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fAALBAHOMAfHHTHLIE H TEPMOMAfHHTHLIE 9CIJCIJEKTLI 
B AEIPOPMHPOBAHHOM n -Ge 

B. c . .AbBOB 

• PaccMaTpHaaeTcx BAHHHHe Ae!popMa:gHH aa raAbBaaoMarBHTBble H TepMoMarHHTHbte 
aq>!peKTbi B n-Ge AAJI aeKBaHTYIO~HX MarBHTBbiX noAeii H. Y 'lHTbiBaeTcJI TOAbKO nepe­
pacnpeAeAeHHe BOCBTeJieH MelKAY SKCTpeMyMaMH npH CoXpaHeHHH HX 06IJ!ero 'IHCJ\8. Pac­
qeTbl npoBeAeHbl .I!JIJI CAyttaJI 0./!HOOCHOK Ae!popM81JHH, ROrAa A8BJieHHe Ba KpHCT8JIJI p 
nanpaaAeno BAO.ilb ToRa I (HAH \IT). 

AJ\JI Tpex aanpaBAeBHH H ([111), [110], [100]) peayAbTaTbt npHBeAeHbi K BHAy, yAo6-
HOMy AJIJI cpaBHeHHJI C SKCnepHMeHTOM. 

B npeAbiAYIJ!ei:t pa6oTe asTopa [ 1] paccMaTpHBa.I\OCb B.I\HHHHe Ae<J>opMa­

J!HH H8 r8.1\bB8HOM8rHI:ITHble 1:1 TepMOMarHHTHbie S<f>tpei<Tbl B KpHCT8.1\.I\8X 

Ky6H'leCKOit CI:IMMeTpllