*<6 

1!(5B5*< - “[II!:.51*>; /25*” S. T+?!*. J=L+S, -#! L - +$35.&()*>; ?+?!*. :+(5B!/.1& 

#159!*5F, S - 2+(*>; /25* [(!:.$+*+1 ]m.  

 Q +./<./.155 +$35.&()*+-+ 1>$+9#!*5F (L=0) J=S. ]$5 Ls0 1 4&15/5?+/.5 +. 4*&:& 

/25*- +$35.&()*+-+ 14&5?+#!;/.15F 2+(*>; ?+?!*. :+(5B!/.1& #159!*5F J=L-S 5(5 L+S. 

 L25*+1>; -&?5().+*5&* /+#!$95. .&:9! B(!*>, +25/>1&6_5! 14&5?+#!;/.15! 

[(!:.$+*& / F#!$*>?5 /25*&?5 Ij, -#! j - *+?!$ F#$& / #&**>? /25*+?. 

 D3>B*+ /&?>?5 3+()Z5?5 5, /(!#+1&.!()*+, /&?>?5 1&9*>?5 F1(F6./F B(!*> 

-&?5().+*5&*&, /+#!$9&_5! ?&(>! /.!2!*5 *&2$F9V**+/.5 1*!Z*!-+ 2+(F H, J 5 Ij. S$+?! 

.+-+, 1 -&?5().+*5&*! *! #+(9*> <B5.>1&.)/F B(!*> / J (5(5 Ij), 2+$F#+: 1!(5B5*> :+.+$>X 
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2$!1>Z&!. 2J (5(5 2Ij), .&: :&: .&:5! B(!*> ?+9*+ 1>$&45.) B!$!4 /(&-&!?>! 3+(!! *54:+-+ 

2+$F#:&. 

 L25*+1>; -&?5().+*5&* ?+9*+ 2$!#/.&15.) 1 I+$?! 

H.7 = HN +H03 + H(A< +H0: A< + HG<  = 

= IHHIIIIJJJHJ RQADg BN

)))))
BNB µ−γµ−+++µ                             (1.2.12) 

/ B(!*&?5 / J 5 I #+ 1.+$+; /.!2!*5 5 / H - 2!$1+; /.!2!*5. ]!$1>; B(!* +25/>1&!. 

4!!?&*+1/:+! $&/_!2(!*5! [(!:.$+**>X <$+1*!;, 1.+$+; - $&/_!2(!*5! [(!:.$+**>X 

/+/.+F*5; :$5/.&((5B!/:5? 2+(!? 2$5 H=0, .$!.5; - 14&5?+#!;/.15! [(!:.$+**+-+ 5 

F#!$*+-+ ?&-*5.*>X ?+?!*.+1, B!.1V$.>; - #+2+(*5.!()*+! : H03 [(!:.$5B!/:+! 

14&5?+#!;/.15!, +3</(+1(!**+! :1&#$<2+()*>? ?+?!*.+? F#!$ / 
2
1I > , 2F.>;, 

/++.1!./.1<6_5; #1<? /(&-&!?>? / F#!$*>? ?&-*!.+*+? l+$& µBN - 4!!?&*+1/:+! 

$&/_!2(!*5! F#!$*>X <$+1*!;. Q +3_!? /(<B&! :+[II5C5!*.> $&4(+9!*5F 1 (1.2.12) g
)

, D
)

, 

A
)

, Q
)

 5 R
)

 F1(F6./F .!*4+$*>?5 1!(5B5*&?5.  

  +$?& /25*+1+-+ -&?5().+*5&*& 4&15/5. +. :(&//& /5??!.$55 :$5/.&((&. 7&2$5?!$, 1 

:<35B!/:+? :$5/.&((! / .!.$&[#$5B!/:+; /5??!.$5!; +/5 :<3& x, y, z F1(F6./F -(&1*>?5 

+/F?5 g
)

-.!*4+$&, gxx=gyy=gzz=g , H4=grBJtH, -#! g - /:&(F$. O*&(+-5B*>! <.1!$9#!*5F 

/2$&1!#(51> 5 #(F B(!*+1 / D
)

, A
)

, Q
)

 5 R
)

. i.+3> <B!/.) &*54+.$+256 :$5/.&((& 1 [.+? 

/(<B&!, *<9*+ 1:(6B5.) 3+(!! 1>/+:5! /.!2!*5 2+ J 5(5 I. Q :$5/.&((&X .!.$&[#$5B!/:+; 

/5??!.$55 B(!*, /+#!$9&_5; J 1 B!.1V$.+; /.!2!*5, F1(F!./F *&5?!*)Z5? (5/:(6B&F 

/1!$X.+*:+! 14&5?+#!;/.15!), :+.+$>; #&V. 1:(&# 1 H03 2$5 H=0. `.+. 1:(&#  +3>B*+ 

4&25/>1&6. 1 15#! #+3&1:5 

                          H03.+&$. ( )4
z

4
y

4
x JJJ

6
a ++= ,                           (1.2.13) 

-#! a - 2&$&?!.$ $&/_!2(!*5F 1 :<35B!/:+? 2+(!.   

 L25*+1>; -&?5().+*5&*, /++.1!./.1<6_5; *<(!1+?< ?&-*5.*+?< 2+(6, #+(9!* 3>.) 

5*1&$5&*.!* +.*+/5.!()*+ +3$&_!*5F 1$!?!*5. Q /1F45 / [.5? 54 1/!X B(!*+1, *! 4&15/F_5X 

+. H, $&4$!Z!*> .+():+ B(!*> 15#&  JnIm, 2$5BV? n+m - BV.*+! B5/(+, .&: :&: J 5 I ?!*F6. 

4*&: 2$5 +3$&_!*55 1$!?!*5. k&2$!_!*>, *&2$5?!$, B(!*>, 2$+2+$C5+*&()*>! Jx 5(5 Jx
3 . 

7+ 2$5 Hs0 $&4$!Z!*>, *&2$5?!$, B(!*> 15#& Jx
3Hx .     

 Q /(<B&! /1+3+#*>X [(!:.$+*+1 5(5 #>$+: 5(5 ?!(:5X 2$5?!/*>X C!*.$+1 

5/2+()4<!./F ?+#5I5:&C5F /25*+1+-+ -&?5().+*5&*& 1 2$53(59!*55 [II!:.51*+; ?&//> 

[3].  

 l+(!! 2+#$+3*&F $&/Z5I$+1:& /(&-&!?>X 1 (1.2.12) (:$+?! H03 ) 5?!!./F 1 :*5-!  [4] .  



 

 

13 

 ]+ 2+$F#:< 1!(5B5*> 1 (1.2.11), (1.2.12) H&≈10 [Q, HG ≈ 10-4 [Q, H03≈10-5 [Q, H(A< ≈10-6-

10-5 [Q, HG< ≈10-7 [Q.  ]+[.+?< 4&#&B& $&/BV.& <$+1*!; ]m +3>B*+ $!Z&!./F ?!.+#+? .!+$55 

1+4?<_!*5; /+/.+F*5; H&. 

 

1.2.3 F2)+6'.%>"J & '.%>"J 0'+H>'H+( [1,3]  

 

 b&//?+.$5? 2$5?!/*>; 5+* 1 :$5/.&((! / F#!$*>? /25*+? I, F#!$*>? ?&-*5.*>? 

?+?!*.+? γ 5 J ≤ 2 . L .+B*+/.)6 #+ B(!*+1 1.+$+-+ 2+$F#:& 2+ J , I  5 B  1 (1.2.2.1) +/.&6./F 

/(&-&!?>!  

                        HIJIJH Bµγµ )( RAgH BOQ +++=  .                            (1.2.14) 

Q+ 1.+$+? 2+$F#:! .!+$55 1+4?<_!*5;, 2+(&-&F, B.+ *&53+()Z5? 1 (1.2.3.1) F1(F!./F 2!$1+! 

/(&-&!?+!, ?+9*+ 2+:&4&.), B.+ [*!$-!.5B!/:5! <$+1*5 5+*& #&6./F 1>$&9!*5!?    

}
ν

−+−−+
+µ+γ−+µ= 




h2

A]M)1m[J(J]m)1M[I(I
B)R(AMMgW

222

mmm,M BB ,           (1.2.15) 

-#! T - 2$+!:C55 1!:.+$& J, -J ≤  M ≤ J, m - 1!:.+$& I, -I ≤ m ≤ I. 

 7& $5/.2 2+:&4&*& /X!?& [*!$-!.5B!/:5X <$+1*!; #(F /(<B&F J=1/2, I=3/2. Q 2$+/.+?, 

$&//?&.$51&!?+? *&?5 `]b, 5?!6. ?!/.+ (5Z) 2!$!X+#> / 1M ±=∆  5 ∆m=0 .  

 

b5/. 1.2.2 `*!$-!.5B!/:5! <$+1*5 5 2!$!X+#>   ?!9#< 

[*!$-!.5B!/:5?5 <$+1*F?5 / J=1/2 5 I=3/2. ]!$!X+#> 

`]b /1F4&*> / 54?!*!*5!? [(!:.$+**+-+ :1&*.+1+-+ 

?&-*5.*+-+ B5/(& T, & 2!$!X+#> #1+;*+-+ $!4+*&*/& - 

/ 54?!*!*5!? F#!$*+-+ :1&*.+1+-+ ?&-*5.*+-+ B5/(& 

m 2$5 2+/.+F**+? B5/(! T. 

 

  

 

 `*!$-5F 2!$!X+#& 54 /+/.+F*5F (M-1,m) 1 (M,m) #&V./F 1>$&9!*5!? 

           
ν

µν
h

AMmmII
AmHgh

2
)]12()1([ 22 −+−+++= B .                      (1.2.16) 

@4 (1.2.16) 5 $5/.1.2.2 ?+9*+ 15#!.), B.+ 5?!!./F 1/!-+ 2I+1 (5*5; LnL. ]$5BV? :&9#&F 54 

[.5X (5*5; $&/_!2(F!./F *& 2J (5*5; .+*:+; /.$<:.<$>, /1F4&**+; / B(!*+? 

ν− h2A1M2m 2 /)( . 7& $5/. 1.2.2 [*!$-!.5B!/:5! <$+1*5 .+*:+; /.$<:.<$> +./<./.1<6., .&: 

:&: J=1/2 5 2J=1. Q&9*+ +.?!.5.), B.+ /+-(&/*+ (1.2.16), B&/.+.> 2!$!X+#+1 *! 4&15/F. +. 
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+$5!*.&C55 :$5/.&((&, .+ !/.), LnL *! 54?!*F!./F 2$5 2+1+$+.! :$5/.&((&. S$+?! .+-+, 

5*.!$1&(> ?!9#< <$+1*F?5 LnL ( )νhEOSO ∆=∆  ?*+-+ ?!*)Z! hν0 - B&/.+.> +/*+1*+-+ 

$!4+*&*/& `]b, :+.+$&F, 1 /1+6 +B!$!#), ?*+-+ ?!*)Z! kT. ]+[.+?< $&4*+/.5 4&/!(V**+/.!; 

?!9#< <$+1*F?5 LnL 2$&:.5B!/:5 +#5*&:+1>, 2+ &*&(+-55 / (1.2.2, 1.2.3) 

         
kT
E

N
kT
E

nnnn CTC
]m

CTC
1m1mmLnL

∆=∆=−=∆ −−  ,                           (1.2.17) 

-#! 2$5 #+/.&.+B*+ 1>/+:+; .!?2!$&.<$! (T>>1S) 1/! 1!(5B5*> nm 3(54:5 : :+*C!*.$&C55 

2&$&?&-*5.*>X C!*.$+1 N]m. `.+ +3/.+F.!()/.1+ 2$51+#5. : 2$&:.5B!/:5 +#5*&:+1+; 

&?2(5.<#! (5*5; LnL. H:&4&**>! +/+3!**+/.5 2+41+(F6. [:/2!$5?!*.&()*+ (!-:+ +.(5B5.) 

(5*55 `]b, /1F4&**>! / LnL. L+-(&/*+ (1.2.16), ?+9*+ 54 +2>.& 1>B5/(5.) :+*/.&*.< A 

/1!$X.+*:+-+ 14&5?+#!;/.15F 2&$&?&-*5.*>X [(!:.$+*+1 / 2+(!? F#$& 5 2+ [.+; 1!(5B5*! 

/<#5.) +3 &?2(5.<#! 1+(*+1+; I<*:C55 [.5X [(!:.$+*+1 *& F#$!. J/(5 (5*55 `]b 

#+/.&.+B*+ <4:5 5 $&4$!Z&!./F LnL 5 nL, ?+9*+ +2$!#!(5.) 1!(5B5*> J (2$5 J>1/2) 5 I, & 2+ 

2+(+9!*56 C!*.$& 1/!-+ /2!:.$& *& ?&-*5.*+; Z:&(!, 4*&F B&/.+.< ν, 1>B5/(5.) g- I&:.+$, 

:+.+$>; 1 #&**+? 2$53(59!*55 54+.$+2!*.  

 L(&3&F &*54+.$+25F LnL ?+9!. 3>.) 2+(<B!*& 2$5 <BV.! 1 (1.2.14) /(&-&!?>X 3+(!! 

1>/+:+-+ 2+$F#:& 2+ 2&$&?!.$< F#$& I. S$+?! LnL, +. F#$& /&?+-+ 2&$&?&-*5.*+-+ 5+*& 1 

:$5/.&((! 1+4?+9*+ /1!$X.+*:+! 14&5?+#!;/.15! (JAI) 1 (1.2.11) / F#$&?5 /+/!#*5X &.+?+1 

5(5 5+*+1 :$5/.&((&, :+.+$+! *&4>1&6. /<2!$/1!$X.+*:5? 14&5?+#!;/.15!? (LLnQ). LLnQ 

?+9!. 2$+F1(F.)/F 1 *&/.+():+ /(+9*+? /2!:.$!, B.+ (5*55 LnL /(51&6./F. `.+ 2$51+#5. : 

.&: *&4>1&!?+?< *!+#*+$+#*+?< <Z5$!*56 (5*5; (`]b) (2+ &*&(+-55 / <Z5$!*5!? 1 

*!+#*+$+#*+? ?&-*5.*+? 2+(!). @?!**+ [.5? +3fF/*F!./F ?5*5?&()*&F Z5$5*& 

/2!:.$&()*>X (5*5; `]b 2+$F#:& 1 ` 1 :$!?*55 54-4& .+-+, B.+ B&/.) :$!?*5F 1 

!/.!/.1!**+; /?!/5 /+#!$95. 4 % Si29 / *!*<(!1>? I=1/2 /25*+? F#$& 5 Z5$+:5! (5*55, 

*&3(6#&6_5!/F 1 Ge 5 /+!#5*!*5FX A3B5. Q !/.!/.1!**+? 54+.+2*+? /+/.&1! -!$?&*5F 5 1 

*&53+(!! B&/.+ 5/2+()4<!?>X :+?2+*!*.X /+!#5*!*5; A3B5 (Al, P, Ga , In, As) 4*&B5.!()*&F 

#+(F F#!$ 5?!!. *!*<(!1+; 5 3+()Z+; /25* (/?. .&3(. 1.2.1). `.5? +3fF/*F!./F /5()*+!  

*!+#*+$+#*+! <Z5$!.   

J/(5 2+(*>; ?+?!*. :+(5B!/.1& #159!*5F J>2 , .+ : /25*+1+?< -&?5().+*5&*< 

(1.2.14) *&#+ #+3&15.) /(&-&!?+! 15#& 

                                 )( 4
z

4
y

4
x6

1 JJJa ++ ,                                                     (1.2.18) 

-#! & - 2&$&?!.$ $&/_!2(!*5F 1 :<35B!/:+? 2+(!, x, y, z - :<35B!/:5! +/5 :$5/.&((&.  

 7& 2$&:.5:! 1&9!* /(<B&; J=S=5/2 (*&2$5?!$, 5+*> Mn2+ 5 Fe3+). Q [.+? /(<B&! 2$5 

</(+155, B.+ a<<hν  <BV. (1.2.18) 2$51+#5. : <$+1*F?, #+2+(*5.!()*>? : <$+1*F? 1 

(1.2.15) 
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...
h

a)]11350()192/5()64/5[(
pa

2
1:W

...
h

a)]7522()64/5()64/5[(
pa:W

...
h

a)57()12/5(
pa:W

2

2
5

2

2
3

2
3

2

2
1

+
ν

ϕ−ϕ+±+

+
ν

ϕ−ϕ+±−

+
ν

ϕ−ϕ+

±

±

±
m

.                     (1.2.19)  

*5! (5*5; `]b 1 Ge 5 /+!#5*!*5FX A3B5 (10-2-10-3 T( 5(5 100-1000 `).  

 

n&3(5C& 1.2.1 d#!$*>! /25*> /.&35()*>X 54+.+2+1 / *!*<(!1>? ?&-*5.*>? ?+?!*.+? F#$&  

`(!?!*. Si29 Al27 Ga69 Ga71 Ge73 

L25* F#$& 1/2 5/2 3/2 3/2 9/2 

@4+.+2*>; 

/+/.&1 , % 

4,71 100 60,2 39,8 7,67 

`(!?!*.  P31 As75 N14 N15 In113 

L25* F#$& 1/2 3/2 1 1/2 9/2 

@4+.+2*>; 

/+/.&1, % 

100 100 99,635 0,365 4,23 

 

  

]&$&?!.$ p=1−5ϕ , -#! ϕ=n1
2n2

2+n2
2n3

2+n3
2n1

2 , n1 , n2 5 n3 - *&2$&1(F6_5! :+/5*</> 

?&-*5.*+-+ 2+(F +.*+/5.!()*+ +/!; x, y, z :$5/.&((&. n+-#& : 2!$!X+#&? (1.2.16), 1 :+.+$>X 

[(!:.$+**+! :1&*.+1+! B5/(+ ?!*F!./F *& !#5*5C<, #+3&1(F6./F 2!$!X+#> 

      

ν
ϕ−ϕ+±±→±=

ν
ϕ−ϕ+

+±±→±=

ν
ϕ−ϕ−→+=

h
a)71()3/5(

pa2:M

h
a)26251783)(48/5(

pa:M

h
a)257()3/10(

:M

2

2
3

2
5

2

2
5

2
1

2
3

2

2
1

2
1

,                             (1.2.20)  

 

 L<_!/.1+1&*5! 2!$!X+#+1 (1.2.20) +3</(&1(51&!. 2J (5(5 2S), .+ !/.), 2F.) (5*5; nL. 

m!*.$&()*&F (5*5F (
2
1

2
1 −→ ) / .+B*+/.)6 #+ 2!$1+-+ 2+$F#:& 2+ a *! 4&15/5. +. 

+$5!*.&C55 :$5/.&((&. N$<-5! 2!$!X+#>, :&: /(!#<!. 54 (1.2.20), 2$!.!$2!1&6. <-(+1+! 

54?!*!*5!, 2$+2+$C5+*&()*+! pa , :+.+$+! ?!*F!./F +. a #(F H
r

|| [100] #+ -2a/3 #(F H
r

|| [111] 

.  
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 ]$5 *!?&(>X a, :+-#& ∆EnL=∆hνnL - [*!$-!.5B!/:5! 5*.!$1&(> ?!9#< <$+1*F?5  

<<hν<<kT,  :&: ?+9*+ 2+:&4&.), 5*.!*/51*+/.5 (5*5; nL +2$!#!(F6./F :1&#$&.+? 

?&.$5B*+-+ [(!?!*.& J+=Jx+iJy ?!9#< /+/.+F*5F?5 M-1 5 M 

                           [J(J+1)-M(M-1)].                                                            (1.2.21) 

7&2$5?!$, #(F J=5/2 (J=S=5/2) +.*+Z!*5F 5*.!*/51*+/.!; (5*5; nL 1 (1.2.20)  

X&$&:.!$54<6./F :&: 8 : 5 : 9 : 5 : 8. 

 

1.2.4. M.+A" 8&%&? <9K. N5%.+.5%.) & %).5%.+.5%.) HP&+)%&) 

 

 S&: -+1+$5(+/) 1>Z! 1 $&4#!(! 1.2.1, 2$5 $&//?+.$!*55 ?&-*5.*+-+ $!4+*&*/& 1 

1!_!/.1! 11+#5./F ?&-*5.*>; ?+?!*. 1/!; /5/.!?> 5(5 *&?&-*5B!**+/.) M, :+.+$&F, 

*&2$5?!$, 1 /(<B&! 2&$&?&-*5.*+-+ 1!_!/.1& 2+#B5*F!./F 4&:+*< S6$5 

H
kT3

)1J(JN
HM

22

0 ⋅+γ=χ= h
                                 (1.2.22) 

 7& +/*+1! :5*!.5B!/:5X <$&1*!*5; #159!*5F #(F 1!:.+$& *&?&-*5B!**+/.5   – 

<$&1*!*5F l(+X& (/?. *59! 2+#$+3*+! $!Z!*5! [.+-+ <$&1*!*5F) ?+9*+ 2+:&4&.), B.+ 

4&15/F_&F +. B&/.+.> ?&-*5.*&F 1+/2$55?B51+/.) 2&$&?&-*!.5:& u ?+9!. 3>.) 

2$!#/.&1(!*& 1 :+?2(!:/*+; I+$?! 

( ){ }
( ) 21

2
1

22
2

2
0

2020
0

H1

iH

ττγ+τω−ω+
+τω−ωτγ

χ=χ .                                 (1.2.23) 

 Q (1.2.23) 1X+#F. #1& 1&9*>X 2&$&?!.$& /5/.!?>. H9! <2+?5*&1Z!!/F 1 2.1.2 1$!?F 

2$+#+()*+; /25*-$!ZV.+B*+; $!(&:/&C55 τ1  X&$&:.!$54<!. 2$+C!// </.&*+1(!*5F 

2$+#+()*+; (1#+() *&2$&1(!*5F 1*!Z*!-+ ?&-*5.*+-+ 2+(F) z-:+?2+*!*.>  *&?&-*5B!**+/.5 

Mz. N$<-+; 2&$&?!.$ τ2- 1$!?F 2+2!$!B*+; $!(&:/&C55, .+ !/.), :+?2+*!*. Mx , My . D* 

+2$!#!(F!. 1$!?F I&4+1+; :+-!$!*.*+/.5 1 2$!C!//55 ?&-*5.*>X ?+?!*.+1 1 2+/.+F**+? 

?&-*5.*+? 2+(!. L(!#+1&.!()*+, 2+ 2+$F#:< 1!(5B5*> v2=1/∆ω0 , -#! ∆ω0 - $&4(5B5! 1 

B&/.+.&X 2$!C!//55 1 /5/.!?! /25*+1. T+9*+ 1>$&45.) #!;/.15.!()*<6 5 ?*5?<6 B&/.5 

1+/2$55?B51+/.5 χ=χ′-iχ″ 

( )[ ]21
2
1

22
0

2
2

2
200

0
H12 ττγ+ω−ωτ+

τω−ωω
χ=χ

)(
' ,                                      (1.2.24) 

( )[ ]21
2
1

22
0

20
0

H12 ττγ+ω−ω+
τω

χ=χ" .                                       (1.2.25) 
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`.5 I+$?<(> 1:(6B&6. *!/:+():+ 1&9*>X $!4<().&.+1. ]$!9#! 1/!-+, +*5 2+:&4>1&6. 

1+4?+9*+/.) 2$+541+#5.) 54?!$!*5F (53+ /5-*&(& #5/2!$/55, 2$+2+$C5+*&()*+-+ 

#!;/.15.!()*+; B&/.5 1+/2$55?B51+/.5, (53+ /5-*&(& 2+-(+_!*5F, 2$+2+$C5+*&()*+-+, 

/++.1!./.1!**+, ?*5?+; !! B&/.5.  +$?> (5*55 [.5X /5-*&(+1 /<_!/.1!**+ $&4(5B&6./F: 

/5-*&( 2+-(+_!*5F 5?!!. ?&:/5?<? 2$5 $!4+*&*/!, & /5-*&( #5/2!$/55 $&1!* *<(6 (/?. 

$5/.1.2.3). J_! +#*+ +.(5B5! 4&:(6B&!./F 1 .+?, B.+ /5-*&( 2+-(+_!*5F 1 +.(5B5! +. 

#5/2!$/55 3+(!! 3>/.$+ *&/>_&!./F 2$5 <1!(5B!*55 ?5:$+1+(*+1+; ?+_*+/.5, 

2$+2+$C5+*&()*+; H1
2. ]+[.+?< 2$5 *54:5X .!?2!$&.<$&X, :+-#& 1$!?!*& /25*-$!Z!.+B*+; 

$!(&:/&C55 < ?*+-5X 2&$&?&-*5.*>X C!*.$+1 1!(5:5, (<BZ! *&3(6#&!./F /5-*&( #5/2!$/55. 

]+ *&/>_!*56 (5*55 2+-(+_!*5F ?+9*+ +2$!#!(5.) 1$!?!*& $!(&:/&C55. g+$+Z+ 

1>$&9!**+! *&/>_!*5! *&3(6#&!./F, :+-#& 21
2
1

2 H ττγ >>1.  

]$5 $!4+*&*/! 5 *&2$F9!**+/.FX H1, #&(!:5X +. *&/>_!*5F, :+-#& 21
2
1

2 H ττγ <<1, 

200 τωχ=χ" , 

/(!#+1&.!()*+, 

0χ>>χ"  

]$5 [.+? Mz *!4*&B5.!()*+ +.(5B&!./F +. M0 #&9! 1 ?+?!*. $!4+*&*/&.  

 7!/(+9*+ 2+:&4&.), B.+ 1>$&9!*5! #(F ?&:/5?<?& 2+-(+_!*5F χ″max 5?!!. 15#: 

]1[2
"

21
2
1

2
20

0max ττγ+
τω

χ=χ
H

,                                           (1.2.26) 

& 2+(<Z5$5*& *& 2+(<1>/+.!: 

2

21
2

1
2

2/1

1

τ
ττγ+

±=ω∆
H

.                                              (1.2.27) 

]$5 $!4+*&*/! 5 *&2$F9!**+/.FX H1, #&(!:5X +. *&/>_!*5F, 21
2
1

2H ττγ <<1, ?&:/5?<? 

2+-(+_!*5F 5 Z5$5*& (5*5; `]b +2$!#!(F!./F 1$!?!*!? /25*-/25*+1+; $!(&:/&C55 

2

0
0"

τ
ω

χ≈χ , 
2

2/1
1

τ
±≈ω∆ .                                           (1.2.28) 

 L+-(&/*+ (1.2.9), 2$5 4&25/5 /2!:.$+1 2+-(+_!*5F `]b 1&9*& ?*5?&F B&/.) χ ′′ . @4 

1>$&9!*5; (1.2.10) 5 (1.2.25) ?+9*+ 15#!.), B.+  

                                       P ∼ 
2xα+1

1
,                                                        (1.2.29) 

-#! x=(H-H0) , α=4π2v22g2µ0
2/(1+γ2H1

2v1v2). k&15/5?+/.) P(H) /++.1!./.1<!. I+$?! (5*55 

A+$!*C&, X&$&:.!$*+; #(F .&: *&4>1&!?+-+ +#*+$+#*+-+ <Z5$!*5F /25*-$!ZV.+B*>? 

14&5?+#!;/.15!?.  



 

 

18 

D#*+$+#*+! <Z5$!*5! 5?!!. ?!/.+ 1/!-#&. 7+, !/(5 +*+ *! 1!(5:+, I+$?& (5*5; 

/2!:.$+1 +2$!#!(F!./F .&: *&4>1&!?>? *!+#*+$+#*>? <Z5$!*5!?. 7!+#*+$+#*+! <Z5$!*5! 

(5*5; /2!:.$+1 ?+9!. 3>.) 1>41&*+ *!+#*+$+#*>? 1*!Z*5? ?&-*5.*>? 2+(!?, 

*!+#*+$+#*+/.)6 *&?&-*5B!**+/.5 1 +3fV?! +3$&4C&, 1 B&/.*+/.5, *&(5B5!? &.+?+1 / 

*!*<(!1>? ?&-*5.*>? ?+?!*.+? F#!$ :$5/.&((& – /<2!$/1!$X.+*:5? 14&5?+#!;/.15!?. Q 

/(<B&! *!+#*+$+#*+-+ <Z5$!*5F X&$&:.!$*& -&<//+1& I+$?& (5*5; 2+-(+_!*5F 

                                 P ∼ exp(-α2
.
 x

2) .                                                     (1.2.30) 

 O*&(+-5B*>! 1>$&9!*5F? (1.2.29) 5 (1.2.30) ?+9*+ 2+(<B5.) I+$?<(> #(F /5-*&(+1 

#5/2!$/55, 2$+2+$C5+*&()*>X #!;/.15.!()*+; B&/.5 1+/2$55?B51+/.5 χ′. Q 

?&-*5.+$!4+*&*/*+; /2!:.$+/:+255 +3>B*+ 2$5?!*F!./F ?+#<(FC5F ?!#(!**+ ?!*F6_!-+/F 

2+(F H ?&(>? 2!$!?!**>? ?&-*5.*>? 2+(!? 5 4&25/>1&!./F 2!$1&F 2$+541+#*&F /5-*&(& 

2+-(+_!*5F 5(5 #5/2!$/55 (+3 [.+? 1 /(!#<6_5X $&4#!(&X). 7& $5/<*:! 1.2.3 2+:&4&* 15# 

/2!:.$+1 2+-(+_!*5F 5 #5/2!$/55 (5*5; /2!:.$+1 (+$!*C!1+; 5 -&<//+1+; I+$? 5 5X 

2!$1>X 2$+541+#*>X 54 :*5-5 [9]. 

 b!&()*>! /2!:.$> +3>B*+ 5?!6. /?!Z&**<6 I+$?< - 2$+?!9<.+B*<6 ?!9#< 

-&<//+1+; 5 (+$!*C!1+;. N(F -&<//+1+; I+$?> (1.2.30) X&$&:.!$*& 3+()Z&F Z5$5*& (5*55 1 

C!*.$! 5 $!4:5; /2&# *& :$&FX (5*55. N(F (+$!*C!1+; I+$?> (1.2.29) X&$&:.!$*& 

+3+/.$V**&F :$51&F 1 C!*.$! 5 2(&1*>;, 4&.F9*+; /2&# *& :$&FX (5*55. 7!54?!**+/.) 

Z5$5*> (5*5; `]b / .!?2!$&.<$+; /15#!.!()/.1<!. + *!+#*+$+#*+? X&$&:.!$! <Z5$!*5F.  

 Q ?!.&((&X 5(5 /5()*+ 2$+1+#F_5X 2+(<2$+1+#*5:&X, :+-#& .+(_5*& +3$&4C& 

2$!1>Z&!. -(<35*< /:5*- /(+F, (5*55 `]b /.&*+1F./F &/5??!.$5B*>?5 5 2$5+3$!.&6. .&: 

*&4>1&!?<6 I+$?< N&;/+*& [9]. g&$&:.!$ &/5??!.$55 4&15/5. +. /:+$+/.5 +3?!*& [*!$-5!; 

?!9#< /25*&?5 - /25*+1+; #5II<455. Q [.+? /(<B&! `]b 2+41+(F!. #+2+(*5.!()*+ : 1:(&#< 

/25*-/25*+1+-+ 14&5?+#!;/.15F v2 +2$!#!(5.) 1!(5B5*< 5 2$5$+#< 14&5?+#!;/.15F ?!9#< 

/25*&?5 ]m.  
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b5/.1.2.3 Q5# /2!:.$+1 2+-(+_!*5F 5 #5/2!$/55 (5*5; /2!:.$+1 (+$!*C!1+; 5 -&<//+1+; 

I+$?.  Q!$X*5; $F# $5/<*:& - :$51>! #5/2!$/55 χ′ 5 2+-(+_!*5F χ″ #(F (+$!*C!1+; 5 

-&<//+1+; (5*55. 759*5; $F# - 2!$1>! 2$+541+#*>! #5/2!$/55 dχ′/dx 5 2+-(+_!*5F dχ″/dx 

#(F (+$!*C!1+; 5 -&<//+1+; (5*55. b5/<*+: 2$51!#V* 54 :*5-5 [9]. 

 

1.2.5. Q).+&J >+&0'"88&S)0>.$. @.8J, A.5)8E TU52&$"-BH5V)+& 58J d-&.%.2 2 

"8A"-.@.5.V%(6 >+&0'"88"6 

 

N(F 5+*+1 2!$!X+#*>X [(!?!*.+1  (/ *!2+(*+/.)6 4&2+(*!**>?5 d-, f-+3+(+B:&?5 

+3+(+B:&?5) 1 2+(<2$+1+#*5:&X 5 #5[(!:.$5:&X X&$&:.!$*+ ?&(+! +.(5B5! 1 1+(*+1>X 

I<*:C5FX d- 5(5 f- /+/.+F*5; 1 :$5/.&((! +. .&:+1>X #(F /1+3+#*>X 5+*+1. ]$5 [.+? 

[*!$-!.5B!/:5! <$+1*5 d- 5(5 f- /+/.+F*5; +:&4>1&6./F -(<3+:+ 1*<.$5 4&2$!_V**+; 4+*> 

:$5/.&((&, & 1+(*+1>! I<*:C55 +:&4>1&6./F /(&3+ 1+4?<_V**>?5 #!;/.1<6_5? *& *5X 

:$5/.&((5B!/:5? +:$<9!*5!?. `.+ +3fF/*F!./F /5()*+; (+:&(54&C5!; [(!:.$+**+; 

2(+.*+/.5 d- 5 f-/+/.+F*5;, B&/.+ 1 2$!#!(&X 2!$1+; 5 1.+$+; :++$#5*&C5+**>X /I!$. 
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7&53+(!! 2$+/.+; 1&$5&*. .!+$55 :$5/.&((5B!/:+-+ 2+(F (nS]) #(F +25/&*5F 1+4?<_!*5F 

.&:5X /+/.+F*5; :$5/.&((+1 /1+#5./F : #!;/.156 *& [(!:.$+*> .&:+-+ ]m /.&.5B!/:+-+ 

[(!:.$5B!/:+-+ 2+(F .+B!B*>X 4&$F#+1 5+*+1 :$5/.&((& 

∑
−

=
i

iZ

i

2

wy
e

V
Rr

,                                                                    (1.2.31) 

-#! Zi 5 Ri - 4&$F# 5 :++$#5*&.& i--+, /+/!#*!-+ 5+*+1 :$5/.&((&. ]$5BV? X&$&:.!$ 

$&/_!2(!*5F +2$!#!(F!./F $&//.+F*5!? 5 /5??!.$5!; $&/2+(+9!*5F, 1 +/*+1*+?, 

3(59&;Z5X /+/!#*5X &.+?+1 54 2!$1+;, 1.+$+; :++$#5*&C5+**>X /I!$. T&.$5B*>! 

[(!?!*.> 1+4?<_!*5F (1.2.31) *& 1+(*+1>X I<*:C5FX ϕm d- (f-) - /+/.+F*5; 

                             >′=<′= mVmmmHH  ! !                                               (1.2.32) 

+2$!#!(F6. 1:(&# :$5/.&((5B!/:+-+ 2+(F 1 /25*+1>; -&?5().+*5&* (1.2.12) 5(5 !-+ 3+(!! 

/(+9*<6 I+$?< / <BV.+? /(&-&!?>X 3+(!! 1>/+:+-+ 2+$F#:&, *&2$5?!$ (1.2.13). Q?!/.! / 

.!?, $&/BV. $&/_!2(V**>X :$5/.&((5B!/:5? 2+(!? [*!$-!.5B!/:5X <$+1*!; 2+41+(F!. 

2$!#/:&4&.) 1+4?+9*>! 4*&B!*5F ?&-*5.*+-+ ?+?!*.& ]m. Q 2!$1+? 2+$F#:! .!+$55 

1+4?<_!*5; [*!$-!.5B!/:5! <$+1*5 +2$!#!(F6./F #5&-+*&(54&C5!; ?&.$5C> 

mm
H

mmfd
E

:&G(fd
E ′+′⋅=







 δ   ,                                  (1.2.33) 

-#!   - Jd(f) - [*!$-5F *!1+4?<_!**>X  d- 5(5  f-/+/.+F*5; 5+*&. 

 b&/BV.> 2+ I+$?<(! (1.2.33) *! /(+9*>, *+ -$+?+4#:5. ]$5?!$> .&:5X $&/BV.+1 !/.), 

*&2$5?!$, 1 :*5-! [7]. 7+ B&/.+ X&$&:.!$ $&/_!2(!*5F ?+9*+ :&B!/.1!**+ 2$!#15#!.), 

5/X+#F 54 /5??!.$55 d- 5(5 f- 1+(*+1>X I<*:C5; 5 /5??!.$55 :$5/.&((5B!/:+-+ 2+(F. 

b&//?+.$5?, :&: [.+ 2$+5/X+#5. *& 2$5?!$! 3d- /+/.+F*5; 5+*+1 [(!?!*.+1 -$<22> 9!(!4& 1 

2+(! / :<35B!/:+; /5??!.$5!;.  

 l!4 <BV.& /25*-+$35.&()*+-+ 14&5?+#!;/.15F /+/.+F*5! +#*+-+ d-[(!:.$+*& (2l+1)=5- 

:$&.*+ 1>$+9#!*+, -#! l=2 - ?&:/5?&()*&F 2$+!:C5F +$35.&()*+-+ ?+?!*.& d-[(!:.$+*& (1 

!#5*5C&X ?&-*!.+*& l+$&).  

 Q+(*+1>! I<*:C55 d-/+/.+F*5; ?+9*+ 2$!#/.&15.) 1 #!;/.15.!()*+; I+$?! 

2r3

2r2z3
16
15

2zd

−
π

=ϕ
,

;    
2r

2y2x
16
15

2y2xd

−
π

=
−

ϕ
,

 ;                         (1.2.34) 

2r

xy2
16
15

xyd π
=ϕ , ; 

2r

yz2
16
15

yzd π
=ϕ ,  ;  

2r

xz2
16
15

xzd π
=ϕ , .                     (1.2.35)  

  +$?& 1/!X 2F.5 +$35.&(!; 2+:&4&*& *& $5/.1.2.4. D*5 $&4351&6./F *& #1! -$<22>, 

:+.+$>! B&/.+ +3+4*&B&6. !- 5 t2-/+/.+F*5F.  



 

 

21 

 N1& 1!$X*5X x2-y2 5  z2, !-/+/.+F*5F *& $5/.1.2.4 5?!6. ?&:/5?<?> [(!:.$+**+; 

2(+.*+/.5 1#+() +/!; #!:&$.+1+; /5/.!?> :++$#5*&.. n$5 #$<-5X t2-/+/.+F*5F, 1*54<, *& 

$5/.1.2.4, 5?!6. ?&:/5?<?> [(!:.$+**+; 2(+.*+/.5 1 *&2$&1(!*5FX 1 2(+/:+/.5 (x,y) ?!9#< 

+/F?5 x 5 y #(F ϕd,xy , 1 2(+/:+/.5 (x,z) ?!9#< +/F?5 x 5 z #(F ϕd,xz 5 1 2(+/:+/.5 (y,z) ?!9#< 

+/F?5 y 5 z #(F ϕd,yz . 

 Q 2$+/.+? 1&$5&*.! nS] /+/!#*5! 5+*> 4&?!*F6./F +.$5C&.!()*>?5 .+B!B*>?5 

4&$F#&?5. `.+ /1F4&*+ / .!?, B.+ *& d-/+/.+F*5F 3+()Z!! 1(5F*5! +:&4>1&6. [(!:.$+**>! 

+3+(+B:5 /+/!#*5X &.+?+1, & *! 5X F#$&. Q :<35B!/:+? :$5/.&((! 5(5 ?+(!:<(! / :<35B!/:+; 

/5??!.$5!; 3(59&;Z5! /+/!#5 3d-5+*& ?+-<. $&/2+(&-&.)/F 1 1!$Z5*&X +:.&[#$&, :<3& 5(5 

.!.$&[#$&, :&: *& $5/. 1.2.5.  

 

b5/.1.2.4.  +$?& <-(+1>X B&/.!; d-

+$35.&(!;  /1+3+#*+-+ 5+*&. 

 

 

 

 

 

 

 

             

 L+2+/.&1(FF I+$?< d-+$35.&(!; *& $5/.1.2.4 / 2+(+9!*5!? +.$5C&.!()*>X .+B!B*>X 

4&$F#+1 /+/!#!; 3d- 5+*& *& $5/.1.2.5, ?+9*+ 15#!.), B.+ *&53+(!! /5()*+ 1 +:.&[#$5B!/:+? 

2+(! 3<#<. +..&(:51&.)/F +. [.5X 4&$F#+1, 5, /(!#+1&.!()*+, 2+1>Z&.) /1+6 [*!$-56, 

[(!:.$+*> *& t2-+$35.&(FX, < :+.+$>X ?&:/5?<?> [(!:.$+**+; 2(+.*+/.5 :&: $&4 

*&2$&1(!*> *& [.5 .+B!B*>! 4&$F#>. L+/.+F*5F ! / ?&:/5?<?&?5 ?!9#< +/F?5 x, y 5 z 

2+1>Z&6. /1+6 [*!$-56 1 ?!*)Z!; /.!2!*5. ]+[.+?< 2F.5:$&.*+ 1>$+9#!**>; d-<$+1!*) 
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b5/. 1.2.5. b&/_!2(!*5! d- 

/+/.+F*5; 1 2+(! .+B!B*>X 

4&$F#+1: 

&)- +:.&[#$5B!/:+?, 3)- 

:<35B!/:+? 5 1)- 

.!.$&[#$5B!/:+?. 

k*&B:+? ∗ 2+:&4&*+ 

?!/.+2+(+9!*5! 3d- 5+*&. 

 

 

$&/_!2(F!./F *& t2-.$52(!. 5 !-#<3(!., :&: *& $5/.1.2.5, / 2&$&?!.$+? :$5/.&((5B!/:+-+ 

+:.&[#$5B!/:+-+ 2+(F ∆+:. . Q /(<B&! :<35B!/:+-+ 5 .!.$&[#$5B!/:+-+ 2+(!; &*&(+-5B*>! 

$&//<9#!*5F #&6. +3$&.*>; 2+$F#+: /(!#+1&*5F <$+1*!;. ]$5BV?  

                                  ∆.!.$≈0,5∆:<3≈−0,5∆+:. .                                                         (1.2.36) 

N(F 3d-5+*+1 1 &(?&4+2+#+3*>X 2+(<2$+1+#*5:&X #(F :(&//5I5:&C55 1+4?+9*>X 

/+/.+F*5; [.5X 5+*+1 A6#15-+? 5 Q<#3!$5 [3] 3>(& 2$!#(+9!*& [?25$5B!/:&F ?+#!(), 

+/*+1&**&F *& &*&(54! ?*+9!/.1& 5//(!#+1&*5; `]b 3d-5+*+1 1 :$!?*55 5 /+!#5*!*5FX 

A3B5 , A2B6 . L<.) !V 1 /(!#<6_!?.  

 Q /(<B&! 5+*+1 4&?!_!*5F [(!:.$+*> 4s- +3+(+B:5 5 *!#+/.&6_&F B&/.) [(!:.$+*+1 

54 3d-+3+(+B:5 5#<. *& +3$&4+1&*5! :+1&(!*.*>X /1F4!;. D/.&1Z5!/F [(!:.$+*> 4&2+(*F6. 

3d-/+/.+F*5F, $&/_!2(V**>! .!.$&[#$5B!/:5? :$5/.&((5B!/:5? 2+(!?, 2+ 2$&15(< g<*#&.  

 Q /(<B&! 5+*+1 1*!#$!*5F [(!:.$+*> 4s- +3+(+B:5 #+3&1(F6./F : .!?, B.+ 3>(5 1 3d- 

+3+(+B:!. L+/.+F*5F 3d-+3+(+B:5 $&/_!2(F6./F :&: 1 +:.&[#$5B!/:+? 2+(! 5 4&2+(*F6./F 

.&:9! 2+ 2$&15(< g<*#&.  

n!.$&[#$5B!/:+! $&/_!2(!*5! #(F 5+*+1 4&?!_!*5F, .&: :&: 1 &(?&4+2+#+3*+? 

2+(<2$+1+#*5:! 1 (63+? <4(! 3(59&;Z5! /+/!#5 5+*& *&X+#F./F 1 1!$Z5*&X .!.$&[#$&. 

7!/:+():+ /(+9*!! #!(+ 1 /(<B&! 5+*+1 1*!#$!*5F. N(F *5X .&:9! 3(59&;Z5! /+/!#5 

*&X+#F./F 1 1!$Z5*&X .!.$&[#$&. 7+ Z!/.) &.+?+1 /(!#<6_!; :++$#5*&C5+**+; /I!$> *! 

*&?*+-+, 1/!-+ (5Z) 1 3/4 z 1.15 $&4 #&()Z!. n&: :&:, /+-(&/*+ (1.2.36), +:.&[#$5B!/:+! 

2+(! 1 #1& $&4& /5()*!! .!.$&[#$5B!/:+-+, $!4<().5$<6_5; X&$&:.!$ $&/_!2(!*5F 

+2$!#!(F!./F 1.+$+; :++$#5*&C5+**+; /I!$+;, ..!. F1(F!./F +:.&[#$5B!/:5?.  

 b&//?+.$5? #1& 2$5?!$& #(F 2$5?!/*+-+ &.+?& 9!(!4&, < :+.+$+-+ 1 /1+3+#*+? 

/+/.+F*55, :&: 541!/.*+, 5?!!. ?!/.+ /(!#<6_!! [(!:.$+**+! 4&2+(*!*5! +3+(+B!:: 

 

∆.!.$ ∆:<3 ∆+:. 

t2 t2 t2 

e 
e e 

1) 3) a) 
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1s22s22p63s23p63d64s2 . Q&9*> #1! 2+/(!#*5! 1&(!*.*>! +3+(+B:5 3d64s2 , 4&2+(*!*5! 

:+.+$>X ?+9!. ?!*F.)/F.  

 ]!$1>; 2$5?!$ - 5+* 4&?!_!*5F 1 /+!#5*!*5FX A3B5 (GaAs , GaP , InP 5 ..#.). @4 

+2>.& 541!/.*+ [3,6,9], B.+ 3d- [(!?!*.> 2$!5?<_!/.1!**+ $&/.1+$F6./F 1 :$5/.&((! 1 15#! 

5+*+1 4&?!_!*5F :+?2+*!*.> A / 1&(!*.*+/.)6 +3. n+-#& 2 [(!:.$+*& 54 4s- +3+(+B:5 5 

+#5* 54 3d 5#<. *& +3$&4+1&*5! :+1&(!*.*>X /1F4!;. D/.&1Z5!/F 5 [(!:.$+*+1 /+-(&/*+ 

2$&15(< g<*#& 4&2+(*F6. 2F.) 3d-/+/.+F*5; / +#5*&:+1>? *&2$&1(!*5!? /25*&. n&: :&: 

[.5? 2F.5 /+/.+F*5F? /++.1!./.1<6. 2F.) 2$+!:C5; +$35.&()*+-+ ?+?!*.& +. -2 #+ +2, 

/<??&$*>; +$35.&()*>; ?+?!*. L
r

 $&1!* *<(6. L<??&$*>; /25* S=5/2. n&:5? +3$&4+?, 

2$5?!/*>; 5+* 4&?!_!*5F Fe3+ *& ?!/.! -&((5F, .+ !/.), FeS
3+(Ga), 5?!!. 4&2+(*!*5! d-

+3+(+B:5 3d5 5 .!$? 6S. 

 Q.+$+; 2$5?!$ - 2$5?!/*>; ?!9#+<4!()*>; &.+? 9!(!4& 1 :$!?*55 Fei . D2>. 

2+:&4>1&!., B.+ 3d- 2$5?!/5 1 :$!?*55 4&*5?&6. 2$!5?<_!/.1!**+ 2+(+9!*5! 1*!#$!*5F. 

N(F 9!(!4&, /+-(&/*+ ?+#!(5 A6#15-&-Q<#3!$5, #1& 4s-[(!:.$+*& +:&9<./F 1 3d-+3+(+B:! / 

4&2+(*!*5!? 3d8 . ]F.) [(!:.$+*+1 3<#<. 5?!.) /25* “11!$X”, .$5 #$<-5X - “1*54”, .+ !/.), 

S=1 . ]$5BV?, /+-(&/*+ /X!?! $&/_!2(!*5F <$+1*!; *& $5/. 1.2.5&, .$5 [(!:.$+*& *! ?+-<. 

54?!*5.) /1+V +$35.&()*+! /+/.+F*5!, .+ !/.), 1 +.(5B5! +. /1+3+#*+-+ 3d8- 5+*& / ∆L≠0 < 

5+*& 1 :$5/.&((! ∆L=0. n&:5? +3$&4+?, 5?!!? .!$? /5*-(!.& 3A 1?!/.+ 3F /1+3+#*+-+ 5+*&. 

Q .&:5X /(<B&FX -+1+$F., B.+ +$35.&()*>; ?+?!*. “4&?+$+9!*” :$5/.&((5B!/:5? 2+(!?. 

J/(5 5+* 9!(!4& 2+.!$F!. +#5* [(!:.$+*, .+ !/.), 3<#!. 3d7 , .+ /+-(&/*+ $5/. 1.2.5& 3<#!. 3-X 

:$&.*+! +$35.&()*+! 1>$+9#!*5! ∆L≠0, S=3/2 5 1?!/.+ 4F /1+3+#*+-+ 5+*& 3<#!. .!$? 

.$52(!.& 4T. 

 

 

1.3. Q).+)'&S)0>&) .0%.2( <9K 

1.3.1. W8"00&S)0>.) +"00A.'+)%&) A"$%&'%.$. +)-.%"%0" 

 

N(F ?&-*5.*+-+ $!4+*&*/& *&53+(!! 1&9!* :(&// 1!_!/.1, &.+?> 5(5 5+*> :+.+$>X 

5?!6. 2+/.+F**>! ?&-*5.*>! ?+?!*.> (&.+?*+-+ 5(5 F#!$*+-+ 2$+5/X+9#!*5F). ]$5 H=0 

+*5 +$5!*.5$+1&*> /(<B&;*>? +3$&4+?. D#*&:+ 1*!Z*!! 2+(! 2!$!$&/2$!#!(F!. 

+$5!*.&C56 ?&-*5.*>X #52+(!; .&:, B.+ 1!_!/.1+ 2$5+3$!.&!. /<??&$*>; ?&-*5.*>; 

?+?!*..  

O.+? +3(&#&!. ?&-*5.*>? ?+?!*.+? µ, !/(5 +* +3(&#&!. $!4<().5$<6_5? <-(+1>? 

?+?!*.+? G:  
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)( SLG
rr

h
r

+=  

G
rr γ=µ , 

4#!/) γ - -5$+?&-*5.*+! +.*+Z!*5!. 

Q+ 1*!Z*!? ?&-*5.*+? 2+(! *& ?&-*5.*>; ?+?!*. &.+?& 3<#!. #!;/.1+1&.) ?+?!*. 

/5(>, :+.+$>; 1>4+1!. 54?!*!*5! <-(+1+-+ ?+?!*.&: 

0H
dt

Gd rr
r

×µ= ,                                                              (1.3.1) 

5(5 / 5/2+()4+1&*5!? γ 

0HG
dt

Gd rrr
×γ= ,                                                            (1.3.2) 

0H
dt

d rrr
×µγ=µ

.                                                            (1.3.3) 

`.+ <$&1*!*5! +25/>1&!. 2$!C!//56 ?&-*5.*+-+ ?+?!*.& 1 ?&-*5.*+? 2+(! 70.  

L:&(F$*&F I+$?& $!Z!*5; 3<#!. 5?!.) 15#: 

( )ε+ωα= tCosSinGG 0x , 

( )ε+ωα= tSinSinGG 0y , 

α= CosGzG , 

-#! &H& γω −= . 

H$&1*!*5! (1.3.3), 4&25/&**+! +.*+/5.!()*+ /.+$+**!-+ *&3(6#&.!(F 1 *!2+#159*+; 

/5/.!?! +./B!.&, ?+9*+ /1F4&.) / 1$&_&6_!;/F /5/.!?+;, :+.+$&F 1$&_&!./F / B&/.+.+; ω 1 

.+? 9! *&2$&1(!*55, B.+ 5 ?&-*5.*>; *&Z!; ?+?!*. B&/.5C>: 

µ×ω+µ=µ rrrr

t'd

'd

dt

d
,                                                        (1.3.3) 

-#! Z.$5X < 2$+541+#*+; +4*&B&!., B.+ +*& *&X+#5./F 1+ 1$&_&6_!;/F /5/.!?!. n+-#& 

<$&1*!*5! #159!*5F ?&-*5.*+-+ ?+?!*.& 1+ 1$&_&6_!;/F /5/.!?! ?+9*+ 4&25/&.) :&: 








γ
ω+×µγ=µ rrrr

0H
dt

d
,                                                    (1.3.4) 

 -#! eHH
rrr

=+
γ
ω

0  - [II!:.51*+! 2+(!. D*+ 3<#!. $&1*+ *<(6, :+-#& *&3(6#&.!() 1$&_&!./F 

/ B&/.+.+; 2$!C!//55 ?&-*5.*+-+ ?+?!*.&, ..!. ω=ω0 . Q [.+? /(<B&! ?&-*5.*>; ?+?!*. 

+/.&!./F *!2+#159*>? #(F *&3(6#&.!(F. 
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J/(5 2+?5?+ 2+(F H=Ho 2$5(+95.) +/C5((5$<6_!! 2+(! H1 / B&/.+.+; ω1 / :$<-+1+; 

2+(F$54&C5!; 1 2(+/:+/.5, 2!$2!*#5:<(F$*+; : Ho, .+ [II!:.51*+! 2+(! 1>$&45./F :&:: 

10e HHH
rrrr

+






γ
ω+=                                                   (1.3.5) 

S+*I5-<$&C55 [.5X 2+(!; 2+:&4&*> *& $5/. 1.3.1. 

]</.) 11 Hγ−=ω , .+-#& 

γ
ω

γ
ω

e
e HHH −=












+





+=

2/1

2
1

2

0 ,                                      (1.3.6) 

 -#! ( )[ ] 212
1

2
0e

/
ω+ω−ω−=ω  - B&/.+.& (&$?+$+1/:+; 2$!C!//55 ?&-*5.*+-+ ?+?!*.& 1+:$<- 

[II!:.51*+-+ 2+(F He 1+ 1$&_&6_!;/F /5/.!?! +./B!.&. ]$5 $&1!*/.1! B&/.+. ω0=ω=ω1 

3<#!. He=H1, *&Z ?&-*5.*>; ?+?!*. µ /.&*!. <9! 2$!C!//5$+1&.) 1+:$<- 1!:.+$& H1, ..!. 1 

+2$!#!(!**>! ?+?!*.> 1$!?!*5 1!:.+$ µ 3<#!. «+2$+:5*<.>?» +.*+/5.!()*+ 1!:.+$& H0. 

n&:5? +3$&4+? </(+15!? «+2$+:5#>1&*5F» (5(5 $!4+*&*/&) 3<#!. /+12&#!*5! B&/.+.> 

(&$?+$+1+; 2$!C!//55 ω0 / B&/.+.+; 2!$!?!**+-+ 2+(F ω1.  

`.< /5.<&C56 ?+9*+ +25/&.) /(!#<6_5? +3$&4+?. Q1!#!? <-+( θ ?!9#< He 5 H0 , 

?+9*+ <15#!.), B.+ +* 54?!*F!./F +. 0 #+ π: 

 

ω−ω
ω

=

γ
ω+

=θ
0

1

0

1

H

H
tg                                                    (1.3.7) 

e

1Sin
ω
ω

=θ ; 
e

0Cos
ω

ω−ω
=θ .                                              (1.3.8) 

7!/(+9*+ 2+:&4&.), B.+ <-(> θ  5 α /1F4&*> /++.*+Z!*5!?: 

( )













γθ−=γθ+θ=α tH

2

1
SinSin21tHCosSinCosCos e

22
e

22                     (1.3.9) 

`.+ 1>$&9!*5! 541!/.*+ :&: I+$?<(& b&35. D*+ I&:.5B!/:5 1>$&9&!. 1!$+F.*+/.) 

*&X+9#!*5F ?&-*5.*+-+ ?+?!*.& 1 +2$!#!(!**+? /+/.+F*55 5 /+12&#&!. / 1!$+F.*+/.)6, 

:+.+$&F +2$!#!(F!./F 2$5 :1&*.+1+?!X&*5B!/:+? 2+#X+#!.   
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b5/. 1.3.1  S+*I5-<$&C55 ?&-*5.*>X 2+(!;, #!;/.1<6_5X *& ?&-*5.*>; ?+?!*. µ 1  ?!.+#! 

?&-*5.*+-+ $!4+*&*/&. 

 

 

1.3.2 W2"%'.2.-A)6"%&S)0>.) +"00A.'+)%&) J28)%&J A"$%&'%.$. +)-.%"%0" 

 

  Q 2$!#/.&1(!*55 G!;4!*3!$-& <$&1*!*5! #159!*5F +2!$&.+$& ?!X&*5B!/:+-+ ?+?!*.& 

( ) JSLG
r

h
rr

h
r

=+= 4&25/>1&!./F :&:: 

[ ] [ ]JJHJH
dt

Jd

i

rrr
h

rr
h

,, γ−== ,                                          (1.3.10) 

-#! 

JHH
rr

hγ−= - -&?5().+*5&* 14&5?+#!;/.15F / 1*!Z*5? 2+(!?.  

N(F z- :+?2+*!*.>:  

[ ] [ ]{ }=+γ−=
z

JJHJJH
dt

dJ

i yyzxx
z ,,hh

 

{ } [ ]zxyyx HJ
i

HJHJ
i

rrhh γ=−γ−= ,                                              (1.3.11) 

5(5 

=
dt

dJ

i
zh [ ]zHJ

i

rrhγ
.                                                       (1.3.12) 
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`.+ <$&1*!*5! 5?!!. .< 9! I+$?<, B.+ 5 :(&//5B!/:+!, 5, /(!#+1&.!()*+, zJ , 1>B5/(!**+! 

/ 2+?+_)6 1+(*+1>X I<*:C5; /25*& J, .&:9! 2+#B5*F!./F :(&//5B!/:+?< <$&1*!*56.  

N(F J=1/2 1 ?&-*5.*+? 2+(! H0 5 H1 ( )−−+= pp
2
1

zJ , -#! +p  5 −p  - 1!$+F.*+/.5 

*&X+9#!*5F /25*& 1 /+/.+F*55 2
1+  5 2

1− . ]+/:+():< +p  + −p =1, .+ ( )−−= p21
2
1

zJ . 

J/(5 2$5 t=0 +p =1, & −p =0 , .+ 1 ?+?!*. t α= Cos
2
1J z . L(!#+1&.!()*+, 1!$+F.*+/.) 

2!$!X+#& /25*& 54 /+/.+F*5F 2
1−  1 /+/.+F*5! 2

1+  +2$!#!(F!./F I+$?<(+; b&35: 

( ) at
2

1
SinSinSinSinCos1

2
1pp 22

tH
2

122

2
1

2
1 e θ=θ=α−=−= 







γ
+− ,

,               (1.3.13) 

-#!   

( ) ( )( ) 2
1

2
1

2
0

1

e

1

HH

H

H

H
Sin

γ+ω+γ

γ
==θ  

5, /(!#+1&.!()*+: 

( )
( ) ( )

( ) ( ){ } 



 γ+

γ+
= ω+γ

ω+γ

γ
+−

t1H
2

1
Sin

1H
p

2122H2
22H

2H

2
1

2
1 0

0

1
/

,
.                 (1.3.14) 

@4 [.+-+ 1>$&9!*5F 15#*+, B.+ 1!$+F.*+/.) 1!(5:& .+():+, :+-#& 00H =ω+γ , B.+ 

/++.1!./.1<!. </(+156 $!4+*&*/&. 

 

1.3.3. W8"00&S)0>&) H+"2%)%&J X8.6" 

 

N+ /5X 2+$, $&//?&.$51&F F1(!*5! ?&-*5.*+-+ $!4+*&*/&, ?> 54<B&(5 2+1!#!*5! 

5*#515#<&()*>X /25*+1, *! /1F4&**>X ?!9#< /+3+;. n&:<6 /5.<&C56 $!#:+ ?+9*+ 

$!&(54+1&.), .!? 3+(!! 1 .1!$#>X .!(&X, -#! /25*> /1F4&*> ?*+9!/.1+? 14&5?+#!;/.15;. T> 

/!;B&/ *! 3<#!? <.+B*F.), 1 :&:5X 5?!**+ 14&5?+#!;/.15FX <B&/.1<6. /25*>, /#!(&!? [.+ 1 

$&4#!(!, 2+/1F_!**+? /25*+1+?< -&?5().+*5&*<, -#! +/*+1*>! 14&5?+#!;/.15F 3<#<. 

<B.!*> #+/.&.+B*+ .+B*+.  

 b&//?&.$51&F ?&-*5.*>; $!4+*&*/ 1 1!_!/.1!, *<9*+ 11!/.5 ?&-*5.*>; ?+?!*. 1/!; 

/5/.!?> 5(5 *&?&-*5B!**+/.) M. n+-#& #(F *&?&-*5B!**+/.5 1?!/.+ <$&1*!*5F (1.3.12) 

?+9*+ 4&25/&.): 

HM
dt

Md rrr
×γ= .                                                      (1.3.15) 

S&: 5 $&*!!, $!Z!*5F [.+-+ <$&1*!*5F 4&25Z<./F 1 15#!: 
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tMMx ωα= cossin  

tMM y ωα= sinsin                                                    (1.3.16) 

α= cosMMz . 

J/(5 11!/.5 :+?2+*!*.>  M+ = Mx+iMy  5  M-= Mx-iMy, .+ 1?!/.+ (151.2.3.2 [.5 $!Z!*5F 

2$5?<. 15#: 

( )tiMM ωα=+ expsin  

( )tiMM ω−α=− expsin                                              (1.3.17) 

α= cosMMz . 

 S&: 5 1 2$!#>#<_5X $&4#!(&X, ?&-*5.*+! 2+(! H 5?!!. :+?2+*!*.> H0 (1#+() +/5 z )  

5 Hx=H1cosω1t 5 Hy=H1sinω1t (1 2(+/:+/.5 «X<»). b!Z!*5F (1.3.16) 5 (1.3.17) ?+9*+ 

$&//?&.$51&.) :&: /++.1!./.1<6_5! 1>*<9#!**+; 2$!C!//55 / <-(+1+; /:+$+/.)6 

2$5(+9!**+-+ +/C5((5$<6_!-+ 2+(F H1. `.+ /.&*+15./F +B!15#*>?, !/(5 <$&1*!*5! 

#159!*5F (1.3.15) 4&25/&.) 1 :+?2+*!*.&X: 

( )tiHMiMHiM z 110 exp ωγγ −=+ ++
&  

( )tiHMiMHiM z 110 exp ωγγ −−=− −−
&                                      (1.3.18) 

( ) ( ){ } 111 expexp
2

1
HtiMtiMiM z ωωγ −+ −−=&  

`.5 <$&1*!*5F 3!4 2$&1>X B&/.!; +25/>1&6. /1+3+#*<6 2$!C!//56, & / 2$&1>?5 B&/.F?5 – 

1>*<9#!**<6. DB!15#*+, B.+ .&:&F /5/.!?& 5?!!. $!4+*&*/. ]$+X+9#!*5! B!$!4 $!4+*&*/ 

?+9*+ +/<_!/.1(F.) (53+ 54?!*!*5!? B&/.+.>, (53+ 1*!Z*!-+ 2+(F H0. 7& 2$&:.5:! (!-B! 

54?!*F.) 2+(! #&9! 1 /(<B&! 5/2+()4+1&*5F /1!$X2$+1+#F_5X ?&-*5.+1. @4?!*!*5! 2+(F *! 

#+(9*+ 2$+5/X+#5.) /(5Z:+? 3>/.$+ – /25*+1&F /5/.!?& #+(9*& </2!1&.) 4& 54?!*!*5!? 

2+(F, 5(5, 5*>?5 /(+1&?5, 54?!*!*5! 2+(F *! #+(9*+ 1>41&.) 2!$!X+#> ?!9#< $&4(5B*>?5 

:1&*.+1>?5 /+/.+F*5F?5 /5/.!?>. `.+ </(+15! *&4>1&!./F &#5&3&.5B!/:5?. L #$<-+; 

/.+$+*> ?> 2+:& 2$!*!3$!-(5 2$+C!//&?5 $!(&:/&C55, :+.+$>! 2$5 +B!*) ?!#(!**+? 

2$+X+9#!*55 *! 2+41+(5(5 3> *&?&-*5B!**+/.5 M +.:(+*5.)/F +. H0. n&:5? +3$&4+?, 

</(+15! 2$5 :+.+$+? 4&25/&*& /5/.!?& <$&1*!*5; (1.3.18) /++.1!./.1<!. &#5&3&.5B!/:+?< 

3>/.$+?< 2$+X+9#!*56. b!Z!*5! [.+; /5/.!?> .$&#5C5+**+ 5_!./F 1 I+$?!  

( )tiAM 1exp ω=+ , 2$5 Mz=const.  

]+#/.&1(FF !-+ 1 /5/.!?< ?+9*+ *&;.5: 

( )ti
H

MH
M z

1
0

1 exp ω
ωγ

γ
±

+
=±  
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10

1

ωγ
γ

α
+

=
H

H
tg  

Q $!&()*+? /(<B&! 2$+C!//&?5 $!(&:/&C55 2$!*!3$!B) *!()4F. ]+[.+?< 1 <$&1*!*5F (1.3.18) 

*<9*+ 1:(6B5.) /(&-&!?>!, #&6_5! [:/2+*!*C5&()*>; /2&# *&?&-*5B!**+/.5 : !! 

$&1*+1!/*+?< 4*&B!*56: 

1

0z
z

MM
M

τ
−

−=&  

2

x
x

M
M

τ
−=&  

2

y
y

M
M

τ
−=&  

k#!/) 11!#!*> $&4(5B*>! 1$!?!*& $!(&:/&C55 #(F 2$+#+()*+; :+?2+*!*.> *&?&-*5B!**+/.5 

5 2+2!$!B*+;. Q$!?F 2$+#+()*+; $!(&:/&C55 τ1 X&$&:.!$54<!. 2!$!*+/ [*!$-55 +. /25*+1+; 

/5/.!?> : +:$<9&6_!; /$!#!. Q /(<B&! .1!$#+-+ .!(& [.+ 1$!?F !_! *&4>1&6. 1$!?!*!? 

/25*-$!Z!.+B*+; $!(&:/&C55.  Q$!?F 2+2!$!B*+; $!(&:/&C55 τ2 X&$&:.!$54<!. 2!$!*+/ 

[*!$-55 1*<.$5 /25*+1+; /5/.!?>.  

n!2!$) 4&25Z!? <$&1*!*5F (1.3.18) #(F *&?&-*5B!**+/.5 / <B!.+? $!(&:/&C55: 

( )tiHMi
M

MHiM z 11
2

0 exp ωγ
τ

γ =++ +
++

&  

( )tiHMi
M

MHiM z 11
2

0 exp ωγ
τ

γ −−=+− −
−−

&                                      (1.3.19) 

( ) ( ){ }
1

0
111

1

expexp
2

1

τ
ωωγ

τ
M

HtiMtiMi
M

M z
z +−−=+ −+

& . 

 

`.& /5/.!?& <$&1*!*5; 541!/.*& :&: /5/.!?& <$&1*!*5; l(+X& [10]. J! $!Z!*5! (!-:+ *&;.5 

.!2!$) <9! 2$5 </(+155 +B!*) ?!#(!**+-+ 2$+X+9#!*5F B!$!4 $!4+*&*/, :+-#& 2$+C!//&?5 

$!(&:/&C55 2$!*!3$!B) *!()4F, 5 *&?&-*5B!**+/.) Mz *! 4&15/5. +. 1$!?!*5 ( 0M z =& ). Q 

$!4<().&.! 2$+/.+-+ 5*.!-$5$+1&*5F <$&1*!*5; (1.3.19) 2+(<B5?:  

( )ti
iH

MH
M z

1
210

1 exp
/

ω
τωγ

γ ±
+

=± m
 

]+#/.&*+1:& [.5X $!Z!*5; 1 (1.3.19) #&!.: 

( )
( ) 0

21
2
1

22
2

2
01

2
2

2
01

1

1
M

H
M z ττγτωω

τωω
+−+

−+
=  
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( ){ } ( )
( ) 0

21
2
1

22
2

2
01

121201

1

exp
M

H

tiHi
M

ττγτωω
ωτγτωω

+−+
±±−

=±  

( ){ } 2/12
2

2
01

21

1 τωω

τγ
α

−+
=

H
tg  

A<BZ! 1>$&45.) +/C5((5$<6_<6 :+?2+*!*.< *&?&-*5B!**+/.5 B!$!4 1+/2$55?B51+/.) χ 

( )tiHM 11 exp ωχ=+ , 2$5B!?, 000 HM χ= . 

n+-#&: 

( ){ }
( ) 21

2
1

22
2

2
01

20120
0

1 ττγτωω
τωωτγ

χχ
H

iH

+−+
+−

=  

T+9*+ 1>$&45.) #!;/.15.!()*<6 5 ?*5?<6 B&/.5 1+/2$55?B51+/.5 χ=χ′-iχ″: 

 

( )[ ]21
2
1

22
01

2
2

2
2010

0
12

)(
'

ττγωωτ
τωωω

χχ
H+−+

−
= ,                                      (1.3.20) 

( )[ ]21
2

1
22

01

20
0

12
"

ττγωω
τω

χχ
H+−+

= .                                       (1.3.21) 

 

 

1.3.4  Y%"8&- J28)%&J <9K %" .0%.2) 0@&%.2.$. $"A&8E'.%&"%" 

 

 S(&//5B!/:+! $&//?+.$!*5! F1(!*5F ?&-*5.*+-+ $!4+*&*/& 2+$+; <#+3*+ 1 /(<B&! 

F#!$*+-+ ?&-*5.*+-+ $!4+*&*/& (dTb). D#*&:+ 1 /(<B&! `]b [(!:.$+**>; /25* <B&/.1<!. 1 

3+()Z+? B5/(! 14&5?+#!;/.15;: / :$5/.&((5B!/:5? 2+(!?, 1 /25*-+$35.&()*+?, 

/1!$X.+*:+?, 5 ..#. Q/! [.5 14&5?+#!;/.15F ?+9*+ <B!/.) / 2+?+_)6 /25*+1+-+ 

-&?5().+*5&*&. ]+[.+?< /25*+1>; -&?5().+*5&* /+#!$95. 3+()Z+! B5/(+ /(&-&!?>X , 

+25/>1&6_5X .&:5! 14&5?+#!;/.15F: 4!!?&*+1/:+! 14&5?+#!;/.15! / 1*!Z*5? 2+(!?, 

$&/_!2(!*5F <$+1*!; 1/(!#/.15! :+/1!**+-+ 1(5F*5F :$5/.&((5B!/:+-+ 2+(F (.+*:&F 

/.$<:.<$&), /1!$X.+*:<6 /.$<:.<$<, +3</(+1(!**<6 *&(5B5!? < C!*.$&()*+-+ 5+*& 5(5 < 

&.+?+1 (5-&*#+1 F#!$*>X ?&-*5.*>X #52+()*>X 5(5 [(!:.$5B!/:5X :1&#$<2+()*>X 

?+?!*.+1, 4!!?&*+1/:+! 14&5?+#!;/.15! F#!$*+-+ ?+?!*.& / 1*!Z*5? 2+(!?.  

...xxxx +++= hfCHs HHHH                                      (1.3.22) 

L2!:.$ [*!$-!.5B!/:5X /+/.+F*5; 5 2!$!X+#> ?!9#< *5?5 2+# #!;/.15!? H1 ?+9*+ *&;.5, 

2+#/.&151 sHx  1 <$&1*!*5! {$!#5*-!$& 5 $!Z51 4&#&B< *& *&X+9#!*5! /+3/.1!**>X 

4*&B!*5; 5 /+3/.1!**>X /+/.+F*5; nnE Ψ5  -&?5().+*5&*&: 
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nnns EH Ψ=Ψx                                                (1.3.23) 

-#! i
i

nin Ma∑=Ψ ,  −M 3&45/*>! I<*:C55, /++.1!./.1<6_5! $&4(5B*>? 2$+!:C5F? 

M=S,(S-1),… -S, *&2$5?!$, #(F S=5/2 3&45/*>?5 I<*:C5F?5 F1(F6./F |5/2>, |3/2>, |1/2>, |-

1/2>, |-3/2>, |-5/2>. 

 L25*+1>; -&?5().+*5&* (L]) #+(9!* 1:(6B&.) (5Z) /(&-&!?>!, /+#!$9&_5! 

/25*+1>! +2!$&.+$> 5(5 5X 2$+541!#!*5F, (53+ 2$+541!#!*5F /25*+1>X +2!$&.+$+1 *& 

:+?2+*!*.> ?&-*5.*>X 5(5 [(!:.$5B!/:5X 2+(!;.  

 7&B*!? $&//?+.$!*5! / 2$+/.!;Z!-+ L], /+#!$9&_!-+ .+():+ [(!:.$+**>; 

4!!?&*+1/:5; B(!* 

)

(x

zxxzxzzxyzzyzyyzxyyx

yxxyzzzzyyyyxxxxBBH

SHgSHgSHgSHgSHg

SHgSHgSHgSHgSgHH

++++

++++== µµ
rtr

          (1.3.24) 

J/(5 1>3$&.) .&:<6 /5/.!?< :++$#5*&., 1 :+.+$+; +/5 x,y,z F1(F6./F -(&1*>?5 +/F?5, .+ 

[.+ 1>$&9!*5! /1!#!./F : /(!#<6_!?< 

)(x
zzzzyyyyxxxxBBH SHgSHgSHgSgHH ++== µµ

rtr
                   (1.3.25) 

5(5: 

)(x
zzzyyyxxxBH SHgSHgSHgH ++= µ                        (1.3.26) 

J/(5 3> g–I&:.+$ 3>( 54+.$+2*>?, .+ gggg zyx ===  5 zBH HSgH µ=x . n+-#& 

[*!$-!.5B!/:5; /2!:.$ 2$!#/.&1(F( 3> /+3+; *&3+$ 2S+1 [:15#5/.&*.*>X <$+1*!; / 

5*.!$1&(&?5 Hg Bµ . ]+# #!;/.15!? +/C5((5$<6_!-+ 2+(F H1 2$+5/X+#F. 2!$!X+#> ?!9#< 

[.5?5 <$+1*F?5, 2$5B!? $&4$!Z!*> 2!$!X+#>, #(F :+.+$>X Mz ?!*F!./F *& !#5*5C<. N(F 5X 

*&3(6#!*5F .$!3<!./F 1>2+(*!*5! </(+15F 

Hgh Bµν =  

k&#&B< *& *&X+9#!*5! /+3/.1!**>X 4*&B!*5; 5 /+3/.1!**>X I<*:C5; -&?5().+*5&*& 

<#+3*!; $!Z&.) 1 ?&.$5B*+? 2$!#/.&1(!*55.  

]</.) ϕ1, ϕ2 5 ϕ3 – 3&45/*>! I<*:C55 5 ψ1, ψ2, ψ3 – /+3/.1!**>! I<*:C55, :+.+$>! 

*<9*+ *&;.5 5 :+.+$>! ?+9*+ 2$!#/.&15.) 1 15#! (5*!;*+; :+?35*&C55 ϕn:  

∑=++=Ψ kknnnnn acba ϕϕϕϕ 321 , (k, n=1,2,3)           (1.3.28) 

H$&1*!*5! (1.3.23) 1 ?&.$5B*+; I+$?! 4&25Z!./F 1 15#!: 

∑∑ = kknnkkn aEHa ϕϕx                                    (1.3.29) 

Q ?&.$5B*+; I+$?<(5$+1:! 2$+3(!?> ?> #+(9*> 1>3$&.) <#+3*>; *&3+$ 3&45/*>X 

1!:.+$+1: 
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0
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0

0

1

                                                      (1.3.30) 

n+-#& ?&.$5B*>; [:151&(!*. <$&1*!*5F (1.3.23) ?+9*+ 4&25/&.) :&:: 
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n

n

n

nnn

c

b

a

cba

1

0

0

0

1

0

0

0

1

                                     (1.3.31) 

]$!#2+(+95?, B.+ ?> 1>B5/(5(5 ?&.$5B*>! [(!?!*.>  

∫ ∗= τϕϕ dHH kllk x                                          (1.3.32) 

7&2$5?!$,  
































=

0

0

1)010(

333231

232221

131211

21

HHH

HHH

HHH

H                                 (1.3.33) 

5 2+(<B5(5 /(!#<6_<6 ?&.$5C< Hlk: 

 ϕ1 ϕ2 ϕ3 

ϕ1* A B 0 

ϕ2* B A 0 

ϕ3* 0 0 C 

]+#/.&1(FF !! 1 <$&1*!*5! (1.3.29) 5 <?*+9&F !-+ *& ϕl*, 2+(<B5? 

0)( =−∑ lknlkkn EHa δ ,                                     (1.3.34) 

+.:<#& 2+(<B&!? /!:<(F$*+! <$&1*!*5!: 

0det =− lknlk EH δ , 5(5: 

0

00

0

0

=
−

−
−

n

n

n

EC

EAB

BEA

                              (1.3.35) 

b!Z&F !-+, *&X+#5?: 

E1=A+B 

E2=A-B                                                             (1.3.36) 

E3=C 

N(F *&X+9#!*5F /+3/.1!**>X 1!:.+$+1, 2!$!25Z!? <$&1*!*5! (1.3.29) 1 15#!: 
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C

AB

BA

00

0

0

                                        (1.3.37) 

+.:<#& 2+(<B&!?: 

0

00

0

0

=
































−
−

−

n

n

n

n

n

n

c

b

a

EC

EAB

BEA

                            (1.3.38) 

n+-#&, 4*&F En ?+9*+ +2$!#!(5.) :+[II5C5!*.> $&4(+9!*5F  

321 ϕϕϕ nnnn cba ++=Ψ                                (1.3.39) 

nnn cba ,, . n&:, *&2$5?!$, ?+9*+ 4&25/&.): 

3333
x ϕϕϕ CEH == ,                                        (1.3.40) 

/(!#+1&.!()*+ 

,33 ϕ=Ψ  1,0 333 === cba                                   (1.3.41)          

n!2!$) ?+9*+ *&;.5 1Ψ : 

]+/:+():< E1=A+B, .+-#& 54 (1.3.38) ?+9*+ 2+(<B5.): 

,011 =+− BbBa  

,011 =− BbBa                                                     (1.3.42) 

0)( 1 =−− CBAC  

L(!#+1&.!()*+, ,1,0 113 === bac & .&: :&: ,12
1

2
1 =+ ba .+ ,

2
1

11 == ba  

]+ &*&(+-55 ?+9*+ *&;.5 2Ψ : 

]+/:+():< E2=A-B, .+-#&:  ,
2

1
22 =−= ba  

n+-#& +:+*B&.!()*+ /+3/.1!**>! I<*:C55  

)(
2

1
211 ϕϕ +=Ψ  

)(
2

1
212 ϕϕ −=Ψ                                                (1.3.43) 

,33 ϕ=Ψ  

J/(5 /+/.&15.) ?&.$5C< 54 :+[II5C5!*.+1 (1.3.43), .+ 2+(<B5? <*5.&$*<6 ?&.$5C<, :+.+$&F 

#5&-+*&(54<!. -&?5().+*5&* +→ UHUH xx : 
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U                                               (1.3.44) 

 Q+41$&_&F/) : /(<B&6 54+.$+2*+-+ g-I&:.+$& 

zBH SgHH
tr

µ=x                                                       (1.3.45) 

#(F /(<B&F S=1/2 (#<3(!.*+! 2+ /25*< +/*+1*+! /+/.+F*5!) ?+9*+ $&//B5.&.) ?&.$5B*>! 

[(!?!*.> -&?5().+*5&*&: 

HgH BH µ
2

1

2

1x
2

1 =±±                                      (1.3.46) 

/(!#+1&.!()*+: HgE Bµ
2

1±=± , 5(5 1 ?&.$5B*+; I+$?!: 

















−
==

2

1
0

0
2

1

HgHH BHS µ .                                        (1.3.47) 

n+-#& /+3/.1!**>! 1!:.+$>, /++.1!./.1<6_5! ±E , $&1*> /++.1!./.1!**+: 













1

0
5

0

1
                                                       (1.3.48) 

n!2!$) $&//?+.$5? &:/5&()*<6 &*54+.$+256 g #(F /(<B&F S=1/2 (&:/5&()*+! 

:$5/.&((5B!/:+! 2+(!). Q [.+? /(<B&! gx=gy≠gz.. D3>B*+ 1>35$&6. .$5-+*&()*<6 5(5 

.!.$&-+*&()*<6 +/) 1 :&B!/.1! Z +/5, .+-#& gz=g||, gx=gy=g⊥. J/(5 H /+/.&1(F!. <-+( θ  / +/)6 

z, .+ 

)(x
|| xzBS SSingSCosgHH θθµ ⊥+= ,                           (1.3.49) 

.+-#&, / <B!.+? ?&.$5C 







=





−

=
01

10

2

1
,

10

01

2

1
xz SS                                   (1.3.50) 

?+9*+ 2+(<B5.) ?&.$5C< /!:<(F$*+-+ <$&1*!*5F: 

 |1/2> |-1/2> 

|1/2> 
±− EHCosg B θµ||2

1
 θµ HSing B⊥2

1
 

|-1/2> 
θµ HSing b⊥2

1
 ±−− EHCosg b θµ||2

1
 

b!Z!*5!? [.+-+ /!:<(F$*+-+ <$&1*!*5F 3<#!. /(!#<6_!! 1>$&9!*5!: 
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2
12222

|| )(
2

1 θθµ SingCosgHE B ⊥± +±=                              (1.3.51) 

]+(&-&F, B.+ $!4+*&*/*>! </(+15F 3<#<. 1>2+(*F.)/F 2$5 E+-E-=hν=gUBH, 2+(<B5?: 

θθ 2222
||

2 SingCosgg ⊥+=                                     (1.3.52) 

Q /(<B&! $+?35B!/:+-+ :$5/.&((5B!/:+-+ 2+(F gx≠gy≠gz.. Q>3!$!? x, y, z 1 :&B!/.1! -(&1*>X 

+/!; 5 2$5(+95? ?&-*5.*+! 2+(! H0 1 *&2$&1(!*55, /+/.&1(F6_!? :+/5*</> <-(+1 / x, y, z, 

$&1*>! l, m 5 n. n+-#& 2+(<B5?: 

)(x
zzyyxxBS nSgmSglSgHH ++= µ                              (1.3.53) 

2222222 ngmglgg zyx ++=                                        (1.3.54) 

J/(5 /25* 3+()Z! |, ?+9!. 2+F15.)/F #+2+(*5.!()*+! $&/_!2(!*5! <$+1*!; [*!$-55, 

+3</(+1(!**+! :+/1!**>? 1(5F*5!? :$5/.&((5B!/:+-+ 2+(F, +25/>1&!?+-+ /(&-&!?>?5 1 

/25*+1+? -&?5().+*5&*!, 2$+2+$C5+*&()*+? /25*+1>? +2!$&.+$&? q
kO , -#! /.!2!*) q>1:  

∑+=
qk

q
k

q
kBS OBSgHH

,

)(x rtr
µ                                       (1.3.55) 

b&//?+.$5? /(<B&; S=5/2 1 :<35B!/:+? 2+(!. `(!:.$+/.&.5B!/:5; 2+.!*C5&( 1 ?!/.! 

$&/2+(+9!*5F 5+*& 1 :<35B!/:+? (+:.&[#$5B!/:+?) 2+(!, <#+1(!.1+$F6_5; <$&1*!*56 

A&2(&/& 5?!!. 15#: 

...
5

3

4

356
),,( 4444

5
−



 −+++= rzyx

d

q

d

q
zyxV                    (1.3.56) 

5(5: 





 −++= 4444

5

3
),,( rzyxBzyxV c                                (1.3.57) 

T+9*+ 2+/.$+5.) /25*+1>; +2!$&.+$, [:151&(!*.*>; [.+?<: 

[ ] )(
48

)1(3)1(625)1(3035
120

x 4422244
−+ +++++−++−= SS

a
SSSSSSSSS

a
H zzzc  

(1.3.58) 

5(5 





 −++−++= )133)(1(

5

1

6
x 2244 SSSSSSS

a
H zyxc                 (1.3.59) 

N(F H || z ?&.$5C& /25*+1+-+ -&?5().+*5&*& / 5/2+()4+1&*5!? ?&.$5C Sx, Sy, Sz 5 S2 #(F S=5/2 

2$5?!. 15#: 
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 |5/2> |3/2> |1/2> -|1/2> -|3/2> -|5/2> 

|5/2> 
Hg

a
Bµ

2

5

2
+  

0 0 0 
a

2

5
 

0 

|3/2> 0 ( )Hga Bµ−−
2

3
 

0 0 0 
a

2

5
 

|1/2> 0 0 
Hga Bµ

2

1+  
0 0 0 

-|1/2> 0 0 0 
Hga Bµ

2

1−  
0 0 

-|3/2> 
a

2

5
 

0 0 0 ( )Hga Bµ+−
2

3
 

0 

-|5/2> 0 
a

2

5
 

0 0 0 
Hg

a
Bµ

2

5

2
−  

 

N5&-+*&(54&C5F [.+; ?&.$5C> #&/. /(!#<6_5! <$+1*5 [*!$-55: 

HgaE Bµ±=±
2

1  

2
12222

2
3,2

3 )91616(
2

1
)(

2

1
aHgHgaHgE BBB ++±−=

−
µµµ           (1.3.60) 

2
12222

2
5,2

5 )91616(
2

1
)(

2

1
aHgHgaHgE BBB +−±+−=

−
µµµ  

N5&-$&??& <$+1*!; [*!$-55 5 2!$!X+#>, /++.1!./.1<6_5! 2$&15(&? +.3+$& ∆m=1 2+:&4&*> 

*& $5/.1.3.2. 7& $5/.1.3.2 .&:9! 2+:&4&*+ 2+(+9!*5! (5*5; #(F $&//?+.$!**+-+ /(<B&F H0 || z. 

@*.!$!/*+ +.?!.5.), B.+ 5*.!*/51*+/.5 2!$!X+#+1, +2$!#!(F!?>! :1&#$&.&?5 ?&.$5B*>X 

[(!?!*.+1 +2!$&.+$& xSx  /++.*+/F./F :&: 8:5:9:5:8. H-(+1>! 4&15/5?+/.5 2+(+9!*5; (5*5; 1 

/2!:.$! 2$5 54?!*!*55 2+(+9!*5F 1!:.+$& 1*!Z*!-+ ?&-*5.*+-+ 2+(F H0 1 2(+/:+/.5 (110) 1 

2$!#!(&X 90° +. *&2$&1(!*5F [100] #+ [011] 2+:&4&*> *& $5/.1.3.3.   .  
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b5/. 1.3.2  N5&-$&??& <$+1*!; [*!$-55 5 2!$!X+#>, /++.1!./.1<6_5! 2$&15(&? +.3+$& ∆m=1 

#(F /5/.!?> S=5/2 1 :<35B!/:+? (+:.&[#$5B!/:+?) :$5/.&((5B!/:+? 2+(!.  

700

750
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0 30 60 90
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B
, m
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1
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     b5/.1.3.3 H-(+1&F 4&15/5?+/.) 2+(+9!*5; (5*5; `]b /2!:.$& 5+*& Fe3+ 1 GaAs S=5/2: 1 - 

3/2→5/2, 2 - 1/2→3/2, 3 - -1/2→1/2, 4 - -3/2→-1/2, 5 - -5/2 →-3/2  
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1.3.5 9+&+.5" "%&-.'+.@&& 0@)>'+.2 <9K @"+"A"$%&'%(6 [)%'+.2 

 

 N(F .1!$#>X .!( $&//?+.$!*5! /2!:.$& `]b /<_!/.1!**+ 4&15/5. +. +$5!*.&C55 

:$5/.&((5B!/:+-+ +3$&4C& 1 ?&-*5.*+? 2+(!. D#*&:+ #(F :<35B!/:+-+ :$5/.&((& / 

+:.&[#$5B!/:5? 5(5 .!.$&[#$5B!/:5? +:$<9!*5!? g-I&:.+$ 2$!#/.&1(F!. /+3+; /:&(F$*<6 

2+/.+F**<6 5 -&?5().+*5&* 5?!!. 15# 

)xxx(x
zzyyxxBH SHSHSHgH ++= µ ,                               (1.3.61) 

2+[.+?< /2!:.$ `]b (63+-+ 2&$&?&-*5.*+-+ C!*.$&, 5?!6_!-+ :<35B!/:<6 /5??!.$56, 

3<#!. 54+.$+2*>?.  

 L5??!.$56 ?+9*+ 2+*545.) 5/:<//.1!**+, !/(5 2$5?!*5.) 1*!Z*!! *&2$F9!*5! 2+ 

+#*+?< 54 *&2$&1(!*5; :$5/.&((&. 7+ B&/.+ /&?5 2&$&?&-*5.*>! C!*.$> – #!I!:.> 5(5 

2$5?!/*>! C!*.$> 1 :$5/.&((&X 5?!6. /5??!.$56 *59! :<35B!/:+;. ]$5?!$+? ?+9!. 

/(<95.) #!I!:., 5?!6_5; 2$+.F9!**+/.) 1#+() +#*+; 54 +/!; (5(5 *!/:+():5X) :$5/.&((&, 

*&2$5?!$, 1&:&*/5F *& ?!/.! 5+*& ?&-*5F 1 :<35B!/:+? :$5/.&((! MgO, 5(5 2$5?!/*&F 2&$& 

(5(5 :+?2(!:/) 2!$!X+#*+; ?!.&((–&:C!2.+$ 1 Si. 7& $5/.1.3.4 2$!#/.&1(!*& ?+#!() 

?+*+:(5**+-+ :+?2(!:/& FeBFe 1 Si, 1 :+.+$+? 5+* 3+$& 4&?!_&!. &.+? :$!?*5F, & 5+*> 

9!(!4& $&/2+(+9!*> 1 3(59&;Z5X ?!9#+<4(5FX.  

 

Fe

Fe

B (Al)

 

b5/.1.3.4 G!+?!.$5B!/:&F &.+?*&F ?+#!() :+?2(!:/+1 9!(!4+-&:C!2.+$ 1 :$5/.&((5B!/:+; 

$!Z!.:! :$!?*5F 

 

D. /5??!.$55 C!*.$& 3<#!. 4&15/!.) <-(+1&F 4&15/5?+/.) 2+(+9!*5F (5*5; 1 /2!:.$!. 

n&: #(F ?+*+:(5**+-+ :+?2(!:/&, 2$!#/.&1(!**+-+ *& $5/.1.3.4, #(F :+.+$+-+ .+B!B*&F 

-$<22& +2$!#!(F!./F :&: 2(C ), m(C , C ),2 / m(C2 v 1h 2h ) , +#*& -(&1*&F +/) 2!$2!*#5:<(F$*& 

4!$:&()*+; 2(+/:+/.5, & #1! #$<-5! +/5 (!9&. 1 4!$:&()*+; 2(+/:+/.5. ]$5?!$ <-(+1+; 
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4&15/5?+/.5 /2!:.$& `]b ?+*+:(5**+;-I /5??!.$55, 2+:&4&* *& $5/1.3.5. S+?2+*!*.> g-

.!*4+$& 1 [.+? /(<B&!, /1F4&*> ?!9#< /+3+; /(!#<6_5? /++.*+Z!*5!?: gyy=gzz, gxy=gzx. 

0

200
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0 30 60 90
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B
, m
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 b5/.1.3.5  ]$5?!$ <-(+1+; 4&15/5?+/.5 /2!:.$& `]b ?+*+:(5**+;-I /5??!.$55.  

 

O*54+.$+25F g-I&:.+$& 1+4*5:&!. 1/(!#/.15! 14&5?+#!;/.15F /25*+1+-+ ?+?!*.& 

[(!:.$+*& / *!3+()Z5? 2+(!?, 5*#<C5$+1&**>? 54?!*!*5!? +$35.&()*+-+ ?+?!*.&. 

A+:&()*>! [(!:.$5B!/:5! 2+(F, 2+*59&6_5! /5??!.$56 C!*.$&, *!2+/$!#/.1!**+ *! 

14&5?+#!;/.1<6. /+ /25*+?, *+ 1+4#!;/.1<6. *& /25* B!$!4 /25*-+$35.&()*+! 

14&5?+#!;/.15!: 

)xxxxx(xxx zzyyxx.& SLSLSLSLH ++== λλ                           (1.3.62) 

SLSgLHHHH eB.&(19
xx)xx(xxx λµ ++=+=

rrr
                        (1.3.63) 

]</.) +/*+1*+! /+/.+F*5! |G,MS>+$35.&()*+ *!1>$+9#!*+ (L=0), .+-#& 1 I-+? 2$53(59!*55 

.!+$55 1+4?<_!*5;: 

SzzzBSSzzBeSG MGLSHMGMGSHgMGW ,x)x(,,x,)1( λµµ ++=  

GLGMSHMW zSzzBSG""(
xxλµ ++= .                     (1.3.64) 

Q.+$+! /(&-&!?+! 1 [.+? 1>$&9!*55 +3$&_&!./F 1 *+(), 2+/:+():< +/*+1*+! /+/.+F*5! 

F1(F!./F +$35.&()*+ *!1>$+9#!**>?. n+-#& *&;#!? 2+2$&1:< 1+ 1.+$+? 2+$F#:! .!+$55 

1+4?<_!*5;: 

∑ −

+⋅+−
=

n Gn

SBeBS

G
WW

MnSHgLSHMG
W

)0()0(

2

)2(

',x)x(, µλµ
rr

,               (1.3.65) 

-#! ,0',x, =SBeS MnSHgMG µ  ..:. 0=nG .  
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n+-#&,  

∑ −




 +



 +−

=
n Gn

SBSSBS

G
WW

MSHMGLnnLGMSHM
W

)0()0(

)2(
)x('')x(

rrrr
λµλµ

, (1.3.66) 

-#! 

∑ Λ=
−

−
n

ij

Gn

ji

WW

GLnnLG
)0()0(

  

- [(!?!*. .!*4+$& 

















ΛΛΛ
ΛΛΛ
ΛΛΛ

=Λ

zzyzxz

yzyyxy

xzxyxxt
,  

.+-#& 

SBBSG MSSSHHHMW 'xxx2 22)2(
rtrrtrrtr

Λ+Λ+Λ= λλµµ .                         (1.3.67) 

k#!/) 2!$1+! /(&-&!?+! *!/<_!/.1!**+, 2+/:+():< 2$51+#5. (5Z) : 2+/.+F**+?< /?!_!*56 

<$+1*!;. S+?35*5$<F +2!$&.+$ 1 (1.3.67) / +2!$&.+$+? SHg Be

xrr
µ , ?+9*+ 4&25/&.) /25*+1>; 

-&?5().+*5&*: 

SSSgHH eBS

xxx)21(x 2
rtrrttr

Λ+Λ+= λλµ            

SDSSgHB

xxx rtrrtr
+= µ                                                      (1.3.68) 

-#!, 

 Λ+=
ttt λ21egg  

Λ=
tt 2λD  

222xx
zzzyyyxxx SDSDSDSDS ++=

rtr
 

)1()(
3

1
)()1(

3

1 222 ++++−+



 +−= SSDDDSSESSSD zzyyxxyxz , 

-#! 1 /1+6 +B!$!#) 

2
yyxx

zz

DD
DD

+
−=  

2
yyxx DD

E
−

=  



 

 

41 

b&//?+.$5? :1&$.!.*+! +/*+1*+! /+/.+F*5! S=3/2 (Cr3+ 1 +:.&[#$5B!/:+? 2+(!). Q 

:<35B!/:+? 2+(! -&?5().+*5&* <2$+_&!./F #+ zB HgSµ  5 #&!. B!.>$! [:15#5/.&*.*>X 

<$+1*F / M=3/2, 1/2, -1/2, -3/2; b&/_!2(!*5! 1 *<(!1+? 2+(! +./<./.1<!.. D#*&:+ 1 2+(FX 

.$5-+*&()*+; 5(5 .!.$&-+*&()*+; /5??!.$55 2$+5/X+#5. $&/_!2(!*5! *& #1& #<3(!.& 

M=±1/2 5 M=±3/2. Q [.+? /(<B&! 1 -&?5().+*5&* *!+3X+#5?+ 1:(6B5.) #+2+(*5.!()*>! 

B(!*>: 





 +−++= ⊥ )1(

3

1
)sincos( 2

|| SSSDSgSgHH zxzBS θθµ       (1.3.69) 

T&-*5.*+! 2+(! (!95. 1 2(+/:+/.5 «xz» 5 /+/.&1(F!. <-+( θ / +/)6 «z». n&: :&: 2x
zS  - 

#5&-+*&(!*, .+ 1 *<(!1+? 2+(! H=0 

DE

DE

2
3

2
1

+=

−=

±

±
,                                                           (1.3.70) 

.+-#& $&/_!2(!*5! /+/.&15. 2D.  

]$5 H≠0 5 ||Z 

DHgE

DHgE

B

B

+±=

−±=

±

±

µ

µ

||
2

3

||
2

1

2

3
2

1

                                                 (1.3.71) 

 

H$+1*5 [*!$-55 #(F &:/5&()*+-+ 2+(F D<0 2+:&4&*> *& $5/.1.3.6. Q /(<B&! D>0 2+(+9!*5F 

#<3(!.+1 ±1/2 5 ±3/2 ?!*F6./F *& 2$+.51+2+(+9*>!. k*&: D ?+9*+ +2$!#!(5.) 54 

/++.*+Z!*5F 5*.!*/51*+/.!; (5*5; 2$5 *54:5X .!?2!$&.<$&X. ]$5 #$<-5X *&2$&1(!*5FX 

?&-*5.*+-+ 2+(F ?&.$5C& 3<#!. *! #5&-+*&()*+; 5 <$+1*5 [*!$-55 *! 3<#<. (5*!;*+ 

4&15/!.) +. ?&-*5.*+-+ 2+(F. `.5 /(<B&5 ?> *! 3<#!? $&//?&.$51&.) 4#!/). S+-#& D>>grBH 

#<3(!.> 3<#<. +./.+F.) #$<- +. #$<-& *& 4*&B5.!()*+? $&//.+F*55. n+-#& 1+4?+9*> 

2!$!X+#> .+():+ 1*<.$5 #<3(!.+1.  
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b5/.1.3.6 H$+1*5 [*!$-55 #(F /5/.!?> S=3/2 1 &:/5&()*+? 2+(! D<0 2$5 H||Z.  

 

Q /(<B&! $+?35B!/:+-+ 2+(F -&?5().+*5&* 4&25Z!./F 1 /(!#<6_!? 15#!: 

[ ]222 )1(
3

1
yxzBS SSESSSDSHgH −+



 +−+= µ .                   (1.3.72) 

N(F H||Z ?&.$5C& -&?5().+*5&*& 3<#!. 1>-(F#!.) :&:: 

 

 |3/2> |-1/2> |1/2> |-3/2> 

|3/2> 
DHg Bz +µ

2

3
 E3  0 0 

|-1/2> E3  DHg Bz −− µ
2

1
 

0 0 

|1/2> 0 0 
DHg Bz −µ

2

1
 E3  

|-3/2> 0 0 E3  DHg Bz +− µ
2

3
 

 

J! #5&-+*&(54&C5F #&!. /(!#<6_5! <$+1*5 [*!$-55: 

En=
[ ]
[ ] 


















++±±

++±±

2
1

22

2
1

22

3)(
2

1

3)(
2

1

EHgDHg

EHgDHg

BzBz

BzBz

µµ

µµ
                         (1.3.73) 

@4 [.5X 1>$&9!*5; 15#*+, B.+ En *!(5*!;*+ 4&15/5. +. H <9! 2$5 H||Z.  
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1.3.6. Y%"8&- 02)+6'.%>.? 0'+H>'H+( 0@)>'+.2 <9K 

 

 S$+?! 14&5?+#!;/.15;, +25/&**>X 1>Z!, #&6_5X .+*:<6 /.$<:.<$< /2!:.$&, 

/<_!/.1<6. 14&5?+#!;/.15F ?&-*5.*+-+ ?+?!*.& [(!:.$+*& / ?&-*5.*>?5 ?+?!*.&?5 F#!$ 

(/1!$X.+*:5! 14&5?+#!;/.15F), 3(&-+#&$F :+.+$>? ?+-<. *&3(6#&.)/F /2!:.$> / -+$&4#+ 

3+()Z5? B5/(+? :+?2+*!*.. Q *5X ?+9!. <B&/.1+1&.) F#$+ &.+?&, :+.+$+?< 2$5*&#(!95. 

*!/2&$!**>; [(!:.$+*, (53+ F#$& &.+?+1 3(54(!9&_5X :++$#5*&C5+**>X /I!$ 1 .1!$#+? 

.!(! (.&:+! 14&5?+#!;/.15! *&4>1&6. !_! /<2!$/1!$X.+*:5? 1 .1!$#>X .!(&X 5(5 

/1!$X.+*:5? *& (5-&*#&X, 2$51+#F_5? : *!+#*+$+#*+?< <Z5$!*56 (5*5; `]b), (53+ 

3(54(!9&_5! F#$& &.+?+1 1 ?+(!:<(! (2!$!*+/ [(!:.$+*& *& /+/!#*5! F#$& 1 /+2$F9!**>X 

/5/.!?&X 1 +$-&*5B!/:5X /+!#5*!*5FX).  

L25*+1+! :1&*.+1+! B5/(+ 541!/.*>X F#!$, +3(&#&6_5X /+3/.1!**>? /25*+1>? 

?+?!*.+?, 2$5*5?&!. +#*+ 54 /(!#<6_5X 4*&B!*5;: 1/2, 1, 3/2, 5/2, 3, 7/2, 9/2, 5, 6, 7. 

T<().52+()*+/.) /+/.+F*5; F#!$*>X /25*+1 #&!./F 1>$&9!*5!? 2I+1. @41!/.*+, B.+ #(F 

F#!$, < :+.+$>X &.+?*&F ?&//& 5 2+$F#:+1>; *+?!$ B!.*>!, I=0. J/(5 2+$F#:+1>; *+?!$ 

*!B!.*>;, & &.+?*&F ?&//& B!.*&F, .+ I – C!(+! B5/(+; !/(5 9! &.+?*&F ?&//& *!B!.*&F, .+ I – 

2+(<C!(+! B5/(+. @4+.+25B!/:5; /25* F#$& (54+/25*) +2$!#!(F!./F / 2+?+_)6 2$+/.+-+ 

1>$&9!*5F (N-Z)/2, -#! N – B5/(+ *!;.$+*+1, Z – B5/(+ 2$+.+*+1, $&1*+! 2+$F#:+1+?< 

*+?!$< &.+?&.  

L1!$X.+*:+! 14&5?+#!;/.15! ?!9#< [(!:.$+*&?5 5 F#$&?5 ?+9!. 3>.) <B.!*+ 1 

/25*+1+? -&?5().+*5&*! / 2+?+_)6 #+2+(*5.!()*+-+ /(&-&!?+-+ S⋅A⋅I . Q +3+4*&B!*55 

1+(*+1+; I<*:C55 :1&*.+1+-+ /+/.+F*5F, <B5.>1&6_!-+ 14&5?+#!;/.15! / F#$&?5, ?> 

11!#!? F#!$*+! ?&-*5.*+! :1&*.+1+! B5/(+ 5 4&25Z!? !! :&: |M,m〉, -#! m=I,I-1,…,-I. 

Q+/2+()4+1&1Z5/) /1+;/.1&?5 /25*+1>X +2!$&.+$+1: 

S2|M〉=S(S+1) |M〉 

Sz|M〉=M |M〉 

S+|M〉= (S(S+1) – M(M+1))1/2 |M+1〉 

S-|M〉= (S(S+1) – M(M-1))1/2 |M-1〉  ,                                      (1.3.74) 

-#! S+=Sx+iSy 5 S-=Sx-iSy, :+.+$>! /2$&1!#(51> :&: #(F [(!:.$+**>X, .&: 5 #(F F#!$*>X 

/25*+1, ?+9*+ *&;.5 ?&.$5B*>! [(!?!*.>, :&:, *&2$5?!$,  

〈M,m|SzIz|M,m〉=M m 

〈M,m+1|SzIx|M,m〉=M(1/2) [I(I+1)-m(m+1)]1/2                        (1.3.75) 

5 2+(<B5.) ?&.$5C< [*!$-55, #5&-+*&(545$<F :+.+$<6 ?+9*+ *&;.5 [*!$-!.5B!/:5! <$+1*5. 

N(F 5((6/.$&C55 $&//?+.$5? 2$+/.+; 2$5?!$ S=1/2, I=3/2 5 2$!#2+(+95?, B.+ 
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:$5/.&((5B!/:+! 2+(! 5?!!. :<35B!/:<6 /5??!.$56, 2+[.+?< g 5 A 54+.$+2*>!. n+-#& 

/25*+1>; -&?5().+*5&* /1+#5./F : I+$?!: 

 s=gµBHSz+A[SzIz+SxIx+SySy]                                         (1.3.76) 

n+-#& ?&.$5C& [*!$-55 ?+9!. 3>.) 4&25/&*& 1 /(!#<6_!; I+$?!: 

 

|M,m〉 |1/2,
3/2〉 |1/2,

1/2〉 |-1/2,
3/2〉 |1/2,-

1/2〉 |-1/2,
1/2〉 |1/2,-

3/2〉 
1/2G+3/2

A 
|-1/2,-

3/2〉 

|1/2,
3/2

〉 

1/2G+3/2

A 
       

|1/2,
1/2

〉 
 

1/2G+3/2

A 
(}3/2)A      

|-
1/2,

3/2〉 
 (}3/2)A 

1/2G+3/2

A 
     

|1/2,-
1/2〉 

   
1/2G+3/2

A 
A    

|-
1/2,

1/2〉 
   A 

1/2G+3/2

A 
   

|1/2,-
3/2〉 

     
1/2G+3/2

A 
(}3/2)A  

|-1/2,-
1/2〉 

     (}3/2)A 
1/2G+3/2

A 
 

|-1/2,-
3/2〉 

       
1/2G+3/2

A 

 

k#!/) G=gµBH. N5&-+*&(54&C5F 3(+:+1 [.+; ?&.$5C> #&!. 1+/!?) <$+1*!;: 

E8,4 = 3/4A ± 1/2G 

E7,1 = -1/4A ± 1/2(G
2+2AG+4A2)1/2 

E5,3 = -1/4A ± 1/2(G
2-2AG+4A2)1/2 

E6,2 = -1/4A ± 1/2(G
2+4A2)1/2                                             (1.3.77) 

7& b5/.1.3.7 ]+:&4&*& #5&-$&??& [.5X <$+1*!; 1 4&15/5?+/.5 +. 1!(5B5*> ?&-*5.*+-+ 2+(F.  
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 b5/.1.3.7 N5&-$&??& [*!$-!.5B!/:5X <$+1*!; 1 4&15/5?+/.5 +. 1!(5B5*> ?&-*5.*+-+ 

2+(F #(F /5/.!?> S=1/2, I=3/2 / <B!.+? /1!$X.+*:+-+ 14&5?+#!;/.15F.  

 

N(F .+-+ B.+3> 3+(!! 2+(*+ +25/&.) 14&5?+#!;/.15F, /1F4&**>! /+ /25*+? F#$&, 1 

/25*+1+? -&?5().+*5&*! :$+?! B(!*& S⋅A⋅I *<9*+ <B!/.) 4!!?&*+1/:+!  14&5?+#!;/.15! 

F#!$*+-+ /25*& / ?&-*5.*>? 2+(!?, & .&:9! :1&#$<2+()*+! 14&5?+#!;/.15!: 

IQIIASIBgBgSH NNB

rtrrtrrrrtr
++−= µµx ,                   (1.3.78) 

k#!/) gN- F#!$*>; g I&:.+$, µΝ- F#!$*>; ?&-*!.+*, A 5 Q - .!*4+$>, +25/>1&6_5! 

/1!$X.+*:+! 5 :1&#$<2+()*+! 14&5?+#!;/.15F, /++.1!./.1!**+.  

J/(5 [(!:.$+**+! 4!!?&*+1/:+! 14&5?+#!;/.15! 1 [.+? -&?5().+*5&*! 4*&B5.!()*+ 

3+()Z! #$<-5X 14&5?+#!;/.15;, .+, 2$5?!*FF ?!.+#> .!+$55 1+4?<_!*5F, ?+9*+ *&;.5 

2$53(59!**>! /+3/.1!**>! 4*&B!*5F -&?5().+*5&*& (1.3.78). ]!$1>; 2+$F#+: .!+$55 

1+4?<_!*5F #&!.: 

E g Bm g Bm Am m QmB S N N I I S I= − + +µ µ 2
                        (1.3.79) 

]+(<B!**&F /5/.!?& [*!$-!.5B!/:5X <$+1*!; /++.1!./.1<!. /25*+1>? 1+(*+1>? I<*:C5F?, 

+2$!#!(F!?>? [(!:.$+**>?5 5 F#!$*>?5 ?&-*5.*>?5 :1&*.+1>?5 B5/(&?5, +3>B*+ 

 3/2 
 1/2 
-1/2 
-3/2 

-3/2 
-1/2 
 1/2 
 3/2 

1/2 

-1/2 

m M

(3/4)A 

-(5/4)A 

H 



 

 

46 

2$!#/.&1(F!?>? 1 15#! |mS,mI〉. Q :&B!/.1! 2$5?!$& *& $5/.1.3.7 2+:&4&*& #5&-$&??& 

[*!$-!.5B!/:5X <$+1*!; #(F 2&$&?&-*5.*+-+ C!*.$& / S=1/2 5 I=3/2.  

]+# #!;/.15!? ?5:$+1+(*+1+-+ [(!:.$+?&-*5.*+-+ 2+(F ?+9*+ 1>41&.) 2!$!X+#>, 

(*& $5/.1.3.8 +*5 +3+4*&B!*> C5I$&?5 1,2,3,4) $!-5/.$5$<!?>! 1 `]b [:/2!$5?!*.!, 

/++.1!./.1<6_5! 2$&15(&? +.3+$&: 

∆ ∆m mS I= ± =1 0, .                                        (1.3.80) 

Q $!4<().&.!, /2!:.$ 3<#!. /+/.+F.) 54 2I+1 (5*5; /1!$X.+*:+; /.$<:.<$>, 2+(+9!*5F 

:+.+$>X 4&#&6./F /(!#<6_5? <$&1*!*5!?: 

 

           

b5/.1.3.8 N5&-$&??& [*!$-!.5B!/:5X <$+1*!; #(F 2&$&?&-*5.*+-+ C!*.$& / S=1/2 5 I=3/2 / 

<B!.+? /1!$X.+*:+-+, F#!$*+-+ 4!!?&*+1/:+-+ 5 :1&#$<2+()*+-+ 14&5?+#!;/.15;.  

B

I
m g

Amh
H

I µ
ν −= ,                                            (1.34 1.3.81) 

-#! mI 2$+3!-&!. 4*&B!*5F +. -I #+ I. b&//.+F*5! ?!9#< (5*5F?5 /1!$X.+*:+; /.$<:.<$> 1 

/2!:.$! `]b 1 2!$1+? 2+$F#:! .!+$55 1+4?<_!*5F, 2$5?!*!**+; 4#!/), $&1*+ 2&$&?!.$< 

/1!$X.+*:+-+ 14&5?+#!;/.15F V. S&: 15#*+, 1 2!$1+? 2+$F#:! .!+$55 1+4?<_!*5; F#!$*+! 

4!!?&*+1/:+! 5 :1&#$<2+()*+! 14&5?+#!;/.15F *! 1(5F6. *& 2+(+9!*5F (5*5; `]b. J/(5 

1!(5B5*& /1!$X.+*:+-+ 14&5?+#!;/.15F 3<#!. ?!*)Z! Z5$5*> (5*55 `]b, .+ /1!$X.+*:&F 

/.$<:.<$& 1 `]b [:/2!$5?!*.! 3<#!. *!$&4$!Z!**+;.  
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]$5$+#< 54+.$+2*+-+ /1!$X.+*:+-+ 14&5?+#!;/.15F, #&6_!-+ +3>B*+ *&53+()Z5; 

1:(&#, *!()4F +25/&.) :(&//5B!/:+; .!+$5!;, 2+/:+():< #52+()-#52+()*>! 14&5?+#!;/.15F 

?!9#< /25*&?5 [(!:.$+*+1 5 F#!$, 2+$+9#&6_5! (+:&()*>! 2+(F, </$!#*F6./F : *<(6 54-4& 

/I!$5B!/:5 /5??!.$5B*+-+ $&/2$!#!(!*5F s–[(!:.$+*+1. (n+():+ s-[(!:.$+*> #&6. 1:(&# 1 

54+.$+2*+! /1!$X.+*:+! 14&5?+#!;/.15!). D3fF/*!*5! +/*+1>1&!./F *& .&: *&4>1&!?+? 

 !$?5 :+*.&:.*+?  14&5?+#!;/.155, /<.) :+.+$+-+ /1+#5./F : .+?<, B.+ [(!:.$+*> 1s, 2s 5 

3s +$35.&(!; 5?!6., :&: 2+:&4&*+ *& $5/.1.3.9, *!*<(!1<6 2(+.*+/.) 1 .+B:! F#$& (p, d, f- 

+$35.&(5 5?!6. <4(+1<6 .+B:<). `*!$-5F 54+.$+2*+-+ 14&5?+#!;/.15F ?&-*5.*+-+ ?+?!*.& 

[(!:.$+*& / F#!$*>? /25*+? 1 [.+? /(<B&! *&X+#5./F / 2+?+_)6 1>$&9!*5F 

 

Nzez,G&W µµπ 2
)0(

3

8 Ψ−=                                       (1.3.82) 

7&2$5?!$, 1s-1+(*+1&F I<*:C5F 1+#+$+#& $&1*&: 






 −






=

0

2/1

3
0

1 exp
1

r

r

rs π
ψ ,                                                (1.3.83) 

-#! r – $&#5</ 2!$1+; 3+$+1/:+; +$35.> (0.0529*?). ]$5 r=0 4*&B!*5! |ψ(0)|2 $&1*+ 





3

0

1

rπ
. 

@/2+()4<F [.+ 4*&B!*5! ?+9*+ $&//B5.&.) [*!$-56 W54+ 2+ <$&1*!*56 (1.3.83).  

 

b5/.1.3.9  k&15/5?+/.5 $&#5&()*>X B&/.!; 1s, 2p 5 3d –1+(*+1>X I<*:C5; 1+#+$+#& +. 

$&//.+F*5F +. F#$& (r0 – 3+$+1/:5; $&#5</). 



 

 

48 

 

O*54+.$+2*&F B&/.) /1!$X.+*:+-+ 14&5?+#!;/.15F +2$!#!(F!./F #52+()-#52+()*>? 

14&5?+#!;/.15!?: 

Ψ


⋅

−


 ⋅⋅

Ψ=⋅⋅
35

0 IS)rI)(rS(3

4
IBS

rr
gg NNB µµ

π
µt

                 (1.3.84) 

-#! B
t

 – .!*4+$ 1.+$+-+ $&*-& / *<(!1>? /(!#+?. `.& B&/.) /1!$X.+*:+-+ 14&5?+#!;/.15F 

2+41+(F!. 3+(!! #!.&()*+ 54<B&.) (+:&()*<6 /5??!.$56 2&$&?&-*5.*>X C!*.$+1, 

+2$!#!(F.) 2+(+9!*5! #!I!:.& 5(5 2$5?!/*+-+ &.+?& 1 $!Z!.:!.  

L25*+1>; -&?5().+*5&* (1.3.76) #(F /1!$X.+*:+-+ 14&5?+#!;/.15F 2+(<B&!./F 54 

1>$&9!*5F (1.3.83), !/(5 4&?!*5.) 1 *!? ?&-*5.*>! ?+?!*.> /++.1!./.1<6_5?5 

+2!$&.+$&?5: 

 

zBez Sg
)) µµ −=  

(1.3.85) 

zNNzN Ig
)) µµ =  

 

n+-#& 1 +2!$&.+$*+? 15#!: 

zzNN,G& ISggH
B

))) 2
)0(

3

8 Ψ−= µµπ
,                                 (1.3.86) 

:+.+$+! 5*&B! 4&25/>1&!./F 1 15#!: 

zz,G& ISAhH
)))

0= ,                                             (1.3.87) 

-#! A0 – :+*/.&*.& 54+.$+2*+-+ LnQ, :+.+$&F 54?!$F!./F 1 !#5*5C&X B&/.+.> (1 GC).  

 G&?5().+*5&* /1!$X.+*:+-+ 14&5?+#!;/.15F ?+9!. 3>.) 2+(<B!* *& +/*+1! 

:(&//5B!/:+; [(!:.$+?&-*5.*+; .!+$55. ]+1!#!*5! [(!:.$+*& 1 ?&-*5.*+? 2+(! ? 

+25/>1&!./F 2<.!? 4&?!*> p *& p+(e/c)A, -#! V –1!:.+$*>; 2+.!*C5&(, +2$!#!(F!?>; :&:, 

divA=0, rotA=H.  

T&-*5.*>; #52+() \ /+4#&!. 1 .+B:! *& $&//.+F*55 r ?&-*5.*+! 2+(!  

A=[µr]/r3=rot(µ/r) 

n+-#& 

ArotSA
c

e
p

m
H B

rrrr µ2)(
2

1x 2 ++=  .                                     (1.3.88) 

Q 2!$1+? 2$53(59!*55 .!+$55 1+4?<_!*5; +/.&1(F6. .+():+ (5*!;*>! 2+ O B(!*>: 
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ArotSpAAp
mc

H B

rrrrrr µ2)(
2

1x ++=                                       (1.3.89) 






+=

r
rotrotS

r

l
H BB

µµµµ 22x
3                                       (1.3.90) 

-#! [ ]prl
rrr

h = . k&15/F_<6 +. /25*& B&/.) ?+9*+ 4&25/&.) :&: 
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N(F r≠0 1.+$+! /(&-&!?+! $&1*+ *<(6 *& +/*+1&*55 <$&1*!*5F A&2(&/&, & 2!$1+! +25/>1&!. 

#52+()-#52+()*+! 14&5?+#!;/.15!: 

 

]/)(/))((3[2 35 rSrrrSB

rrrrrr
µµµ −                                                  (1.3.92) 

]$5 r→0 1.+$+; B(!* 1 (1.3.92) $&1!*  

)()(
3

16
rSB

rrr
δµµπ                                                            (1.3.93) 

n&:5? +3$&4+?, -&?5().+*5&* /1!$X.+*:+-+ 14&5?+#!;/.15F [(!:.$+*& / F#$+? / <B!.+? 

(1.3.92) 5 (1.3.93) ?+9*+ 4&25/&.) :&:: 
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533BHF                               (1.3.94) 

`*!$-5F /1!$X.+*:+-+ 14&5?+#!;/.15F  

2
B

S
1

S
1

S
v )0(

3

16
d)H()H(W Ψµπ=ΩΨΨ=ΨΨ= ∫                                 (1.3.95) 

n&:5? +3$&4&? /1!$X.+*:+! 14&5?+#!;/.15! #!;/.15.!()*+ 1>$&9&!./F -&?5().+*5&*+?  

IASH
rtr

=x                                                            (1.3.96) 
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 @.&:, #(F 1+4*5:*+1!*5F 54+.$+2*+-+ /1!$X.+*:+-+ 14&5?+#!;/.15F *!+3X+#5?& 

*!*<(!1&F 2(+.*+/.) *!/2&$!**+-+ [(!:.$+*& *& F#$!, .!? *! ?!*!!, +:&4&(+/), B.+ 
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54+.$+2*+! /1!$X.+*:+! $&/_!2(!*5! *&3(6#&!./F 5 1 /2!:.$&X `]b [(!:.$+*+1 

*!4&2+(*!**>X d- +3+(+B!:, 5?!6_5X *<(!1<6 2(+.*+/.) *& F#$!. N(F +3fF/*!*5F 3>(& 

$&//?+.$!*& 1+4?+9*+/.) /25*+1+; 2+(F$54&C55 1s, 2s, 3s 5 4s +3+(+B!: &.+?+1 1 $!4<().&.! 

s-d 14&5?+#!;/.15F. @4 [.+-+ 9! $&//?+.$!*5F /.&(+ +B!15#*>? 1(5F*5! [II!:.+1 

:+1&(!*.*+/.5 /1F4!; 1 :$5/.&((&X *& :+*/.&*.> LnQ. 7& $5/.1.3.10 2+:&4&*+ :&: 54?!*F!./F 

:+*/.&*.& /1!$X.+*:+-+ $&/_!2(!*5F O #(F 2$5?!/*+-+ 5+*& ?&$-&*C& Mn2+ 2$5 54?!*!*55 

/.!2!*5 :+1&(!*.*+/.5 /1F45 ?&$-&*!C - (5-&*#, +2$!#!(F!?+; / 2+?+_)6 /(!#<6_!-+ 

1>$&9!*5F: 

])xx(035.0)xx(16.01[c 2
MnAsMnAs −−−−= ,                    (1.3.97) 

 

 

 

 

 

 

 

 

 

 

b5/.1.3.10   @4?!*!*5! :+*/.&*.> /1!$X.+*:+-+ $&/_!2(!*5F O #(F 2$5?!/*+-+ 5+*& 

?&$-&*C& Mn2+ 2$5 54?!*!*55 /.!2!*5 :+1&(!*.*+/.5 /1F45 ?&$-&*!C – (5-&*#.  

 

n&:5? +3$&4+?, +2$!#!(FF 54 [:/2!$5?!*.& :+*/.&*.> /1!$X.+*:+-+ 14&5?+#!;/.15F 

2&$&?&-*5.*+-+ 5+*& 1 :$5/.&((!, ?+9*+ *&;.5 /.!2!*) (+:&(54&C55 [(!:.$+**+; 1+(*+1+; 

I<*:C55 *& 5+*! 5 !/(5 +*& +:&9!./F +.(5B*+; +. 100%, .+ ?> 3<#!? 4*&.) #+(6 

[(!:.$+**+; 2(+.*+/.5, #!(+:&(54+1&**+; 2+ $!Z!.:!. D:&4>1&!./F, :&: $&/2$!#!(!*& 
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[(!:.$+**&F 2(+.*+/.) 2+ (5-&*#&?, ?+9*+ .&:9! <4*&.), !/(5 +2$!#!(5.) :+*/.&*.> 

/1!$X.+*:+-+ 14&5?+#!;/.15F (/<2!$/1!$X.+*:+-+) / F#$&?5 &.+?+1 (5-&*#+1. Q [.+? /(<B&! 

*!*<(!1<6 2(+.*+/.) *& F#$&X ?+-<. /+4#&1&.) *! .+():+ s /+/.+F*5F, *+ 5  p- , d- 5 f- .52&. 

]+[.+?< +/*+1*<6 #+(6 /<2!$/1!$X.+*:+-+ 14&5?+#!;/.15F 3<#!. /+/.&1(F.) 1 [.+? /(<B&! 

54+.$+2*+! :+*.&:.*+! 14&5?+#!;/.15! (1.3.87), 1 :+.+$+? 1?!/.+ |ψ(0)|2 $&//?&.$51&6. 

|ψ(ri)|2, -#! ri <:&4>1&!. 2+(+9!*5! F#$& (5-&*#& 1 $!Z!.:!. O*54+.$+2*>! B&/.5 

/1!$X.+*:+-+ 14&5?+#!;/.15F *& (5-&*#&X, +2$!#!(F!?>! / 2+?+_)6 1>$&9!*5F (), .&:9! 

#&6. 1:(&#, 2$5B!?, 5X &*54+.$+25F 3<#!. +2$!#!(F.)/F .+B!B*+; /5??!.$5!; (5-&*#+1 

+.*+/5.!()*+ 2&$&?&-*5.*+-+ 5+*& 5 3<#!. ?!*F.)/F 2$5 2!$!X+#! +. +#*+; 

:++$#5*&C5+**+; /I!$> : /(!#<6_!;. n&:5? +3$&4+?, +2$!#!(FF :+?2+*!*.> .!*4+$& Bij, 

?+9*+ +2$!#!(5.) / F#$&?5 :&:+; :++$#5*&C5+**+; /I!$> 2$+5/X+#5. 14&5?+#!;/.15!. S 

/+9&(!*56, +3>B*+, 1 .1!$#>X .!(&X /1!$X.+*:+! $&/_!2(!*5! *& (5-&*#&X *! $&4$!Z&!./F 1 

/2!:.$&X `]b. ]+[.+?< 2$5?!*F6./F #$<-5! ?!.+#> ?&-*5.*+; $!4+*&*/*+; /2!:.$+/:+255, 

+#5* 54 :+.+$>X, ?!.+# #1+;*+-+ [(!:.$+*-F#!$*+-+ $!4+*&*/& (N`db) 3<#!. +25/&* *59!.   

  

1.3.7.  )'.5 52.?%.$. ]8)>'+.%-J5)+%.$. +)-.%"%0" 

 

 J/(5 $&//.+F*5! ?!9#< (5*5F?5 /1!$X.+*:+; /.$<:.<$> *! 2$!1+/X+#5. 5X Z5$5*>, 

.+ 1 /2!:.$&X `]b *! <#&!./F +3*&$<95.) [.+ $&/_!2(!*5!, 4& 5/:(6B!*5!?, ?+9!. 3>.), 

-$<3+; +C!*:5 !-+ 54 <Z5$!*5F. ]+ [.+; 2$5B5*! 1 .1!$#>X .!(&X $!#:+ *&3(6#&!./F 

$&/_!2(!*5!, +3</(+1(!**+! 14&5?+#!;/.15!? [(!:.$+**+-+ /25*& / F#$&?5 /+/!#*5X 

&.+?+1. n&:+! 14&5?+#!;/.15! 1 +.(5B5! +. /1!$X.+*:+-+ 14&5?+#!;/.15F *!/2&$!**+-+ 

[(!:.$+*& / /+3/.1!**>? &.+?*>? F#$+? *+/5. *&41&*5! /<2!$/1!$X.+*:+-+ 5(5 

/1!$X.+*:+-+ 14&5?+#!;/.15F *& (5-&*#&X. {5$5*& (5*5; `]b 2$5 *54:5X .!?2!$&.<$&X #(F 

/(<B&F /5()*+ $&43&1(!**>X 2&$&?&-*!.5:+1 1 .1!$#>X .!(&X 1 +/*+1*+? +2$!#!(F!./F 

/<2!$/1!$X.+*:5? 14&5?+#!;/.15!?. D*& 4&15/5. +. 2$+C!*.*+-+ /+#!$9&*5F 54+.+2+1 / 

*!*<(!1>? F#!$*>? ?+?!*.+? 5, /++.1!./.1!**+, 1+4$&/.&!. 1 $F#< .&:5X 1!_!/.1, :&:, 

*&2$5?!$, &(?&4, :$!?*5;, &$/!*5# -&((5F 1 5X 2$5$+#*+; 54+.+2*+; :+?2+45C55. n&:5? 

+3$&4+?, 5*I+$?&C5F + /<2!$/1!$X.+*:+? $&/_!2(!*55 1 ?!.+#! `]b +:&4>1&!./F 

*!#+/.<2*+;. D#*&:+  [!$ 1 1956 -. 12!$1>! 2$!#(+95( 5 2$5?!*5( ?!.+# #1+;*+-+ 

[(!:.$+*-F#!$*+-+ $!4+*&*/& (N`db), +.:$>1Z5; 1+4?+9*+/.5 *&3(6#!*5F (5*5; 

/<2!$/1!$X.+*:+; /.$<:.<$>, *!$&4$!Z!**+; 1 `]b. D/+3!**+/.5 ?!.+#&  [!$ 

2$+#!?+*/.$5$+1&( *& 2$5?!$! +B!*) 1&9*+-+ 1 I545:! 2+(<2$+1+#*5:+1 2$5?!/*+-+ 

C!*.$& – ?!(:+-+ #+*+$*+-+ C!*.$& 1 :$!?*55 – I+/I+$&.  
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 b&//?+.$5? /<.) ?!.+#&. L+-(&/*+ /X!?! [*!$-!.5B!/:5X <$+1*!;, 2+:&4&**+; *& 

$5/.1.3.8, 1 #+2+(*!*5! : 2!$!X+#&? 1 /5/.!?! [(!:.$+**>X /25*+1, ?+9*+ 1+43<9#&.) 

2!$!X+#> ?!9#< <$+1*F?5 1 F#!$*+; 2+#/5/.!?! /25*+1. N(F .&:5X 2!$!X+#+1 #+(9*> 

1>2+(*F.)/F /(!#<6_5! 2$&15(& +.3+$& 

                                               1m,0m IS ±=∆=∆                                            (1.3.98) 

Q [.+? /(<B&! </(+15F $!4+*&*/& 3<#<. 1>2+(*!*>, :+-#&: 

)1m2(QBgAmh INNS>T. ++µ−=ν                            (1.3.99) 

i&/.+.& F#!$*+-+ ?&-*5.*+-+ $!4+*&*/& (!95. 1 ?!-&-!$C+1+? #5&2&4+*! 5 (!-:+ 

/:&*5$<!./F #(F 2+(<B!*5F $!4+*&*/*>X </(+15;. {5$5*& 9! (5*55 dTb /+/.&1(F!. 

*!/:+():+ :5(+-!$C. `.+ +3!/2!B51&!. 1>/+:+! $&4$!Z!*5! 1 /2!:.$!.  

L&? 2+ /!3! ?!.+# dTb *& *!/:+():+ 2+$F#:+1 ?!*!! B<1/.15.!(!* 2+ /$&1*!*56 / 

?!.+#+? `]b. ]+ [.+; 2$5B5*! 2$5 5//(!#+1&*55 #!I!:.+1 1 .1!$#>X .!(&X 2$5?!*F!./F 

?!.+# #1+;*+-+ [(!:.$+*-F#!$*+-+ $!4+*&*/&.  

Q ?!.+#! N`db `]b 5 dTb $!4+*&*/*>! </(+15F 1>2+(*F6./F +#*+1$!?!**+. 

`:/2!$5?!*. 2+ N`db /+/.+5. 1 /(!#<6_!?:  

1. D3$&4!C 2+?!_&!./F 1 /2!C5&()*>; $!4+*&.+$ (*&2$5?!$, .&:+;, :&: 2+:&4&* *& 

$5/.1.3.11);  

2. S 2&$&?&-*5.*+; /5/.!?! 2$5:(&#>1&!./F ?&-*5.*+! 2+(!, /++.1!./.1<6_!! 

2!$!X+#< 1, 1 /++.1!./.15! / $5/. 1.3.8, 5 /2!:.$+?!.$ *&/.$&51&!./F *& $!-5/.$&C56 /5-*&(& 

`]b 2$5 *54:+; ?+_*+/.5 LQi;  

3. H$+1!*) LQi ?+_*+/.5 <1!(5B51&6. 1 *!/:+():+ $&4, #(F #+/.59!*5F *&/>_!*5F 

2!$!X+#& 

4. S +3$&4C< 2$5:(&#>1&6. $&#5+B&/.+.*+! [(!:.$+?&-*5.*+! 2+(!, B&/.+.< :+.+$+-+ 

/:&*5$<6. #(F *&X+9#!*5F dTb $!4+*&*/*>X </(+15;, /++.1!./.1<6_5X 2!$!X+#< f.  

Q $!4<().&.! 3<#!. 54?!*!*& *&/!(!**+/.) <$+1*F |-1/2,+3/2〉, B.+ 2+1(!B!. 4& /+3+; 

54?!*!*5! /5-*&(& `]b. n&:5? +3$&4+?, $!-5/.$5$<F 54?!*!*5F /5-*&(& `]b 2$5 

/:&*5$+1&*55 $&#5+B&/.+.*+-+ 2+(F, 4&25/>1&!./F /5-*&( N`db. @4 [.+-+ /(!#<!., B.+ 

?!.+#+? N`db 1!(5B5*> g B A QN Nµ , 5  ?+-<. 3>.) +2$!#!(!*> / .+B*+/.)6 

*!/:+():5X :GC. n&:&F .+B*+/.) 2$53(545.!()*+ 1 1000 $&4 1>Z! .+B*+/.5, :+.+$&F ?+9!. 

3>.) 2+(<B!*& .+():+ 54 `]b [:/2!$5?!*.&.  
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b5/.1.3.11  D#*& 54 1+4?+9*>X :+*/.$<:C5; $!4+*&.+$+1 #(F 5//(!#+1&*5F N`db. b!4+*&.+$ 

1>2+(*!* 54 25$!:/& / *&2>(!**>? .+*:5? /(+!? /!$!3$& *& 1*<.$!**!; 2+1!$X*+/.5. `.+ 

+3!/2!B51&!. 2$+*5:*+1!*5! rf-2+(F, /+4#&1&!?+-+ 1*!Z*!; :&.<Z:+;, 1*<.$) $!4+*&.+$&. 

n&:+; $!4+*&.+$ 5/2+()4+1&(/F 1 $&3+.! [11] 2$5 5//(!#+1&*55 N`db ?!(:5X #+*+$*>X 

C!*.$+1 1 :$!?*55.  

 

S&: <9! +.?!B&(+/) 1>Z!, +#*5? 54 2!$1>X 2$5?!*!*5; ?!.+#& N`db 3>(+ 5//(!#+1&*5! 

+/*+1*+-+ /+/.+F*5F ?!(:5X #+*+$*>X C!*.$+1 1 :$!?*55 [11]. @//(!#+1&(/F N`db *& F#$&X 

:$!?*5F, +:$<9&6_5X <4!( 1 $!Z!.:! :$!?*5F, 1 :+.+$+? *&X+#5./F &.+? #+*+$&. d#$& 

54+.+2& :$!?*5F 29Si 5?!6. /25* I=1/2, 5 5X /+#!$9&*5! 1 2$5$+#*+? :$!?*55 /+/.&1(F!. 

4.7%. G5$+?&-*5.*+! +.*+Z!*5! #(F [.5X F#!$ 541!/.*+ 5 /+/.&1(F!. γn=-

8.458(TGC//!:)/(10:G/). Q/! +/.&()*>! F#$&, 1/.$!B&6_5!/F 1 2$5$+#*+; :+?2+45C55 28Si 5 
30Si, 5?!6. I=0.  

S&: 541!/.*+, 1+(*+1&F I<*:C5F ?!(:+-+ #+*+$& (P, As, Sb) /5()*+ #!(+:&(54+1&*& 1 

$!Z!.:!, 2+[.+?< [(!:.$+* *& #+*+$! 14&5?+#!;/.1<!. /+ ?*+-5?5 F#$&?5 29Si. 

G&?5().+*5&* [.+-+ 14&5?+#!;/.15F ?+9!. 3>.) 2$!#/.&1(!* 1 /(!#<6_!? 15#!: 

)( 0
1

HgSAIH NN µα
α

α −= ∑
=

)
,                                               (1.3.100) 

-#!  

ααα BlaA +=  

])()()[(3/1 zzyyxx AAAa αααα ++≡  

,)()3/8(
2

aNXN rgga ψµµπα =  
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,
2

1
10523,1)( 22

αψ ara ×−= ~-3, 

 

-#! α12

1 1>$&9!*& 1 ?!-&-!$C&X, 

Ψ−Ψ= ]/)3[()( 52 rrxxggB ijjiNBNij δµµα  

S&9#+! F#$+ :$!?*5F ?+9!. 3>.) +.*!/!*+ : +2$!#!(!**+; :++$#5*&C5+**+; /I!$!, :&9#&F 

54 :+.+$>X, 1 /1+6 +B!$!#), ?+9!. 2$5*&#(!9&.) +#*+?< 54 B!.>$!X 1+4?+9*>X :(&//+1. 

N(F :&9#+-+ :(&//& /5??!.$55 1+4?+9!* /.$+-+ +2$!#!(!**>; 15# <-(+1+; 4&15/5?+/.5 

2+(+9!*5; (5*5; N`db. n$5 :(&//& /5??!.$55 54 B!.>$!X, :+.+$>! *&3(6#&(5/)  ![$+? [] 

#(F ?!(:5X #+*+$+1 1 :$!?*55, 2+:&4&*> *& $5/. … 

 

                                            

b5/.1.3.12. n$5 :(&//& /5??!.$55, *&3(6#&!?>!  ![$+? [12] #(F ?!(:5X #+*+$+1 1 :$!?*55.  
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g&$&:.!$5/.5:5 1/!X B!.>$!X 1+4?+9*>X :(&//+1 /5??!.$55 $&/2+(+9!*5F F#!$ 1 

:++$#5*&C5+**>X /I!$&X 1+:$<- #+*+$*+-+ &.+?& 1 :$!?*55 2$51!#!*> 1 .&3(5C! 1.3.1. 

 

n&3(5C& 1.3.1. g&$&:.!$5/.5:5 1+4?+9*>X :(&//+1 /5??!.$55 $&/2+(+9!*5F F#!$ 1 

:++$#5*&C5+**>X /I!$&X 1+:$<- #+*+$*+-+ &.+?& 1 :$!?*55 

 

 

 

`(!:.$+**>! 2(+.*+/.5, 2+(<B!**>! 54 N`db /2!:.$+1 3>(5 /$&1*!*> / .!+$!.5B!/:5?5, 

2+(<B!**>?5 1 2$53(59!*55 [II!:.51*+; ?&//> S+*+? 5 A&..5*#9!$+? #(F ?!(:5X 

#+*+$+1 1 :$!?*55 [13]. D*5 2+:&4&(5, B.+ 1+(*+1&F I<*:C5F #+*+$*+-+ [(!:.$+*& ?+9!. 

3>.) 2$!#/.&1(!*& :&: (5*!;*&F :+?35*&C5F Z!/.5 1+(*+1>X I<*:C5;, /++.1!./.1<6_5X 

Z!/.5 ?5*5?<?&? 4+*> 2$+1+#5?+/.5 1 *&2$&1(!*5FX [100] 1 :$!?*55: 

)exp()()(
6

1
)(

6

1
0

)()(
2/1

∑
=







=Ψ

j

jjj rikrurFr                                     (1.3.101) 

k#!/) j *<?!$<!. ?5*5?<?> 4+*> 2$+1+#5?+/.5, u(j)(r)exp(ik0
jr)- 3(+X+1/:&F I<*:C5F, 

/++.1!./.1<6_&F j-?< ?5*5?<?<. F(j)– +-53&6_&F 1+#+$+#+2+#+3*&F I<*:C5F, 2+(<B!**&F 

54 $!Z!*5F <$&1*!*5F {$!#5*-!$& 2$5 2+#/.&*+1:! 1 *!-+ [*!$-55 /1F45 #(F #+*+$&. @4 

1>$&9!*5F (1.3.101) ?+9!. 3>.) (!-:+ +C!*!*& 1!(5B5*& ψ(0), +#*&:+ #(F +C!*:5 ψ(r) 

#+(9*> 3>.) <B.!*> /+/.+F*5F Z!/.5 ?5*5?<?+1, :+.+$>! 5*.!$I!$5$<6. #$<- / #$<-+? 4& 

/B!. ?*+95.!(F exp(ik0
jr). ]+/:+():< 5*.!$I!$!*C5+**>; [II!:. 4&15/5. +. 2+(+9!*5F 

?5*5?<?+1 4+*> 2$+1+#5?+/.5, .+ 54 /$&1*!*5F [:/2!$5?!*.&()*>X #&**>X 54 /2!:.$+1 

N`db 5 .!+$!.5B!/:5X :+*/.&*. /1!$X.+*:+-+ $&/_!2(!*5F 3>(& +C!*!*& 1!(5B5*& k0.  
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b5/.1.3.13. N+*+$*>; &.+? I+/I+$&, 14&5?+#!;/.1<6_5; / (5-&*#*>?5 F#$&?5 29Si 1 

[(!?!*.&$*+; FB!;:! :$5/.&((5B!/:+; $!Z!.:5 :$!?*5F 1 `]b 5 N`db [:/2!$5?!*.!.  

 

L$&1*!*5! .!+$55 / [:/2!$5?!*.+? +/(+9*F(+/) .!?, B.+ $&/2$!#!(!*5! [(!:.$+**+; 

2(+.*+/.5 2+ F#$&? +:&4&(+/) *!?+*+.+**>?. n&:, *&2$5?!$, 2(+.*+/.) *& F#$! 220 (/?. 

b5/.1.3.13.) +:&4&(&/) ?!*)Z! B!? *& F#$! 440, *! /?+.$F *& .+, B.+ $&//.+F*5! #+ F#$& 220 

?!*)Z!. 7&5(<BZ5; $!4<().&. 2$5 /$&1*!*55 .!+$55 / [:/2!$5?!*.+? 3>( 2+(<B!* #(F 

k0/kmax=0.85. ]$5 +C!*:&X 3>( 5/2+()4+1&* !_! +#5* 1&9*>; 2&$&?!.$ η, :+.+$>; 

X&$&:.!$54<!. #+(6 2(+.*+/.5 3(+X+1/:5X /+/.+F*5; *& F#$! u(j)(r): 

2
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)j(2

l
)j( )r(u)r(u=η                                                    (1.3.102) 

H/$!#*!*5! 1 (1.3.102) #!(&(+/) 2+ [(!?!*.&$*+; FB!;:!. k*&B!*5! η=186±18 3>(+ +C!*!*+ 

*& +/*+1! 54?!$!*5; 1$!?!*5 F#!$*+; $!(&:/&C55 1 :$!?*55.  Q 3+(!! 2+4#*5X $&3+.&X [15] 

2$5 5/2+()4+1&*55 #(F .!+$!.5B!/:5X +C!*+: :+*/.&*. /1!$X.+*:+-+ 14&5?+#!;/.15F #(F 

?!(:5X #+*+$+1 1 :$!?*55 ?!.+#& 2/!1#+2+.!*C5&(& 1?!/.+ ?!.+#& [II!:.51*+; ?&//> +3& 

2&$&?!.$& 3>(5 <.+B*!*>: k0/kmax=0.854; η=178±18.  

 

 

1.3.8. F@&%-0@&%.2() 2-"&A.5)?0'2&J & &6 28&J%&) %" _.+AH 8&%&? <9K 

 

 S /25*-/25*+1>? 14&5?+#!;/.15F? +.*+/F./F ?&-*5.*>! #52+()-#52+()*>! 5 

+3?!**>! 14&5?+#!;/.15F ?!9#< /25*&?5 [(!:.$+*+1, (+:&(54+1&**>X *& $&4(5B*>X 
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2&$&?&-*5.*>X C!*.$&X. n&:9! :&:, 1 3+()Z5*/.1! /1+!?, /<2!$/1!$X.+*:5! 

14&5?+#!;/.15F, $&//?+.$!**>! 1>Z!, +*5 *! 2$51+#F. : 2+F1(!*56 #+2+(*5.!()*>X (5*5; 

1 /2!:.$&X `]b, & 1(5F6. /<_!/.1!**+ *& Z5$5*< 5 I+$?< (5*5;. b&//?+.$5? /*&B&(& 

#52+()-#52+()*>! 14&5?+#!;/.15F. @X ?+9*+ +25/&.) / 2+?+_)6 -&?5().+*5&*&: 

∑∑ 
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L25*+1>; -&?5().+*5&* / <B!.+? #52+()-#52+()*+-+ 14&5?+#!;/.15F 4&25Z!./F :&::  

dZS HHH xxx +=                                                     (1.3.105) 

J/(5 Hz>>Hd, .+ ?+9*+ 3>(+ 3> 1+/2+()4+1&.)/F .!+$5!; 1+4?<_!*5; #(F &*&(54& /2!:.$& 5 

I+$?> /2!:.$&()*>X (5*5;. ]+# #!;/.15!? 1+4?<_!*5F Hd N- :$&.*+ 1>$+9#!**>; 

<$+1!*) EM, -#! M=m1+m2+…+mN,  $&/_!2(F!./F *& 3+()Z+! B5/(+ 2+#<$+1*!;, +3$&4<F 

:1&45*!2$!$>1*>; /2!:.$. D#*&:+, 54-4& +-$+?*+-+ B5/(& /.!2!*!; /1+3+#> /5/.!?> 

2&$&?&-*5.*>X B&/.5C, $!Z5.) [.< 4&#&B< ?!.+#&?5 .!+$55 1+4?<_!*5; *! <#&!./F. Q&* 

 (!: [16] $&4$&3+.&( #$<-+; ?!.+#, *&41&**>; ?!.+#+? ?+?!*.+1, *! .$!3<6_5; $!Z!*5F 

<$&1*!*5F {$!#5*-!$&. @4-4& ?&(+/.5 1+4?<_!*5; /5/.!?> /25*-/25*+1>?5 

14&5?+#!;/.15F?5, +*5 *! 54?!*F6. /<_!/.1!**+ [*!$-!.5B!/:5; /2!:.$, & +:&4>1&6. 

/5()*+! 1(5F*5! *& I+$?< 5 Z5$5*< (5*5; 5 /:+$+/.5 /25*+1+; $!(&:/&C55. ]</.) −)(νf  

I<*:C5F I+$?> /2!:.$&()*+; (5*55, :+.+$&F <#+1(!.1+$F!. </(+156 *+$?5$+1:5 

1)(
0

=∫
∞

νν df .                                                       (1.3.106)                              

n+-#& k-? ?+?!*.+? /2!:.$&()*+; (5*55 *&4>1&!./F 1!(5B5*& Mk, $&1*&F 

νννν dfM k
k ∫

∞
−=

0
0 )()(                                     (1.3.107) 

J/(5 *&B&(+ +./B!.& *& +/5 B&/.+. 2+?!/.5.) 1 C!*.$ (5*55, 11!#F *+1<6 2!$!?!**<6 u=ν-

ν0, .+-#&  

duufuM k
k ∫

∞
=

0
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ν

                                            (1.3.108) 

5(5 #(F <4:5X (5*5;  
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duufuM k
k ∫

∞

∞−
= )(                                         (1.3.109) 

J/(5 [.< I<*:C56 $&4(+95.) 1 5*.!-$&(  <$)! 

dtetuf iut∫
∞

∞−

−= )(
2

1
)( ϕ

π
,                                  (1.3.110) 

.+ +3$&.*+! 2$!+3$&4+1&*5! #&/. I<*:C56 )(tϕ  

dueuft iut∫
∞

∞−
= )()(ϕ ,                                   (1.3.111) 

:+.+$&F 2+:&4>1&!. 4&.<X&*5! /5-*&(& /1+3+#*+; 2$!C!//551, 1+4*5:&6_!; 1 $!4<().&.! 

2$5(+9!*5F :+$+.:+-+ 5?2<()/& +/C5((5$<6_!-+ 2+(F H1, 4& 1$!?F 2+$F#:& +3$&.*+; 

Z5$5*> (5*55.  

 J/(5 541!/.*> 1/! ?+?!*.> Mk, .+ ?+9!. 3>.) 1+//.&*+1(!*& I<*:C5F I+$?> (5*55 

f(ν). `.+ *! .$<#*+ 15#!.), !/(5 $&4(+95.) I<*:C56 1 $F# n!;(+$&: 
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. DB!15#*+, 1>B5/(5.) 1/! 

?+?!*.> *! 2$!#/.&1(F!./F 1+4?+9*>?, 2+[.+?< *& 2$&:.5:! /$&1*51&6. 4*&B!*5F 

1>B5/(!**>X *!/:+():5X 2!$1>X ?+?!*.+1 (1.+$+-+ 5 B!.1!$.+-+) / ?+?!*.&?5, 541!/.*>?5 

#(F .525B*>X I+$? (5*5;. Q :&B!/.1! .525B*>X I+$? (5*5; 1>35$&6. -&<//+1< 5 

(+$!*C!1< I+$?>: 
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∆=Lf ,                                 (1.3.114) 

-#! Z5$5*& (5*55 ∆ν, +2$!#!(F!?&F *& 2+(+15*! 1>/+.>, #(F -&<//+1+; I+$?> (5*55 

2+-(+_!*5F $&1*& 

2
1

22
1

2 35.22ln22 ννν ∆=∆=∆ .                         (1.3.115) 

J! B!.*>! ?+?!*.> $&1*>: 

                                                
1 Q /+1$!?!**>X 5?2<()/*>X /2!:.$+?!.$&X $!-5/.$5$<!./F /5-*&( /25*+1+-+ [X&. 
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2
2 3, νν ∆=∆= MM                                  (1.3.116) 

N(F (+$!*C!1+; I+$?> 5*.!-$&(> #(F k>1 $&/X+#F./F. ]+[.+?< (+$!*C!1< (5*56 +3$!4&6. 

*& B&/.+.! ν=α>>ν0. n+-#& 1.+$+; 5 B!.1V$.>; ?+?!*.>  

 

π
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∆=∆= MM .                                      (1.3.117) 

N(F &*&(54& I+$?> 5//(!#<!?+; (5*55 B&/.+ 2+()4<6./F +.*+Z!*5!? B!.1!$.+-+ 5 1.+$+-+ 

?+?!*.+1. N(F -&<//+1+; (5*55 

3
2
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4 =
M

M
,                                                      (1.3.118) 

#(F (+$!*C!1+; (5*55 

1
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M                                                 (1.3.119) 

 J/(5 /2!:.$&()*&F (5*5F <Z5$F!./F 1 $!4<().&.! +#*+1$!?!**+-+ 5 *!4&15/5?+-+ 

#!;/.15F -&<//+1& 5 (+$!*C!1& ?!X&*54?+1, .+ &?2(5.<#& (5*55 2+-(+_!*5F 1>$&9&!./F 

/(!#<6_5? +3$&4+? [9, 16]:  
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-#! b !/.) ?!$& +.*+Z!*5F Z5$5*> (+$!*C!1+; (5*55 L H1/2 : Z5$5*! -&<//+1+; (5*55 
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                                         (1.3.122) 

Q>$&9!*5! (1.3.120) 2$!#/.&1(F!. /+3+; /1!$.:< (5*5; -&<//+1+; 5 (+$!*C!1+; I+$?>. H 

:+*:$!.*+; $!4+*&*/*+; (5*55 Z5$5*> G H1/2 5 L H1/2  F1(F6./F :+*/.&*.&?5, .&: B.+ Y 

F1(F!./F I<*:C5!; .+():+ $&4*+/.5 (H-H0): 
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N(F 1>#!(!*5F 1:(&#& +#*+-+ 54 ?!X&*54?+1 <Z5$!*5F (5*55 *!+3X+#5?& +2!$&C5F 

#!:+*1+(6C55 /1!$.:5. k&#&B& <2$+_&!./F 1 .+? /(<B&!, :+-#& 541!/.!* 1:(&# +#*+-+ 54 

?!X&*54?+1 <Z5$!*5F. n+-#& / 2+?+_)6 1>$&9!*5F (1.3.123) ?+9*+ 2+/.$+5.) -$&I5: 

4&15/5?+/.5 -&<//+1& 1:(&#& G H1/2 1 Z5$5*< (5*55 +. Z5$5*> $!4<().5$<6_!; (5*55 
Y H1/2, 2$5 </(+155, B.+ A+$!*C!1 1:(&# L H1/2-:+*/.&*.&. 7& $5/<*:! 1.3.14 2$51!#!* 

2+#+3*>; -$&I5: 2$5 L H1/2= 1 ` (L Q1/2=1 ?n(). 
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b5/. 1.3.14. k&15/5?+/.) -&<//+1& 1:(&#& G H1/2 1 Z5$5*< (5*55 +. Z5$5*> $!4<().5$<6_!; 

(5*55 Y H1/2. 
L H1/2=1 ` (L Q1/2= 0.1 ?n(). 

 

L 2+?+_)6 #&**+-+ -$&I5:& ?+9*+ +2$!#!(5.) -&<//+1 1:(&#, 5 .&:5? +3$&4+? $!Z&!./F 

4&#&B& #!:+*1+(6C55 /1!$.:5. 

 n!2!$) $&//?+.$5?, :&: ?+9*+ 1>B5/(5.) ?+?!*.> /2!:.$&()*>X (5*5;, 4*&F 

-&?5().+*5&* /5/.!?>. ]</.) En /+3/.1!**>! 4*&B!*5F -&?5().+*5&*& (1.3.105). ]!$!X+# 

?!9#< <$+1*F?5 n 5 n’ X&$&:.!$54<!./F B&/.+.+;  

h

EE 'nn
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−=ν                                                  (1.3.124) 

5 5*.!*/51*+/.)6, 2$+2+$C5+*&()*+; |<n|Sx|n’>|2. n+-#&, 2+/:+():<  
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[ ]
2
xSSp2h

2
xS,HSp2 −=ν                                               (1.3.125) 

`.< I+$?<(< ?+9*+ +3+3_5.) *& 1/! B!.*>! ?+?!*.>. 7!B!.*>! ?+?!*.> *! 

$&//?&.$51&6./F, .&: :&: +*5 $&1*> *<(6 #(F /5??!.$5B*>X (5*5;. n+-#& #(F B!.1!$.+-+ 

?+?!*.& 2+(<B5?: 

[ ][ ]
2
xSxSp4h

2
xSx,Hx,HxSp

4M 







−= .                                           (1.3.126) 

n&:5? +3$&4+?, 1>B5/(!*5! ?+?!*.+1 /1+#5./F : 1>B5/(!*56 Z2<$+1 ?&.$5C /25*+1+-+ 

-&?5().+*5&*&. S+*:$!.*+ #(F #52+()*+-+ /25*-/25*+1+-+ 14&5?+#!;/.15F, +25/>1&!?+-+ 

-&?5().+*5&*+? (1.3.104) 3>(5 2+(<B!*> 1>$&9!*5F #(F ?+?!*.+1 5 1>B5/(!*> 4*&B!*5F 

5X +.*+Z!*5;. k#!/) 1&9*+ +.?!.5.), B.+ 1 -&?5().+*5&*! (1.3.104) /+#!$9&./F :&: B(!*>, 

:+??<.5$<6_5! / 4!!?&*+1/:5? -&?5().+*5&*+?, .&: 5 *! :+??<.5$<6_5! / *5?. `.+ 

+4*&B&!., B.+ *&$F#< / 2!$!X+#&?5 *& B&/.+.! ν0, 2$5 1>B5/(!*55 ?+?!*.+1 (1.3.125, 1.3.126) 

3<#<. <B5.>1&.)/F 5 2+-(+_!*5F *& B&/.+.&X 0, 2ν0, 3ν0, #&6_5! 3+()Z5! 1:(&#> 1 1>/Z5! 

?+?!*.>. ]+[.+?< 1 -&?5().+*5&*! (1.3.104) +/.&1(F6. .+():+ B(!*>, :+??<.5$<6_5! / 
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@4 [.5X 1>$&9!*5; 15#*+, B.+ +.*+Z!*5! ?+?!*.+1 
2
2

4

M

M
 3>(+ 3> $&1*>? 3, !/(5 3> 1 

2$&1+; B&/.5 /.+F( .+():+ 2!$1>; B(!*. 7& /&?+? 9! #!(!, +.*+Z!*5! +:&4>1&!./F, 1 /(<B&! 

B5/.+ #52+()*+-+ <Z5$!*5F, ?!*)Z! .$!X, B.+ /15#!.!()/.1<!. + .+?, B.+ I+$?& (5*55 

+.:(+*F!./F +. -&<//+1+; : 2$F?+<-+()*+;.  

 Q 2$+.51+2+(+9*<6 /.+$+*< 54?!*F!./F I+$?& (5*55 2$5 <B!.! +3?!**+-+ 

14&5?+#!;/.15F. b&//?+.$5? 54+.$+2*+! +3?!**+! 14&5?+#!;/.15!, +25/>1&!?+! 
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L(!#+1&.!()*+, +./6#& ?+9*+ 4&:(6B5.), B.+ 2$5 1+4$&/.&*55 +3?!**+-+ 1:(&#&, (5*5F 

2$5+3$!.&!. (+$!*C!1< I+$?<. ]$5 [.+? !! :$>()F /.&*+1F./F 3+(!! +.(+-5?5, & 1 C!*.$! 

+*& 4&+/.$F!./F. n&:+! 2+1!#!*5! I+$?> (5*55 *+/5. *&41&*5! +3?!**+-+ /<9!*5F 

e

p

ν
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ν
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2=∆ ,                                                     (1.3.133) 

-#! νp 5 νe B&/.+.>, /++.1!./.1<6_5! [*!$-5F? hνp 5 hνe #52+()*+-+ 5 +3?!**+-+ 

14&5?+#!;/.15; 

2

2

3

22
2 )1(

10
h

SS

r

g B
p

+






= µν ,                                           (1.3.134) 

2
1

2

e )1S(S
h

J
83.2 










+





=ν .                                     (1.3.135) 

 Q&9*>? /(!#/.15!? .!+$55 ?+?!*.+1 Q&*  (!:& F1(F!./F 2+1!#!*5! I+$?> (5*55 / 

54?!*!*5!? :+*C!*.$&C55 2&$&?&-*5.*>X C!*.$+1 (?&-*5.*>X #52+(!;). ]$5 *!3+()Z+? 

/+#!$9&*55 2&$&?&-*5.*+; 2$5?!/5 :$5/.&(( F1(F!./F ?&-*5.*+ $&43&1(!**>?. ]+[.+?< 

?+9*+ <B5.>1&.) .+():+ #52+()*>! 14&5?+#!;/.15F. Q [.+? /(<B&! 2$5 1>B5/(!*55 

?+?!*.+1 ?+9*+ 2$+1+#5.) /<??5$+1&*5! 2+-2$!9*!?< 2+ 1/!? <4(&?, *+ /<??< *<9*+ 

<?*+95.) *& :+*C!*.$&C56 2&$&?&-*5.*>X C!*.$+1: 
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]$5 ?&(>X c B(!*+?, 2$+2+$C5+*&()*>? c2 ?+9*+ 2$!*!3$!B) 5 .+-#&:  
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S&: 15#*+ 54 [.+-+ 1>$&9!*5F, / <?!*)Z!*5!? :+*C!*.$&C55 2&$&?&-*5.*>X C!*.$+1 (5*5F 

2$5+3$!.&!. (+$!*C!1< I+$?<.  

 

1.3.9. B>8"5 FFQB 2 P&+&%H 8&%&& <9K  

 

 L 2+?+_)6 ?!.+#& ?+?!*.+1 $!Z&(&/) 5 #$<-&F 4&#&B& - 3>( 1>B5/(!* 1:(&# 

54+.$+2*+-+ LLnQ F#!$*>X /25*+1 / 2&$&?&-*5.*>? C!*.$+? 1 Z5$5*< (5*55 [17]. k&#&B& 

*!/:+():+ +.(5B&(&/) +. .+;, B.+ 2$51!#!*& 1>Z!, 2+/:+():< $&//?&.$51&!./F /5/.!?& 

*!14&5?+#!;/.1<6_5X [(!:.$+**>X /25*+1, :+-#& 2$5 *54:5X 2(+.*+/.FX [(!:.$+**>X 

/25*+1 #52+()*>?5 5 +3?!**>?5 14&5?+#!;/.15F?5 ?+9*+ 2$!*!3$!B). D#*&:+, !/(5 

(5-&*#*>! &.+?> 5?!6. F#!$*>; /25* +.(5B*>; +. *<(F, /1!$X.+*:+! 14&5?+#!;/.15! 

[(!:.$+**>X /25*+1 / F#!$*>?5, 2$5B!?, 1 +/*+1*+?, 54+.$+2*+!  !$?5-:+*.&:.*+!, 

/+/.&1(F!. +/*+1*+; 1:(&# 1 Z5$5*< 5 I+$?< (5*55. b&/B!. ?+9*+ 2$+1+#5.) .+():+ #(F 

+#*+-+ 2&$&?&-*5.*+-+ C!*.$&, *&X+#F_!-+/F 1 +:$<9!*55 ?&-*5.*>X F#!$, 2$!*!3$!-&F 

14&5?+#!;/.15F?5 1 F#!$*+; 2+#/5/.!?!.  

 D2!$&.+$ [*!$-55 /5/.!?> /25*+1 1+ 1*!Z*!? ?&-*5.*+? 2+(! (4!!?&*+1/:&F [*!$-5F) 

5?!!. 15#: 

∑+=
k

zknnzeez IHgSHgH xxx
00 ββ

.                                 (1.3.139) 

G&?5().+*5&* 54+.$+2*+-+ /<2!$/1!$X.+*:+-+ 14&5?+#!;/.15F $&1!*: 

∑∑∑ ++=
k

zkkz
k

ykky
k

xkkx IASIASIASH xxxxxxx
 .                           (1.3.140) 

N&**>; -&?5().+*5&* :+??<.5$<!. / (1.3.139), B.+ *!+3X+#5?+ #(F 2$&15()*+-+ $&/B!.& 

?+?!*.+1. D#*&:+ 2!$1+! 5 1.+$+! /(&-&!?>!, +25/>1&6_5! «#5*&?5B!/:5;» ?!X&*54? 
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<Z5$!*5F 1 *&Z!? /(<B&! *!/<_!/.1!**>, .&: :&: $!4+*&*/*>! B&/.+.> [(!:.$+*+1 5 F#!$ 

/5()*+ +.(5B&6./F, 2+[.+?< 5?5 ?+9*+ 2$!*!3$!B). Q $!4<().&.! -&?5().+*5&* (1.3.140) 

2$5*5?&!. 15#: 

∑=
k

zkkz IASH xxx
,                                             (1.3.141) 

-#! Sz-2$+!:C5F [(!:.$+**+-+ /25*& *& *&2$&1(!*5! 1*!Z*!-+ ?&-*5.*+-+ 2+(F, Izk-2$+!:C5F 

/25*& k--+ F#$& *& *&2$&1(!*5! 1*!Z*!-+ ?&-*5.*+-+ 2+(F, O:- :+*/.&*.& /<2!$/1!$X.+*:+-+ 

14&5?+#!;/.15F.  

Q>B5/(!**>! 2+ I+$?<(&? (1.3.125) 5 (1.3.126) ?+?!*.> 5?!6.:  

∑+=
k

kAcIIM 2
3
1

2 )1(
                                    (1.3.142) 

∑∑
≠

++−++=
jk

jk
k

k AAcIIAcIIIIM 22222
9
14

15
1

4 )1()1)1(3)(1(
.         (1.3.143) 

k#!/) c - :+*C!*.$&C5F F#!$ c +.(5B*>? +. *<(F ?&-*5.*>? ?+?!*.+?. b&//?+.$5? 

+.*+Z!*5! T4/M2
2, 2+41+(F6_!! +2$!#!(5.) I+$?< (5*55. @/2+()4<F 1>$&9!*5F (1.3.142) 5 

(1.3.143), 2+(<B&!? 

∑

∑
+

∑

∑
= ≠

k

22
k

jk

2
j

2
k

k

22
k

k

4
k

2
2

4

)A(

AA

)A(c

A

M

M
.                            (1.3.144) 

@4 1>$&9!*5F (1.3.144) /(!#<!., B.+ 2$5 <?!*)Z!*55 :+*C!*.$&C55 ?&-*5.*>X F#!$, 

+.*+Z!*5! T4/M2
2 /.&*+15./F 3+()Z5? (T4/M2

2>>1), B.+ X&$&:.!$*+ #(F (+$!*C!1+; I+$?> 

(5*55. n+-#& 1 1>$&9!*55 #(F B!.1!$.+-+ ?+?!*.& (1.3.143) B(!*+? :1&#$&.5B*>? 2+ 

:+*C!*.$&C55 ?+9*+ 2$!*!3$!B), 5 Z5$5*& (5*55   2$+2+$C5+*&()*& :+*C!*.$&C55: 

c
M

M ∝=∆ 2/1
4

2/3
2

3

π

                                  (1.3.145) 

]$5 3+()Z5X :+*C!*.$&C5FX +.*+Z!*5! T4/M2
2 /.$!?5./F : 2+/.+F**+; 1!(5B5*! 2+$F#:& 

!#5*5C> +2$!#!(F!?+; 1.+$>? /(&-&!?>? 1 1>$&9!*55 (1.3.144). T&(&F 1!(5B5*& 

+.*+Z!*5F T4/M2
2 /15#!.!()/.1<!. + 2!$!X+#! : I+$?! (5*55 2+-(+_!*5F 3(54:+; : 

-&<//+1+;. Q .&:+? /(<B&! Z5$5*& (5*55   2$+2+$C5+*&()*& :+$*6 54 :+*C!*.$&C55: 

cM ∝=∆ 2/1
2 .                              (1.3.146) 

 S 2+(<B!**+?< $!4<().&.< ?+9*+ .&:9! 2$5;.5, 5/2+()4<F /(!#<6_5! 2$+/.>! 

$&//<9#!*5F. ]$5 3+()Z5X :+*C!*.$&C5FX ?&-*5.*>X F#!$ 2$+5/X+#5. [II!:.51*+! 

</$!#*!*5! ?&-*5.*>X 2+(!; F#!$, 3(&-+#&$F B!?<, $&/2$!#!(!*5! $!4+*&*/*>X 2+(!; 

∑=
k

z kkz
IASH xxx
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2&$&?&-*5.*>X C!*.$+1 X+$+Z+ +25/>1&!./F *+$?&()*>? 4&:+*+?, B.+ 2$51+#5. : 

-&<//+1+; I+$?! (5*55.  

]$5 <?!*)Z!*55 :+*C!*.$&C55 ?&-*5.*>X F#!$, 3(&-+#&$F 5X /(<B&;*+?< $&/2$!#!(!*56, 

3+()Z5*/.1+ 2&$&?&-*5.*>X C!*.$+1 <9! /(&3+ 14&5?+#!;/.1<6. / ?&-*5.*>?5 F#$&?5, B.+ 

2$51+#5. : <?!*)Z!*56 /#15-+1 5X ?&-*5.*>X 2+(!; 5 /<9&!. C!*.$&()*<6 B&/.) (5*55 

2+-(+_!*5F. Q .+ 9! 1$!?F, *!3+()Z+! B5/(+ 2&$&?&-*5.*>X C!*.$+1 /5()*+ 

14&5?+#!;/.1<6. / 3(54(!9&_5?5 ?&-*5.*>?5 F#$&?5, 1 $!4<().&.! B!-+, 5X $!4+*&*/*+! 

2+(! /5()*+ /?!_!*+ +. C!*.$&, B.+ 2+#*5?&!. :$>()F (5*55 2+-(+_!*5F. N&**>; [II!:. 

2$51+#5. : 2!$!X+#< -&<//+1+; I+$?> (5*55 : (+$!*C!1+;, 2+/:+():< 541!/.*+, B.+ 

(+$!*C!1& (5*5F 2+ /$&1*!*56 / -&<//+1+; 5?!!. 3+(!! <4:<6 C!*.$&()*<6 B&/.), 5 3+(!! 

1>/+:+ 2+#*F.>! «:$>()F».  

 ]+(<B!**>; $!4<().&. *! F1(F!./F *!+95#&**>?, 2+/:+():< 2+#+3*+! 2+1!#!*5! 

I+$?> 5 Z5$5*> (5*55 5?!!. ?!/.+ 1 /5/.!?! 5#!*.5B*>X #52+(!;, 2$5 +./<./.155 

+3?!**>X 5 /1!$X.+*:5X 14&5?+#!;/.15;, 1 :&:+;-.+ /.!2!*5 2+X+9!; *& [.< /5/.!?<.  

 @/2+()4<F [:/2!$5?!*.&()*>! #&**>! #(F :+*/.&*. LLnQ 54?!$!**>X #(F I+/I+$& 5 

9!(!4&, ?+9*+ 1>B5/(5.) /<??> 1 1>$&9!*5FX (1.3.142), (1.3.143), 5 *&;.5 +.*+Z!*5F 

1.+$+-+ 5 B!.1!$.+-+ ?+?!*.+1. k&15/5?+/.) +.*+Z!*5F ?+?!*.+1 +. :+*C!*.$&C55 

?&-*5.*>X F#!$ #(F 9!(!4& 5 I+/I+$& 2$!#/.&1(!*& *& $5/. 1.3.15.  
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b5/. 1.3.15. k&15/5?+/.) 2&$&?!.$& I+$?> (5*55 T4/3M2
2 +. :+*C!*.$&C55 ?&-*5.*>X F#!$ 

#(F C!*.$+1 I+/I+$& 5 9!(!4& 1 :$!?*55. 
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Q5#*+, B.+ 2$5 ?&(>X :+*C!*.$&C5FX 2&$&?!.$ I+$?> (5*55 $!4:+ 1+4$&/.&!., B.+ 

/15#!.!()/.1<!. + 2!$!X+#! : (+$!*C!1+; I+$?! (5*55. ]$5 <1!(5B!*55 :+*C!*.$&C55 

?&-*5.*>X F#!$ I+$?& (5*55 /.&*+15./F -&<//+1+;. N(F 9!(!4& 2!$!X+# : (+$!*C!1+; I+$?! 

(5*55 2$+5/X+#5. 2$5 3+()Z5X :+*C!*.$&C5FX ?&-*5.*>X F#!$, B!? 1 /(<B&! I+/I+$&, B.+ 

/+-(&/<!./F / $!4<().&.&?5 B5/(!**+-+ $&/B!.& [18]. 

 

1.3.10. F@&%-_.%.%%() 2-"&A.5)?0'2&J & 0@&%-+)P)'.S%"J +)8">0"[&J 

  

]+/$!#/.1+? /25*-I+*+**>X 14&5?+#!;/.15; 2$+5/X+#5. +3?!* [*!$-5!; ?!9#< 

2&$&?&-*5.*>?5 5+*&?5 (/25*+1+; /5/.!?+;) 5 .!2(+1>?5 .!$?+/.&.&?5, .&:5?5, :&: 2+(! 

54(<B!*5F 5 :+(!3&*5F $!Z!.:5 2&$&?&-*5.*+-+ :$5/.&((&. 

b&//?+.$5? 2$+/.!;Z<6 /5/.!?< / #1<?F <$+1*F?5 [*!$-55, +3+4*&B5? a – *59*5; 

<$+1!*), b – 1!$X*5;. b&4*+/.) [*!$-5; ?!9#< *5?5: 

ωh=− ab EE  

 

k&/!(!**+/.5 [.5X <$+1*!; 2+#B5*F6./F #5II!$!*C5&()*+?< <$&1*!*56:  

ba
ba nwnw

dt

dn

dt

dn
↓↑ −==−                               (1.3.147) 

-#! ↑w  5 ↓w  - 1!$+F.*+/.5 2!$!X+#& 5+*+1 54 *59*!-+ 1 1!$X*!! /+/.+F*5! 5 *&+3+$+.. 

Q!$+F.*+/.5 2!$!X+#+1 1>$&9&6./F B!$!4 :+[II5C5!*.> `;*Z.!;*&: 

emBw ρ=↑  

0
emem kT

expBBAw
ωρ=ρ+=↓

h
                                         (1.3.148) 

4#!/) emρ - /2!:.$&()*&F 2(+.*+/.) [(!:.$+?&-*5.*+-+ 54(<B!*5F, A  - :+[II5C5!*. 

/2+*.&**+-+ 54(<B!*5F, B  - :+[II5C5!*. 1>*<9#!**+-+ 54(<B!*5F 5(5 2+-(+_!*5F. 

 N(F $&1*+1!/*>X 4*&B!*5; *&/!(!**+/.!; Na 5 Nb 

0NwNw ba =− ↓↑ .                                               (1.3.149) 

n+-#& +.*+Z!*5! 

0em

em

b

a

kT
exp

B

BA

N

N ω=
ρ

ρ+= h
.                                   (1.3.150) 

a 

b 
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Q /(<B&! *!$&1*+1!/*>X 4&/!(!**+/.!; ?+9*+ 2+(<B5.) /(!#<6_!! <$&1*!*5! #(F 5X 

$&4*+/.!;:  

{ })nn()NN()ww(

)nwnw(2
dt

)nn(d

baba

ba
ba

−−−+=

=−−=−

↑↓

↓↑                               (1.3.151) 

b!Z!*5!? [.+-+ <$&1*!*5F 3<#!.: 















τ

−−−−+−=−
1

ba0bababa
t

exp)NN()nn()NN(nn ,              (1.3.152) 

-#! 1$!?F $!(&:/&C55 τ1 /1F4&*+ / 1!$+F.*+/.F?5: 

)ww(
1

1
↑↓ +=

τ
.                                               (1.3.153) 

HB5.>1&F, B.+ 2+(*+! B5/(+ /25*+1 2+/.+F**+, 4*&F /++.*+Z!*5F ?!9#< A 5 B 5 

1+/2+()4+1&1Z5/) 1>$&9!*5!? #(F 2(+.*+/.5 [(!:.$+?&-*5.*+-+ 54(<B!*5F 

1kTexp

d

c
d

0

32

3

em
−ω

ω
π

ω=ωρ
h

h
                                       (1.3.154) 

?+9*+ 2+(<B5.): 

00
32

3

1 kT2
cthA

kT2
cthB

c

1 ω=ω
π

ω=
τ

hhh
                            (1.3.155) 

@4-4& *54:+; /2!:.$&()*+; 2(+.*+/.5 [(!:.$+?&-*5.*+-+ 54(<B!*5F, /:+$+/.5 /25*+1+; 

$!(&:/&C55, +2$!#!(F!?>! 14&5?+#!;/.15!? /25*+1 / 2+(!? [(!:.$+?&-*5.*+-+ 54(<B!*5F 1 

:$5/.&((! / 2+?+_)6 1>$&9!*5F (1.3.155) +:&4>1&6./F +B!*) *54:5?5 5 *! /2+/+3*>?5 

+3!/2!B5.) *!+3X+#5?>; +3?!* [*!$-5F?5 ?!9#< *5?5.  

Q /1F45 / [.5?, 4*&B5.!()*+ 3+(!! :+*:<$!*.*>?5 2$+C!//&?5 /25*-$!Z!.+B*+; 

$!(&:/&C55 F1(F6./F 2$+C!//>, +2$!#!(F!?>! 14&5?+#!;/.15!? /25*+1 / 2+(!? I+*+*+1, 

+3(&#&6_5? /<_!/.1!**+ 3+()Z!; /2!:.$&()*+; 2(+.*+/.)6, 2+/:+():< 1 1>$&9!*55 #(F 

2(+.*+/.5 1?!/.+ /:+$+/.5 /1!.& /.+5. /:+$+/.) 41<:+1>X 1+(* 1 :$5/.&((!:  

1kTexp

d

v2

3
d

ph

32

3

ph
−ω

ω
π

ω=ωρ h
h

.                               (1.3.156) 

n!2!$) *!+3X+#5?+ 2+*F.) :&:5? +3$&4+? I+*+*> ?+-<. 5*#<C5$+1&.) [(!:.$+?&-*5.*+! 

2+(!, /2+/+3*+! 1>4>1&.) $!(&:/&C5+**>! 2!$!X+#> ?!9#< 4!!?&*+1/:5?5 <$+1*F?5. Q 

.!+$55, 2$!#(+9!**+; Q&((!$+? [19], .&:5? ?!X&*54?+? 3>(& ?+#<(FC5F /25*-/25*+1+-+ 

14&5?+#!;/.15F :+(!3&*5F?5 $!Z!.:5. T&-*5.*+! 2+(!, :+.+$+! /+4#&!. #52+()*>; ?+?!*. 

*& /+/!#*!? 5+*!, 4& /B!. ?+#<(FC55 $&//.+F*5F ?!9#< *5?5 :+(!3&*5F?5 $!Z!.:5 ?+9!. 

3>.) 1>$&9!*+ :&::  
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ωρ
ρ

= d
v2

H9
H ph2

2
i2

1 ,                                              (1.3.157) 

-#! 226
0

22 2 µαµ nrH i == ∑ −  - /$!#*!! 4*&B!*5! :1&#$&.& /.&.5B!/:+-+ (+:&()*+-+ 2+(F.  

T!X&*54? Q&((!$& [II!:.51*!;, B!? $!(&:/&C5F B!$!4 [(!:.$+?&-*5.*+! 2+(! 

54(<B!*5F (19) 1 :+(5B!/.1+ $&4, $&1*+!  

3

3

2

2
i

v2

c3

v16

H9

πρ
                                                      (1.3.158) 

5 .!2!$) #(F /:+$+/.5 $!(&:/&C55 ?+9*+ 4&25/&.): 

0
5

322
i

1 kT2
cth

v16

H91 ω
πρ

ωγ=
τ

hh
.                                         (1.3.159) 

D#*&:+ 54-4& ?&(+/.5 (+:&()*>X 2+(!;, +/+3!**+ 1 /5()*+ $&43&1(!**>X :$5/.&((&X, 

?!X&*54? Q&((!$& +:&4>1&!./F .&:9! ?&(+ [II!:.51*>?. S .+?< 9! *! 3>(& 

[:/2!$5?!*.&()*+ 2+#.1!$9#!*& :+*C!*.$&C5+**&F 4&15/5?+/.) /:+$+/.5 $!(&:/&C55 

(4&15/5?+/.) +. :+*C!*.$&C55 ?&-*5.*>X #52+(!; n), 2$!#/:&4>1&!?&F [.+; .!+$5!;.  

n!? *! ?!*!!, Q&((!$ 2!$1>? <:&4&( *& 1+4?+9*+/.) «$&?&*+1/:5X» 2$+C!//+1 1 

/25*-$!Z!.+B*+; $!(&:/&C55, :+-#& 2+-(+_&!./F *! $!4+*&*/*>; I+*+*, & 2+-(+_&6./F 5 

5/2</:&6./F #1& I+*+*&, / $&4*+/.*+; B&/.+.+;, $&1*+; [*!$-55 4!!?&*+1/:+-+ 

$&/_!2(!*5F. n&:5! 2$+C!//> /.&*+1F./F 3+(!! [II!:.51*>?5 2+ /$&1*!*56 / 2$F?>?5 

2$+C!//&?5 2$5 2+1>Z!*55 .!?2!$&.<$>, :+-#& B5/(+ I+*+*+1, /2+/+3*>X <B&/.1+1&.) 1 

$&?&*+1/:5X 2$+C!//&X $!4:+ <1!(5B51&!./F, 2$51+#F : 3+()Z5? /.!2!*F? (T5, T7 5(5 T9)1 

4&15/5?+/.5 /:+$+/.5 $!(&:/&C55 +. .!?2!$&.<$>. n&: Q&((!$+? 3>(& 2+(<B!*& /(!#<6_&F 

4&15/5?+/.) /:+$+/.5 $!(&:/&C55 +. .!?2!$&.<$>: 

7
0

102

2222

3
1

kT

v

n

32

27
!6

1







ρ
µγ








π
α=

τ h
h

.                             (1.3.160) 

D2F.) 9! ?&(&F [II!:.51*+/.) Q&((!$+1/:5X 2$+C!//+1 5 1 /(<B&! <B&/.5F ?*+-5X I+*+*+1 

+3</(+1(!*> /(&3+/.)6 #52+()*>X 14&5?+#!;/.15;.  

 l+(!! [II!:.51*>?5 2$+C!//&?5 /25*-$!Z!.+B*+; $!(&:/&C55 +:&4&(5/) 2$+C!//>, 

+3</(+1(!**>! ?+#<(FC5!; :+(!3&*5F?5 $!Z!.:5 [(!:.$5B!/:+-+ 2+(F :$5/.&((&. `.+. 

?!X&*54? 3>( 2$!#(+9!* G&;.(!$+? 5 n!((!$+? [20], & .!+$5F $&4$&3+.&*& Q&*  (!:+? [21] 

5 D$3&X+? [22]. 

 S$5/.&((5B!/:5; 2+.!*C5&( :$5/.&((& ?+9*+ $&4(+95.) 1 $F# 2+ /.!2!*F? 

#!I+$?&C5;:  

...)1(2)0()0( +++= VVVV εε ,                               (1.3.161) 

-#! ε - I(<:.<5$<6_&F #!I+$?&C5F, +3</(+1(!**&F :+(!3&*5F?5 $!Z!.:5.  
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 L <B!.+? [.+-+ ?!X&*54?& 3>(5 $&//?+.$!*> 1/! +/*+1*>! 2$+C!//> $!(&:/&C55: 

2$F?+; 2$+C!//, :+-#& <B&/.1<6. .+():+ $!4+*&*/*>! I+*+*>, 2$+C!// D$3&X&, :+-#& 

<B&/.1<6. #1& I+*+*&, *+ 1+43<9#!**+! /+/.+F*5! (!95. 1 2$!#!(&X I+*+**+-+ /2!:.$& 

:$5/.&((& 5 #1<XI+*+**>! $&?&*+1/:5! 2$+C!//>, :+-#& 1+43<9#!**+! /+/.+F*5! /25*+1+; 

/5/.!?> (!95. 1>_! -$&*5C> I+*+**+-+ /2!:.$&. L<_!/.1<!. !_! 2$+C!// l(6?&-D$3&X& 

[23], :+-#& 1+43<9#!**>! /+/.+F*5F *! $&//?&.$51&6./F, 2+/:+():< 1+4?+9*> 2!$!X+#> 

1*<.$5 ?<().52(!.& ($5/.1.3.16). 

 

 b5/.1.3.16  N5&-$&??& <$+1*!;, <B&/.1<6_5X 1 2$+C!//&X /25*-$!Z!.+B*+; 

$!(&:/&C55. 1 - 2$F?+; 2$+C!//; 2 - 2$+C!// D$3&X&; 3 - #1<XI+*+**>! $&?&*+1/:5! 

2$+C!//>, (5+* / B!.*>? B5/(+? [(!:.$+*+1); 4 - 5+* / *!B!.*>? B5/(+? [(!:.$+*+1; 5 - 

2$+C!// l(6?&-D$3&X&.  

 

N(F 2$F?>X 2$+C!//+1 1!$+F.*+/.) 2!$!X+#& ?!9#< #1<?F /+/.+F*5F?5 ?+9*+ 

4&5/&.): 

)(fbVa
2

w
2)1(2

2ab ωεπ=
h

.                                     (1.3.162) 

Q>$&451 ε2 B!$!4 /2!:.$&()*<6 2(+.*+/.) I+*+*+1 

1kTexp

d

v4

3

ph

52

2
2

−ω
ω

ρπ
ω=ε h

h
                                       (1.3.163) 

#(F /:+$+/.5 /25*-$!Z!.+B*+; $!(&:/&C55, ?+9*+ 2+(<B5.): 

0

32)1(
5

1 kT2
cthV

v2

31 ωω
ρπ

=
τ

h
h

.                                   (1.3.164) 

N(F #1<XI+*+**+-+ $&?&*+1/:+-+ 2$+C!//& #(F $&4*+/.5 4&/!(!**+/.!; 4!!?&*+1/:5X 

<$+1*!; a 5 b ?+9*+ 4&25/&.) /(!#<6_!! <$&1*!*5!: 
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)(
)(

ba
ba nnw

dt

nnd
−−=

−
↑ .                                (1.3.165) 

k#!/) w↑ =wac=wbc. n+-#& #(F /:+$+/.5 $!(&:/&C55 ?+9*+ 4&25/&.): 

1)kT/exp(

1
V

v2

3
w

1

0

32)1(
54

1 −∆
∆

ρπ
==

τ ↑ h
.                       (1.3.166) 

Q5#*+, B.+ 2$5 ∆>>kT0 /:+$+/.) /25*-$!Z!.+B*+; $!(&:/&C55 54?!*F!./F [:/2+*!*C5&()*+ 

/ .!?2!$&.<$+;.  

 Q /(<B&! #1<XI+*+**>X $&?&*+1/:5X 2$+C!//+1 $&4(5B&6. 2$+C!//> 2!$1+-+ 5 

1.+$+-+ 2+$F#:&. ]$+C!//> 2!$1+-+ 2+$F#:& 2$+F1(F6./F .+-#&, :+-#& ?&.$5B*>! [(!?!*.> 

:$5/.&((5B!/:+-+ 2+.!*C5&(& ?!9#< <$+1*F?5 |a> 5 |b> +.(5B*> +. *<(F. Q [.+? /(<B&! 

1!$+F.*+/.) 2!$!X+#& $&1*&: 

)(fV
2

w
2)2(

21

2

2
ωεεπ=

h
.                                         (1.3.167) 

Q /(<B&! $&?&*+1/:+-+ 2$+C!//& 1.+$+-+ 2+$F#:& +#5* I+*+* 1>4>1&!. 15$.<&()*>; 

2!$!X+# 54 /+/.+F*5F |b> 1 /+/.+F*5! |c>, & 1.+$+; I+*+* 1>4>1&!. 15$.<&()*>; 2!$!X+# 54 

1+43<9#!**+-+ /+/.+F*5F |c> 1 *59*!! +/*+1*+! /+/.+F*5! |a>. Q!$+F.*+/.) 

$!(&:/&C5+**+-+ 2!$!X+#& |b>→|a> 1 [.+? /(<B&! $&1*& 

)(fVV
2

w
2)1(

22
)1(

11

2

2
ωεεπ=

h
.                            (1.3.168) 

L <B!.+? 2$+C!//+1 1.+$+-+ 2+$F#:& /:+$+/.) $!(&:/&C55 ?+9*+ .!2!$) 4&25/&.): 

( ) ( )
{ }

( ) ( )
6

7
0

2

4)1(
2)2(

1023

m

0
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         (1.3.169) 

]$5 *54:5X .!?2!$&.<$&X (4*&B5.!()*+ *59! .!?2!$&.<$> N!3&F), :+-#& 1!$X*5; 2$!#!( 

?+9*+ /B5.&.) 3!/:+*!B*+/.)6, 5*.!-$&( I6 F1(F!./F :+*!B*>? B5/(+?, $&1*>? 6!. ]$5 

1>/+:5X .!?2!$&.<$&X /.!2!*) 1 4&15/5?+/.5 +. .!?2!$&.<$> 2+*59&!./F #+ #1<X.  

 Q /(<B&! C!*.$+1 / *!B!.*>? B5/(+? [(!:.$+*+1 1+43<9#!**+! /+/.+F*5! ?+9!. 

+:&4&.)/F :$&?!$/+1>? #<3(!.+?. Q [.+? /(<B&! ?&.$5B*>! [(!?!*.> +2!$&.+$+1 

:$5/.&((5B!/:+-+ 2+(F ?!9#< :$&?!$/+1>?5 #<3(!.&?5 $&1*> *<(6. Q*!Z*!! ?&-*5.*+! 

2+(! *&$<Z&!. /5??!.$56 :$&?!$/+1>X #<3(!.+1 +.*+/5.!()*+ +3$&_!*5F 1$!?!*5 5 

2$5?!Z51&!. #$<-5! /+/.+F*5F / 1!/+? 

( )
∆∆

2)1(2 Vlωh
.                                                (1.3.170) 
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Q $!4<().&.!, /:+$+/.) $!(&:/&C55 1 [.+? /(<B&! $&1*& 
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        (1.3.171) 

 l(6? 5 D$3&X $&//?+.$!(5 !_! +#5* 1&9*>; /(<B&;, :+-#& +/*+1*+! /+/.+F*5! 

F1(F!./F ?<().52(!.+?. L+/.+F*5F |c> 5 |d> 3(54:+ $&/2+(+9!*> : /+/.+F*5F? |a> 5 |b>, ..!. 

∆ ?&(&. n+-#& 

( )
{ }

( )
4

5
0

2

4

1023

m

0
l2

0l

0l
4
l
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4

1023
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kTV
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1)kT/exp(

)kT/exp(V
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=
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                (1.3.171) 

n&:5! 2$+C!//> *&3(6#&(5/) #(F 2$5?!/*>X 5+*+1 Cr+ 1 Si [24].  

 

1.4 Q)6%&>" <9K-0@)>'+.0>.@&& 

1.4.1 F6)A" <9K 0@)>'+.A)'+" 

 

 759! #&*+ +25/&*5! .525B*+-+ `]b-/2!:.$+?!.$&, $&3+.&6_!-+ *& I5:/5$+1&**+; 

B&/.+.! +:+(+ ν=9300 T-C, .. !. 1 3-X- /&*.5?!.$+1+? #5&2&4+*! #(5* 1+(* +3(<B!*5F 

+3$&4C+1 [(!:.$+?&-*5.*>? 2+(!?, 1>4>1&6_5? 2!$!X+#> ?!9#< 4!!?&*+1/:5?5 <$+1*F?5 

]m. ]$5?!*!*5! /1!$X1>/+:+; B&/.+.> (LQi) +:+(+ 1010 GC *!+3X+#5?+ #(F 2+(<B!*5F 

1+4?+9*+ 3+()Z!; B<1/.15.!()*+/.5 /2!:.$+?!.$&. N(F [.+-+ *!+3X+#5?& #+/.&.+B*+ 

3+()Z&F B&/.+.& 54?!$!*5; hν=gµBH 5 1+4?+9*+ 3+()Z&F $&4*5C& n1−n2 4&/!(V**+/.5 

4!!?&*+1/:5X <$+1*!;, :+.+$+; 3<#!. +2$!#!(F.)/F 2+-(+_&!?&F 2$5 2&$&?&-*5.*+? 

$!4+*&*/! ?+_*+/.) (/?. $&4#!( 1.2). Q?!/.! / .!?, /++.1!./.1<6_!!, /+-(&/*+ (1.2.6), [.+; 

B&/.+.! ?&-*5.*+! 2+(! B≈0,3 n( !_V *! /(5Z:+? 1!(5:+, B.+3> !-+ ?+9*+ 3>(+ 2+(<B5.) / 

2+?+_)6 [(!:.$+?&-*5.& / 9!(!4*>? /!$#!B*5:+? 5 1>/+:+; !-+ +#*+$+#*+/.)6 (δB<10-4 

n().  

 l(+:-/X!?& /2!:.$+?!.$& 2+:&4&*& *& $5/.1.4.1. @/.+B*5:+? LQi :+(!3&*5; F1(F!./F 

:(5/.$+**>; -!*!$&.+$ 5(5 -!*!$&.+$ *& #5+#! G&**& GLQi, / :+.+$+-+ 2+ 2$F?+<-+()*+?< 

1+(*+1+#< ?+_*+/.) LQi /:1+4) 1!*.5() B 2+/.<2&!. *& *&2$&1(!**>; +.1!.15.!() 7D.  
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b5/.1.4.1 l(+: - /X!?& `]b - /2!:.$+?!.$&. GLQi - -!*!$&.+$ LQi, B - *&2$&1(!**>! 

I!$$5.+1>! 1!*.5(5 LQi, 7D- *&2$&1(!**>; +.1!.15.!(), O - $!-<(5$<!?>; &..!*6&.+$ - 

+/(&35.!() ?+_*+/.5 LQi, ϕ - $!-<(5$<!?>; I&4+1$&_&.!(), m - C5$:<(F.+$, lL - 

3&(&*/*>; /?!/5.!(), n$ - LQi - .$&*/I+$?&.+$, N, S - 2+(6/> [(!:.$+?&-*5.& / :&.<Z:&?5 

S, @HQi - 5435$&.!()*>; </5(5.!() Qi, LN - /5*X$+**>; #!.!:.+$ Qi,   - I5().$ Qi, L] 

– /&?+25/!C 5(5 /5/.!?& 4&25/5 1 2&?F.) :+?2)6.!$&, GQi - -!*!$&.+$ Qi, l] - 3(+: 

25.&*5F, O]i - /5/.!?& &1.+2+#/.$+;:5 B&/.+.> LQi, Db -+.$&9&.!()*>; $!4+*&.+$.  

 

D:+(+ 10% ?+_*+/.5 2+#&V./F *& I&4+1$&_&.!() ϕ 5 #&(!! *& 3&(&*/*>; /?!/5.!() - 

I&4+B<1/.15.!()*>; /5*X$+**>; #!.!:.+$ LQi. l+()Z&F 9! B&/.) LQi ?+_*+/.5 2+#&V./F 

*& .$VX2+(6/*>; C5$:<(F.+$ m, :+.+$>; *&2$&1(F!. LQi 1+(*< /:1+4) $!-<(5$<!?>; 

/+-(&/<6_5; .$&*/I+$?&.+$ n$ *& +.$&9&.!()*>; $!4+*&.+$ Db / +3$&4C+? 5 2+?!_V**>; 

?!9#< 2+(6/&?5 [(!:.$+?&-*5.& NS.  

 Q +./<./.155 $!4+*&*/*+-+ 2+-(+_!*5F LQi +3$&4C+? $!4+*&.+$ *&/.$+!* .&:, B.+ 

1/F [*!$-5F LQi 1 *V? 2+-(+_&!./F. ]&$&?&-*5.*>; $!4+*&*/ 2$5 /++.1!./.1<6_!? 

?&-*5.*+? 2+(! 1>4>1&!. $&//+-(&/+1&*5! $!4+*&.+$& 5 +. *!-+ +3$&.*+ B!$!4 

.$&*/I+$?&.+$ 3<#!. +.$&9&.)/F LQi ?+_*+/.), 2$+2+$C5+*&()*&F 1!(5B5*! `]b - 

2+-(+_!*56. `.+. /5-*&( C5$:<(F.+$+? *&2$&1(F!./F /:1+4) 1!*.5() *& 3&(&*/*>; 

/?!/5.!() lL.  

 S$+?! ?!#(!**+ 54?!*F6_!-+/F 2+ (5*!;*+?< 4&:+*< ?&-*5.*+-+ 2+(F 

[(!.$+?&-*5.&, *& [.+ 2+(! *&:(&#>1&!./F 1>/+:+B&/.+.*+! ?&-*5.*+! 2+(! Qi / 2+?+_)6 

 

O]i 

l] 

n$ @HQi 

S N 

S S 

D 

Db 

GQi 

  

L] 

lL 

lL 

ϕ 

m O 
7D 

Q 
GLQi 
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:&.<Z:5 1*<.$5 $!4+*&.+$&, :+*C> :+.+$+; 2+#:(6B!*> : -!*!$&.+$< Qi / B&/.+.+; 910 

:GC. ]+[.+?< LQi /5-*&(, 2+/.<2&6_5; *& lL, ?+#<(5$+1&* Qi. ]+/(! #!.!:.5$+1&*5F lL 

1>#!(F!./F Qi /5-*&(, :+.+$>; B!$!4 5435$&.!()*>; <4:+2+(+/*>;, *&/.$+!**>; *& 910 

:GC, </5(5.!() 1>/+:+; B&/.+.> @HQi 2+#&V./F *& /5*X$+**>; #!.!:.+$ Qi, <2$&1(F!?>; 

-!*!$&.+$+? 1>/+:+; B&/.+.> GQi. L LN /:1+4) I5().$ Qi ?!#(!**+ ?!*F6_!!/F 

*&2$F9!*5! 2+#&V./F *& /&?+25/!C L].  

 Q /2!:.$+?!.$! 5?!!./F /5/.!?& &1.+?&.5B!/:+; 2+#/.$+;:5 B&/.+.> LQi :(5/.$+*& 

O]i, :+.+$&F “2$51F4>1&!.” B&/.+.< -!*!$&.+$& : /+3/.1!**+; B&/.+.! $!4+*&.+$&.  

 Q `]b – /2!:.$+/:+255 2$5?!*F6./F $&4(5B*>! 15#> $!4+*&.+$+1. i&_! 1/!-+ 

</.&*&1(51&6./F C5(5*#$5B!/:5; 5(5 2$F?+<-+()*>; $!4+*&.+$>. D#5* 54 2$5?!$+1 

$!4+*&.+$&, /X!?&.5B*+ 2+:&4&**+-+ *& $5/.1.4.2, 2$!#/.&1(F!. /+3+; +.$!4+: 

2$F?+<-+()*+-+ 1+(*+1+#& / ?+#+; :+(!3&*5; nJ103 , .+ !/.), 1 *V? <:(&#>1&6./F .$5 

/.+FB5! LQi 2+(<1+(*> .&:, B.+ 5?!6./F #1! 2<B*+/.5 ?&-*5.*+-+ 2+(F. Q +#*< 54 *5X 

2+?!_&!./F 5//(!#<!?>; +3$&4!C, 1 #$<-<6 - [.&(+**>; +3$&4!C ($5/. 1.4.2). `.+ 2+41+(F!. 

1 +#5*&:+1>X </(+15FX +#*+1$!?!**+ 4&25/>1&.) /2!:.$> `]b +3$&4C& 5 [.&(+*&.  

b5/. 1.4.2 S+*/.$<:C5F nJ103 – $!4+*&.+$&. Q 2<B*+/.FX ?&-*5.*+-+ 2+(F $&/2+(+9!*> 5(5 

«+» – +3$&4!C 5(5  «[» - [.&(+*. ]<*:.5$+? /X!?&.5B*+ 2+:&4&*> /5(+1>! (5*55 /.+FB!; 

1+(*> LQi ?&-*5.*+-+ 2+(F.  

 

 ]$5?!*!*5! Qi ?+#<(FC55 ?&-*5.*+-+ 2+(F 2$51+#5. : .+?<, B.+ 4&25/>1&!./F *! 

P(H), .+ !/.), *! 4&15/5?+/.) ?+_*+/.5, 2+-(+_&!?+; +3$&4C+?, +. ?&-*5.*+-+ 2+(F, & 

2!$1<6 2$+541+#*<6 [.+; 4&15/5?+/.5. ]+[.+?< 1?!/.+ :+(+:+(++3$&4*>X :$51>X 15#& 

(1.2.29) 5(5 (1.2.30)  3<#!. 4&25/&*& 2!$1&F 2$+541+#*&F +. .&:+-+ .52& 4&15/5?+/.!;, .+ 

!/.),  

           
( )












−α+
==′

2
01

21
HH1

1
dH
dK

dH
HdP

KHY
)(

)(                                   (1.4.1) 

5(5  

           



 −α−==′ )2)H(Hexp(

dH
dK

dH
dP(H)

K(H)Y 0221 ,                           (1.4.2) 

 

` D 
LQi 
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-#! K1 5 K2 :+[II5C5!*.>, 4&15/F_5! +. 2&$&?!.$+1 +3$&4C& 5 *&/.$+;:5 /2!:.$+?!.$&. 

S&B!/.1!**+ [.5 4&15/5?+/.5 2+X+95 5 1>-(F#F. :&: *& $5/. 1.4.3.  

  

b5/. 1.4.3. g&$&:.!$*>; 15# 2!$1+; 2$+541+#*+; (5*5; /2!:.$& `]b 2+-(+_!*5F  

 

1.4.2. N@+)5)8)%&) g-_">'.+" 

 

 L+-(&/*+ (1.2.6) 2$5 541!/.*+; B&/.+.! ν=9,3⋅104 GC *<9*+ 4*&.) *&2$F9V**+/.) 

?&-*5.*+-+ 2+(F, /++.1!./.1<6_!-+ 25:< $!4+*&*/*+-+ 2+-(+_!*5F H0. ]&$&?!.$> /2!:.$& 

]m 54<B&!?+-+ +3$&4C& +2$!#!(F6./F 54 /+2+/.&1(!*5F /2!:.$+1 [.&(+*& 5 +3$&4C& 2$5 5X 

+#*+1$!?!**+; 4&25/5. Q `]b-/2!:.$+?!.$! 5?!!./F #&.B5: g+((&, / 2+?+_)6 :+.+$+-+ 

+2$!#!(F!./F *&2$F9V**+/.) 2+(F. N(F 2+(<B!*5F 3+()Z!; .+B*+/.5 *!+3X+#5?+ 4&25/&.) 

/2!:.$ +3$&4C& / [.&(+*+? / 541!/.*>?5 g – I&:.+$+? 5 5*.!$1&(&?5 ?!9#< (5*5F?5 LnL, 

*&2$5?!$ 2+$+Z+: +:/5#& ?&-*5F MgO / 2$5?!/*>?5 5+*&?5 ?&$-&*C& Mn2+ #(F 

:&(53$+1:5 Z:&(> H.  

 

1.4.3 N@+)5)8)%&) >.%[)%'+"[&& 9` 

 

 S+*C!*.$&C5F ]m 1>B5/(F!./F 2+/(! +2$!#!(!*5F g-I&:.+$&, :&(53$+1:5 Z:&(> 2+ 

?&-*5.*+?< 2+(6 5 #+2+(*5.!()*+; :&(53$+1:+; 2+ &?2(5.<#! /5-*&(& / [.&(+*+? 

5*.!*/51*+/.5. J/(5 *!. :&(53$+1&**+-+ [.&(+*& 5*.!*/51*+/.5, .&:+;  [.&(+* ?+9!. 3>.) 

/#!(&* 54 :$5/.&((& ?!#*+-+ :<2+$+/& CuSO4t5H2O. N(F +2$!#!(!*5F :+(5B!/.1& /25*+1 1 

[.&(+**+? :$5/.&((! *!+3X+#5?+ 2$!C545+**+! 141!Z51&*5! :$5/.&((&, 2+/:+():< `]b 

/2!:.$+?!.$ +3(&#&!. 1>/+:+; B<1/.15.!()*+/.)6 5 2+.$!3<!./F :$5/.&(( / ?&//+; 1 

!#5*5C> 5(5 #+(5 ?5((5-$&??&. i5/(+ /25*+1 +2$!#!(F!./F 5/X+#F 54 .+-+, B.+ :&9#>; 5+* 

?!#5 Cu2+ 5?!!. /25* S=1/2. L2!:.$ ?!#*+-+ :<2+$+/& /5()*+ &*54+.$+2!*. ]+[.+?< 2$5 

+#*+1$!?!**+; 4&25/5 /2!:.$+1 +3$&4C& 5 [.&(+*& *!+3X+#5?+ 2<.V? 1$&_!*5F :$5+/.&.& 

 

H H0 

∆Hpp 

Y’m 

Y’ 
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#+35.)/F .&:+-+ 2+(+9!*5F (5*55 `]b, B.+3> +#5*+B*&F (5*5F [.&(+*& *! *&:(&#>1&(&/) 

*& /2!:.$ +3$&4C&.  

 L <BV.+? 1>$&9!*5; (4), (9), (25) ?+9*+ 2+:&4&.), B.+ :+*C!*.$&C5F ]m 1 +3$&4C! N+ 

?+9!. 3>.) 1>$&9!*& B!$!4 .&:+1<6 1 [.&(+*! 2+ /(!#<6_!; I+$?<(! [9] 

                         #
##

### N
IT1oSoS
oIoT1SS2

og

g

oN
⋅+

⋅+










=

)(

)(
 ,                                         (1.4.3) 

:+.+$&F /2$&1!#(51& 2$5 +#*+1$!?!**+; 4&25/5 /2!:.$+1 +3$&4C& 5 [.&(+*&. Q (1.4.3) n – 

.!?2!$&.<$&, I – &?2(5.<#& /2!:.$&, 1/! 1!(5B5*> /+ 4*&:+? “+” +.*+/F./F : +3$&4C<, & /+ 

4*&:+? “[” - : [.&(+*<.  

 ]$5 4&25/5 2!$1+; 2$+541+#*+; /2!:.$& 2+-(+_!*5F 5*.!*/51*+/.) (5*55 /2!:.$& I 

?+9*+ +2$!#!(5.) 2+ I+$?<(!  

                                    ′Λ′∆= my2
ppHDI )(   ,                                              (1.4.4) 

-#! I&:.+$ ?<().52(!.*+/.5  

                                    ∑ ′
′

=
i

miy

my

1D ,                                                     (1.4.5) 

′
my - &?2(5.<#& ($5/.1.4.3) /&?+; 5*.!*/51*+; (5*55, ′

miy - &?2(5.<#& i- ; (5*55. J/(5 1/! 

(5*55 +#5*&:+1> 2+ &?2(5.<#!, .+ ′=′
miymy , ∆H$$ - Z5$5*& (5*55 ?!9#< Z:&(&?5 

($5/.1.4.3), 1!(5B5*& Λ′  - I&:.+$ I+$?> (5*55: 

Λ′ =1,03 #(F (5*5; -&<//+1+; I+$?>, Λ′ =3,63 #(F (5*5; (+$!*C+1+; I+$?>. 

 J/(5 *!541!/.*& I+$?& (5*5;, .+  

                                 ∫
∞

∞−
′−= dHHyoHHI )()( ,                                               (1.4.6) 

.+ !/.), 1>B5/(F!./F :&: 2!$1>; ?+?!*. [9] 2!$1+; 2$+541+#*+; /2!:.$& 2+-(+_!*5F.  Q 

*&/.+F_!! 1$!?F B5/(!**+! 5*.!-$5$+1&*5! (!-:+ 2$+541+#5./F 2$5 :+?2)6.!$*+; 4&25/5 

/2!:.$&. 

 ]$5 4&25/5 <4:5X (5*5; (<5⋅10-4 T) `]b /(!#<!. +3$&.5.) 1*5?&*5! *& 5/:&9!*5F 5X 

I+$?> 54-4& /(5Z:+? 3+()Z+; &?2(5.<#> Qi ?+#<(FC55. N(F [.+-+ *&#+ /#!(&.) #1! 

4&25/5 2$5 Qi ?&:/5?&()*+; 5 2$5 ?!*)Z!; 1 #1& $&4&. J/(5 1 +3+5X /(<B&FX I+$?> (5*5; 

*! /+12&#&6., .+ /(!#<!. <?!*)Z5.) &?2(5.<#< Qi ?+#<(FC55 #+ <$+1*F, 2$5 :+.+$+? 

2!$!/.&*!. ?!*F.)/F I+$?& (5*5;. 
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:8"2" 2. M)++.A"$%&'%(? +)-.%"%0 

2.1 B2)5)%&) 

 

 Q [.+? $&4#!(! /*&B&(& 54(&-&!./F 3&4+1+! $&//?+.$!*5!  Tb, :+.+$+! *!+3X+#5?+ 

#(F 2+*5?&*5F 2$+C!#<$> /+1$!?!**+-+ &*&(54& [:/2!$5?!*.&()*>X #&**>X  54?!$!*5; 

2&$&?!.$+1 I!$$+?&-*!.5:+1. Q B&/.*+/.5, ?> *&#!!?/F, [.+ 3<#!. 2+(!4*>? #(F 2+*5?&*5F 

2$+C!#<$> &*&(54& #&**>X #(F .+*:5X /(+V1 I!$$+?&-*5.*>X 2+(<2$+1+#*5:+1, :+.+$>? 1 

*&/.+F_!! 1$!?F <#!(F!./F 3+()Z+! 1*5?&*5! 1 *&<B*>X /.&.)FX 1 /1F45 / 2!$/2!:.51&?5 

2$5?!*!*5F 5X 1 /25*.$+*5:!. ]+[.+?< 1*&B&(! $&//?+.$!*> +/*+1*>! 2$!#/.&1(!*5F + 

/25*+1+? <2+$F#+B!*55, +3 +/+3!**+/.FX 5*.!*/51*+ 5//(!#<!?>X 1 *&/.+F_!! 1$!?F 

$&43&1(!**>X ?&-*5.*>X 2+(<2$+1+#*5:+1 (bT]). k&.!? #&V./F +25/&*5! /25*+1>X 1+(* 1 

I!$$+?&-*!.5:!, 2+/:+():< 1  Tb $!&(54<!./F B&/.*>; /(<B&; +#*+$+#*&F ?+#& .&:5X 1+(*. 

S$&.:+ +.?!B&!./F +.(5B5! 4&:+*& #5/2!$/55 #(F /25*+1>X 1+(* 1 &*.5I!$$+?&-*!.5:!. Q 

/(!#<6_!? 2&$&-$&I! +.?!B&6./F /X+#/.1+  5 +.(5B5F  Tb 5 `]b, 1+4?+9*+/.5  Tb. 

N&(!! *& +/*+1! /&?+-+ 2$+/.+-+ <$&1*!*5F #159!*5F #(F *&?&-*5B!**+/.5 &*&(545$<!./F 

&*54+.$+25F /2!:.$+1  Tb, /1F4&**&F / I+$?+; +3$&4C& (&*54+.$+25F I+$?>). ]$51+#F./F 

:(&//5B!/:5! (5.!$&.<$*>! #&**>! #(F /I!$5B!/:+-+ +3$&4C& I!$$5.--$&*&.& 5 #&**>! #(F 

*&*+$&4?!$*>X /(+V1 /5*.!45$+1&**>X 5 54<B&!?>X 1 (&3+$&.+$55 7@ n@ 5 I545B!/:+-+ 

I&:<().!.& 77GH $!:+$#*>X *& /!-+#*FZ*5; #!*) bT]. Q /(!#<6_!? $&4#!(! $&//?+.$!* 

&:.<&()*>; #(F 2(V*+B*>X 5 /5()*+ 2$+1+#F_5X +3$&4C+1 /25*1+(*+1+; $!4+*&*/ 5 

1(5F*5! /:5*-[II!:.& / 5((6/.$&C5!; :(&//5B!/:5?5 (5.!$&.<$*>?5 #&**>?5 #(F 2(V*+: 

2!$?&((+F 5 *!#&1*5?5 #&**>?5 #(F /(+V1 bT] – &$/!*5#& -&((5F (!-5$+1&**+-+ 

?&$-&*C!?. N&(!! 2$+1+#5./F &*&(54  Tb 3+(!! 1>/+:+-+ <$+1*F /1F45 ?!9#< <$&1*!*5!? 

#159!*5F #(F *&?&-*5B!**+/.5 5 /1+3+#*+; [*!$-5!;, 1:(&#> 1 /1+3+#*<6 [*!$-56. 

b&//?+.$!*> +/+3!**+/.5 1(5F*5F :$5/.&((+-$&I5B!/:+; &*54+.$+255 *&  Tb #(F 

?&.!$5&(+1 / +#*++/*+; 5 :<35B!/:+; ?&-*5.*>X /5??!.$5!;. O*&(545$<!./F 1(5F*5! 

:$5/.&((5B!/:+; &*54+.$+255, 1:(6B&F 5/:&9!*5F :$5/.&((5B!/:+; $!ZV.:5, 1>41&**>! 

*!/++.1!./.15!? $!ZV.+: [25.&:/5&()*+; ?&-*5.*+; 2(V*:5 5 2+#(+9:5, *& :+.+$+; [.& 

2(V*:& 1>$&_!*&. 
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2.2 N@&0"%&) 0@&%.2.$. H@.+J5.S)%&J 2 _)++.A"$%)'&>"6 %" .0%.2) $)?-)%V)+$.20>.$. 

.VA)%%.$. $"A&8E'.%&"%" 

 

 Q I!$$+?&-*!.5:&X 5?!!./F /5/.!?& /25*+1 4+**>X [(!:.$+*+1 5 /25*+1>X ?+?!*.+1 

&.+?+1 (5(5 5+*+1). `.5 /25*> <2+$F#+B!*> /5(&?5, :+.+$>! 4*&B5.!()*+ 3+()Z! /5( 

?&-*5.*+-+ #52+()*+-+ 14&5?+#!;/.15F. `*!$-5F #52+()*+-+ 14&5?+#!;/.15F 2$5 /&?+; 

3(&-+2$5F.*+; (#(F ?&:/5?<?& 14&5?+#!;/.15F) +$5!*.&C55 #52+(!; 5?!!. 15# 

( )
( )

,!$713
r

a

137

1

a

e

r

a

c

e

r

g
U

3
0

2
0

23
0

22

3

2
B

d .




≈













≈

µ
≈

h
                       (2.2.1) 

-#! a0=0.0529 *? – 3+$+1/:5; $&#5</. J/(5 1 :&B!/.1! 1!(5B5*> r 14F.) /$!#*!! ?!9&.+?*+! 

$&//.+F*5! 0.2 *?, .+ 2+(<B&!? Udz1.35·10-5 [Q, B.+ ?*+-+ ?!*)Z! :n #&9! 2$5 -!(5!1>X 

.!?2!$&.<$&X. Q .+ 1$!?F :&:, *&2$5?!$, 1 9!(!4! I!$$+?&-*5.*+! /25*+1+! <2+$F#+B!*5! 

/+X$&*F!./F #+ .!?2!$&.<$> 1043S, 1 :+3&().! #+ 1388 S. Q *&/.+F_!! 1$!?F <9! 

+3_!2$5*F.+, B.+ 2$5B5*+; <2+$F#+B!*5F /25*+1 F1(F6./F :<(+*+1/:5! /5(>, :+.+$>! 

2$+F1(F6./F 1 +3?!**+? 14&5?+#!;/.155 [(!:.$+*+1. `.+ 14&5?+#!;/.15! +25/>1&!./F 

-!;4!*3!$-+1/:5? +3?!**>? -&?5().+*5&*+? 

ji'*-0 SS∑−=
ij

ijJH                                                       (2.2.2) 

-#! :+[II5C5!*.> Jij *&4>1&6./F +3?!**>?5 5*.!-$&(&?5, Si – 1!:.+$*>! +2!$&.+$> /25*&, 

:+.+$>! #!;/.1<6. *& /25*+1>! B&/.5 ( )isSα  1+(*+1+; I<*:C55 [(!:.$+*+1 

( ) ( ) ( )iijij sSr αψ=ξϕ , 

#+3&1(F!?+; 1 :&B!/.1! ?*+95.!(F : 1+(*+1+; I<*:C55 [(!:.$+*+1 ( )ij rψ  1 +3>B*+? 

:++$#5*&.*+? 2$+/.$&*/.1!. D3?!**>! 5*.!-$&(> 2$!#/.&1(F6. /+3+; ?&.$5B*>! [(!?!*.> 

:<(+*+1/:+-+ 14&5?+#!;/.15F [(!:.$+*+1 

( ) ( ) ( ) ( ) jijiij
ji

jjiiij dd
1

ijVijJ rrrr
rr

rr ψψ
−

ψψ>==< ∗∗∫ . 

 L25*+1>! B&/.5 ( )isSα  1+(*+1>X I<*:C5; B&/.+ 2$!#/.&1(F6. :!.-1!:.+$&?5 

i
b

a
i 





= ; 

i
0

1






- +4*&B&!. /25* 11!$X < i--+ [(!:.$+*&, 

i
1

0






- /25* 1*54 < .+-+ 9! [(!:.$+*&. 

]+(*&F 1+(*+1&F I<*:C5F ( ) ( )
i

ijij b

a






ψ=ϕ rr . 

 Q!:.+$*>! +2!$&.+$> /25*& 5?!6. 2$+!:C55 *& +/5 #!:&$.+1+; /5/.!?> :++$#5*&., 

:+.+$>! 1>$&9&6./F B!$!4 ?&.$5C> ]&<(5 yx σσ ,  5 zσ  
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;
i

x
x
i 0

1

1

0

2

1

2

1
S 





=σ=  ;

i
y

y
i 0

i

i

0

2

1

2

1
S 

−



=σ=  ;

i
z

z
i 1

0

0

1

2

1

2

1
S 


−


=σ=            (2.2.3) 

N!;/.15! 1!:.+$*>X +2!$&.+$+1 /25*& *& 1+(*+1>! I<*:C55 2$+541+#5./F 2+ +3>B*>? 

2$&15(&? ?&.$5B*+-+ <?*+9!*5F 

ii

x
i 1

0

2

1

0

1
S 





=





, 

ii

z
i 0

1

2

1

0

1
S 





−=





. 

]+/(!#+1&.!()*+! #!;/.15! 1!:.+$*>X +2!$&.+$+1 /25*& +/<_!/.1(F!./F 2+ 2$&15(< 

+3>B*+-+ /:&(F$*+-+ 2$+541!#!*5F 
z
j

z
i

y
j

y
i

x
j

x
iji SSSSSS ++=SS . 

S+?2+*!*.> S #(F $&4*>X [(!:.$+*+1 :+??<.5$<6.. O #(F +#*+-+ 5 .+-+ 9! [(!:.$+*& 

#!;/.1<!. 2$&15(+ 

z
i

x
i

y
i

y
i

x
i iSSSSS =− ; x

i
y
i

z
i

z
i

y
i iSSSSS =− ; y

i
z
i

x
i

x
i

z
i iSSSSS =− . 

D3+4*&B51 ?&:/5?&()*+! /+3/.1!**+! 4*&B!*5! +2!$&.+$& z
iS  B!$!4 S 54 2$!#>#<_5X 

I+$?<( ?+9*+ 2+:&4&.), B.+  

( ) ii1SSiiii ,, +=SS , 

-#! S F1(F!./F (53+ C!(>?, (53+ 2+(<C!(>? B5/(+?. L+3/.1!**>! 4*&B!*5F z
iS  +./.+F. #$<- 

+. #$<-& *& C!(+! B5/(+ ?!9#< ±1. 

 J/(5 i 5 j [(!:.$+*> *&X+#F./F *& +#*+? &.+?!, .+ /+-(&/*+ 2$&15(< g<*#& [(!:.$+*> 

/.$!?F./F 3>.) &*.52&$&((!()*>?5 5 +3>B*+ ijJ >0. Q /(<B&! [(!:.$+*+1 *& $&4*>X &.+?&X 

4*&: ijJ  ?+9!. 3>.) (63>?. @/2+()4<F 2$&15(& #!;/.15F /25*+1>X +2!$&.+$+1 (!-:+ 

1>B5/(5.) [*!$-!.5B!/:5! 1:(&#> +3?!**+-+ 14&5?+#!;/.15F #(F 2&$&((!()*+; 5 

&*.52&$&((!()*+; +$5!*.&C55 /25*+1 

.

;

ij
j

'*-0
ij

ij
j

'*-0
ij

J
4

1

1

0

0

1
H

0

1

1

0

J
4

1

0

1

0

1
H

0

1

0

1

+=























=

−=























=

↑↑

↑↑

i

i
                              (2.2.4) 

Q 2$53(59!*55 g&$.$5- +:& +3?!**>; 5*.!-$&( >< ijVij $&1!* $&4*+/.5 [.5X ?&.$5B*>X 

[(!?!*.+1. @4 (2.2.4) 15#*+, B.+, !/(5 ijJ >0, .+ 1>-+#*+; F1(F!./F 2&$&((!()*&F +$5!*.&C5F 

/25*+1 5 5?!!. ?!/.+ I!$$+?&-*5.*+! /+/.+F*5!. J/(5 ijJ <0, .+ [*!$-!.5B!/:5 1>-+#*+ 

&*.5I!$$+?&-*5.*+! /+/.+F*5!. 7& $5/.2.2.1 /X!?&.5B!/:5 2+:&4&*> .$5 1&$5&*.& 

<2+$F#+B!*5F /25*+1 ?&-*5.*>X 5+*+1 1 I!$$+?&-*!.5:&X 2$5 $&4(5B*>X 4*&:&X +3?!**+-+ 
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14&5?+#!;/.15F. Q5#*+, B.+ 1 +.(5B55 +. I!$$+?&-*!.5:& 1 &*.5I!$$+?&-*!.5:! / 

+.$5C&.!()*>? +3?!**>? 14&5?+#!;/.15!? /<??&$*&F *&?&-*5B!**+/.) $&1*& *<(6. 7+ 

!/(5 1 1!_!/.1! 5?!6./F ?&-*5.*>! 5+*> / $&4*+; 1!(5B5*+; /25*&, B.+ *& $5/. 2.2.1(1) 

2+:&4&*+ /5?1+(5B!/:5 $&4*>? #5&?!.$+? :$<9:+1, .+ 5 2$5 +.$5C&.!()*+? +3?!**+? 

14&5?+#!;/.155 1+4?+9*& *! *<(!1&F *&?&-*5B!**+/.) :&: 1 I!$$5?&-*!.5:&X. 

 

 b5/. 2.2.1. n$5 1&$5&*.& /25*+1+-+ <2+$F#+B!*5F 1 I!$$+?&-*!.5:&X. 

 

7& /&?+? #!(!, :$+?! .$VX 1&$5&*.+1 I!$$+?&-*!.5:+1, /+3/.1!**+ I!$$+?&-*!.5:+1, 

&*.5I!$$+?&-*!.5:+1, /<_!/.1<!. ?*+9!/.1+ #$<-5X 1&$5&*.+1 /25*+1+-+ <2+$F#+B!*5F. 

D*5 +.(5B&6./F +. I!$$+?&-*!.5:+1 / 2$F?>? [(!:.$+**>? +3?!*+? #$<-5?5 ?!X&*54?&?5 

14&5?+#!;/.15F?5 ?&-*5.*>X &.+?+1 5(5 5+*+1 (/?. *&2$5?!$, [25, 7, 26]). Q B&/.*+/.5, 1 

2+/(!#*!! 1$!?F +/+3!**+ 1+4$+/ 5*.!$!/ : .&: *&4>1&!?>? $&43&1(!**>? ?&-*5.*>? 

2+(<2$+1+#*5:&? (bT]), 2+(<B&!?>? 2<.V? (!-5$+1&*5F &(?&4+2+#+3*>X :$5/.&((+1 

2$5?!/F?5 -$<22> 9!(!4& [27-30]. b&43&1(!**>?5 .&:5! ?&-*5.*>! ?&.!$5&(> *&4>1&6./F, 

2+.+?<, B.+ :+*C!*.$&C5F ?&-*5.*>X &.+?+1 1 *5X *& +#5* – #1& 2+$F#:& ?!*)Z!, B!? 1 

.$&#5C5+**>X I!$$+?&-*!.5:&X, 2+#+3*>X 9!(!4<. g+.F / .+B:5 4$!*5F .1V$#>X $&/.1+$+1 

[.5 ?&.!$5&(> F1(F6./F /5()*+ 2!$!/>_!**>?5, 2+(<B&6./F 1 /5()*+ *!$&1*+1!/*>X 

</(+15FX. S+*C!*.$&C5F ?&-*5.*>X 2$5?!/!; 1 *5X *& 2+$F#:5 2$!1>Z&!. 2$!#!( 

$&/.1+$5?+/.5 2$5 +3>B*+?, 3(54:+? : $&1*+1!/*+?< $!95?! $+/.& :$5/.&((&. 

b&43&1(!**>! ?&-*5.*>! 2+(<2$+1+#*5:5 (bT]) *& +/*+1! &(?&4+2+#+3*>X :$5/.&((+1  

/+!#5*!*5; A3B5 , (!-5$+1&**>X 3d-2$5?!/F?5 -$<22> 9!(!4& F1(F6./F 2!$/2!:.51*>?5 

?&.!$5&(&?5 #(F /+4#&*5F *+1>X 2$53+$+1 /25*.$+*5:5. D95#&!?> /(!#<6_5! 

1+4?+9*+/.5: 

1) *& 2+$F#:5 2$!1+/X+#F_&F #(5*& /25*+1+; #5II<455, 1/(!#/.15! 3+()Z!; 2+#159*+/.5 

*+/5.!(!; .+:& 1 3+(!! /+1!$Z!**+; :$5/.&((5B!/:+; $!ZV.:! / :+1&(!*.*+; /1F4)6,  

2) 1+4?+9*+/.) 1(5F.) *& /1+;/.1& I!$$+?&-*!.5:& 54?!*!*5!? /+#!$9&*5F ?&-*5.*>X 5 

*! ?&-*5.*>X 2$5?!/!;, 
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3) 2$5*C525&()*&F 1+4?+9*+/.) 2+(*+; /25*+1+; 2+(F$54&C55 *+/5.!(!; .+:&, 

4) /+1?!/.5?+/.) bT] *& +/*+1! &(?&4+2+#+3*>X 2+(<2$+1+#*5:+1, +/+3!**+ *& +/*+1! 

Ge 5 Si, / *&53+(!! $&/2$+/.$&*V**+; :$!?*5!1+; .!X*+(+-5!;, 

5)  1+4?+9*+/.) 5/2+()4+1&*5F .!X*+(+-55 [25.&:/5&()*+-+ *&$&_51&*5F .+*:5X 2(V*+: 

#(F 2+(<B!*5F ?5*5?&()*+ #!I!:.*+; -$&*5C> bT] – *! ?&-*5.*>; 2+(<2$+1+#*5: 

(7]) 5 #+/.59!*5F ?&:/5?&()*+; [II!:.51*+/.5 /25*+1+; 5*9!:C55 54 bT] 1 7], 

6) *+1>! 1+4?+9*+/.5 5/2+()4+1&*5F <2$&1(F!?+-+ / 2+?+_)6 1*!Z*!-+ [(!:.$5B!/:+-+ 5 

?&-*5.*+-+ 2+(!; [(!:.$+**+-+ .$&*/2+$.& 5 ?&-*5.++2.5B!/:5X [II!:.+1 1 /.$<:.<$&X 

/25*.$+*5:5 5 +2.+[(!:.$+*5:5. 

 Q :&B!/.1! +#*+-+ 54 1+4?+9*>X ?!X&*54?+1 <2+$F#+B!*5F /25*+1 1 bT] 1+4?+9*+ 

.&: *&4>1&!?+! bSS@ – 14&5?+#!;/.15!, 2$!#(+9!**+! b<#!?&*+?, S5.!(!?, S&/<!; 5 

@+/5#+;. Q [.+? ?!X&*54?! /B5.&!./F, B.+ 14&5?+#!;/.15! ?!9#< ?&-*5.*>?5 5+*&?5 

2$+5/X+#5. 2<.V? :+/1!**+-+ +3?!*& B!$!4 /25*-/25*+1+! 14&5?+#!;/.15! ?!9#< 

?&-*5.*>?5 5+*&?5 5 2+#159*>?5 *+/5.!(F?5 .+:& [(!:.$+*&?5 5(5 #>$:&?5. 

]+#.1!$9#&!./F [.+ .!?, B.+ I!$$+?&-*!.54? 1+4*5:&!. .+():+ :+-#& $&//.+F*5! ?!9#< 

?&-*5.*>?5 5+*&?5 ?!*)Z! #(5*> /1+3+#*+-+ 2$+3!-& *+/5.!(!; .+:&. n.!. :+*C!*.$&C5F 

?&-*5.*>X 5+*+1 #+(9*& 3>.) #+/.&.+B*+ 1!(5:&. Q.+$>? 3(&-+2$5F./.1<6_5? 

I!$$+?&-*!.54?< I&:.+$+? F1(F!./F 1>/+:&F :+*C!*.$&C5F *+/5.!(!; .+:&. 

  

 

2.3 F@&%.2() 2.8%( 2 _)++.A"$%)'&>) 

 

 S&$.5*&, 2+:&4&**&F *& $5/.2.2.1 5?!!. ?!/.+ 2$5 &3/+(6.*+? *<(! .!?2!$&.<$>. ]$5 

:+*!B*>X .!?2!$&.<$&X 5(5 1*!Z*5X 1+4#!;/.15FX /5/.!?& /25*+1 +.:(+*F!./F +. /.$+-+ 

:+((5*!&$*+; +$5!*.&C55. ]+F1(F6./F 1+43<9#V**>! /+/.+F*5F /25*+1+; /5/.!?>. 

Q4&5?+#!;/.15! ?!9#< /+/!#*5?5 /25*&?5 2+#+3*+ <2$<-+; ?!9&.+?*+; /5(! 1 .!+$55 

:+(!3&*5; $!ZV.:5. `.+ 2$51+#5. : .+?<, B.+ +.:(+*51Z5;/F /25* *! ?+9!. +/.&1&.)/F 

(+:&(54+1&**>? *& &.+?! 5 /.$!?5./F 2!$!?!_&.)/F 2+ :$5/.&((<. N159!*5! +.:(+*!*5; 

/25*& 5?!!. 1+(*+1+; X&$&:.!$. n&:5! 1+(*> *&4>1&6./F .7,%&:6(, :&5%1(,, & 5X :1&*.> – 

(19%&%1(,. Q 2$!#!(! #(5**>X 1+(* ?&-*+*> ?+9*+ 2$!#/.&15.) :&: :(&//5B!/:5! 1+(*> 

*&?&-*5B!**+/.5 1 :$5/.&((!. i&/.+.> .525B*>X ?&-*+*+1 (!9&. 1 ?5:$+1+(*+1+; +3(&/.5 

~10-10 /-1, .&:, B.+ 5X [*!$-5F 2+$F#:& 5·10-5 [Q. 7& $5/.2.3.1 /X!?&.5B*+ 2+:&4&*+ 

$&/2$+/.$&*!*5! 1+(*> 2$!C!//55 /25*+1. S&9#>; /25* 2$!C!//5$<!. 5 I&4& 2$!C!//55 

+2$!#!(F!./F 1+(*+1>? 1!:.+$+? q /25*+1+; 1+(*> 1 :$5/.&((!. Q $&?:&X ?+#!(5 

G!;4!*3!$-& $&/2$+/.$&*!*5! /25*+1>X 1+(* ?+9*+ 5//(!#+1&.) :(&//5B!/:5. 
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 b5/.2.3.1 b&/2$+/.$&*!*5! 1+(*> 2$!C!//55 /25*+1 1 I!$$+?&-*!.5:!. 

 

b&//?+.$5? #(F [.+-+ &.+? 1 .+B:! R 5 14&5?+#!;/.1<6_5; / 3(59&;Z5?5 /+/!#F?5, 

$&/2+(+9!**>?5 1 .+B:&X R+n0 2$+/.+; :<35B!/:+; $!ZV.:5. n&:+! 2$53(59!*5! /5()*+; 

/1F45 +2$&1#&*+, 2+/:+():< +3?!**+! 14&5?+#!;/.15! 3>/.$+ /2&#&!. / <1!(5B!*5!? 

$&//.+F*5F ?!9#< ?&-*5.*>?5 &.+?&?5 5(5 5+*&?5.  ]$!#/.&15? +3?!**>; -&?5().+*5&* 

1 15#!  

,H
0nR

n
R +∑−= SS

0

J2124                                                   (2.3.1) 

-#! 2$+541+#5./F /<??5$+1&*5! 2+ 3(59&;Z5? /+/!#F? R+n0. H$&1*!*5! #159!*5F 

G!;4!*3!$-& #(F 1!:.+$& RS !/.) 

[ ] ( )∑∑ ++ ×=×=−=
0n

0nRR
0n

0nRRR SSSSSS
hhh

& J2
J

2i
124R H,                     (2.3.2) 

5(5 1 #!:&$.+1>X 2$+!:C5FX 

.
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h
&

                            (2.3.3) 

 H$&1*!*5F (2.3.3) *!(5*!;*>! +.*+/5.!()*+ 2$+!:C5; /25*&. @X ?+9*+ 

(5*!&$54+1&.), 2$!#2+(+951, B.+ 2$5 *! /(5Z:+? 1>/+:5X .!?2!$&.<$&X +.:(+*!*5! /25*& 

+. *&2$&1(!*5F *&?&-*5B!**+/.5 I!$$+?&-*!.5:& *!1!(5:+, .+-#& SSz
R ≈  5 0SS y

R
x
R <<, . 

n+-#& #(F 2$+/.+; :<35B!/:+; $!ZV.:5 2+(<B&!? /5/.!?< (5*!;*>X <$&1*!*5; (2.3.4).  

.

;

;
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`.5 <$&1*!*5F 1 :$5/.&((5B!/:+; $!ZV.:! / .$&*/(FC5+**+; /5??!.$5!; 5?!6. 15# 

3!-<_!; 1+(*>  

( )[ ],exp tiuSx ω−⋅= qRR , ( )[ ]tivSy ω−⋅= qRR exp .                    (2.3.5) 

]$5 2+#/.&*+1:! (2.3.5) 1 (2.3.4) 2+(<B&!? /5/.!?< +#*+$+#*>X &(-!3$&5B!/:5X <$&1*!*5; 

( )

( ) .exp

,exp

ui6
JS2

vi

vi6
JS2

ui

0

0

0

0









−−=ω−









−=ω−

∑

∑

n

n

qn

qn

h

h
                               (2.3.6) 

 @4 $&1!*/.1& *<(6 +2$!#!(5.!(F [.+; /5/.!?> 2+(<B&!? #5/2!$/5+**+! /++.*+Z!*5! 

(5(5 4&:+* #5/2!$/55) #(F ?&-*+*+1 

( ) ( )







−=








−=ω ∑∑

00

00 6JS2i6JS2
nn

q qnqn cosexph .                             (2.3.7) 

 @*.!$!/*+ +.?!.5.), B.+ 2$5 ?&(>X 4*&B!*5FX 1+(*+1+-+ 1!:.+$& q, B.+ /++.1!./.1<!. 

2$!#!(< 3+()Z5X #(5* 1+(*, 4&:+* #5/2!$/55 :&: < [(!:.$+*+1 3(54+: : :1&#$&.5B*+?< 

( )2
k qaJS2≈ω , -#! & – 2+/.+F**&F :<35B!/:+; $!ZV.:5. S&: #(F [(!:.$+*& ?+9*+ 4&25/&.) 

∗≈ω m2q 22
k /h , -#! [II!:.51*&F ?&//& ?&-*+*& 22 JSa4m /h=∗ . n. !. :&: 5 [(!:.$+*> 

?&-*+*> +3(&#&6. [II!:.51*+; ?&//+; 2+:+F. 7+ 1 +.(5B55 +. [(!:.$+*+1 ?&-*+*> :&: 5 

I+*+*> F1(F6./F 3+4+*&?5 – B&/.5C&?5 / C!(>? /25*+?, ..:. 1+43<9#!*5! :&9#+-+ ?&-*+*& 

/+2$+1+9#&!./F 1 /++.1!./.155 / $&4$!ZV**>?5 2!$!X+#&?5 54?!*!*5!? ?&-*5.*+-+ 

:1&*.+1+-+ B5/(& *& ±1. N(F .525B*>X I!$$+?&-*!.5:+1 / .+B:+; S6$5 +:+(+ 300S 

[II!:.51*&F ?&//& ?&-*+*& /+/.&1(F!. +:+(+ #!/F.5 ?&// /1+3+#*+-+ [(!:.$+*&. 

 7& $5/.2.3.2 2$51!#!*> #5/2!$/5+**>! :$51>! #(F #1<X I!$$+?&-*!.5:+1 – /2(&1& 

:+3&().& / 9!(!4+? 54 :*5-5 [31] 5 +:/5#& 9!(!4& 54 [6], 2+(<B!**>! 2+ #&**>? *!<2$<-+-+ 

$&//!F*5F *!;.$+*+1. S&: 15#*+ 2$5 ?&(>X 4*&B!*5FX 1+(*+1+-+ B5/(& #!;/.15.!()*+ 5?!!. 

?!/.+ 2+B.5 :1&#$&.5B*>; 4&:+* #5/2!$/55. S&: 5 1 /(<B&! I+*+*+1 1 $!ZV.:! / 3&45/+? 

2+F1(F6./F +2.5B!/:5! 1!.15 #(F ?&-*+*+1, /++.1!./.1<6_5! 2$+.51+2+(+9*>? 

*&2$&1(!*5F? 2$!C!//55 < /+/!#*5X /25*+1. 
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b5/. 2.3.2 N5/2!$/5+**>! :$51>! ?&-*+*+1 1 I!$$+?&-*5.*+? /2(&1! :+3&().& / 9!(!4+? 

(/(!1&) 5 ?&-*!.5.! – +:/5#! 9!(!4& Fe3O4 (/2$&1&). 

 

 S&: 5 #(F I!$$+?&-*!.5:& ?+9*+ 1>1!/.5 4&:+* #5/2!$/55 ?&-*+*+1 1 

&*.5I!$$+?&-*!.5:!. D.(5B5! /+/.+5. 1 .+?, B.+ <$&1*!*5F #159!*5F 2+#+3*>! (2.3.4) 

*<9*+ 3<#!. /+1?!/.*+ $!Z&.) #(F :&9#+; 54 2+#$!ZV.+: &*.52&$&((!()*>X /25*+1. Q .+? 

9! 2$53(59!*55 /5()*+; /1F45 #5/2!$/5+**+! /++.*+Z!*5! 5?!!. 15# ( ) qaSJ4q sin/ h=ω . 

S&: 5 #(F I+*+*+1, 1 +.(5B55 +. ?&-*+*+1 1 I!$$+?&-*!.5:!, 1 2$!#!(! #(5**>X 1+(* 

4&15/5?+/.) B&/.+.> +. 1+(*+1+-+ B5/(& 3(54:& : (5*!;*+; ( )qaSJ4q h/=ω . 

`:/2!$5?!*.&()*>! #&**>!, *&2$5?!$, #(F &*.5I!$$+?&-*5.*+-+ I.+$5#& ?&$-&*C& *& 

$5/.2.3.3 54 :*5-5 [31]/+-(&/<6./F / [.5?. 

 

b5/.2.3.3. N5/2!$/5+**>! :$51>! #(F 

&*.5I!$$+?&-*5.*+-+ I.+$5#& ?&$-&*C& MnF2, 

2+(<B!**>! 54 #&**>X $&//!F*5F *!;.$+*+1. 

 

 

 

 

 

 

 

 

 


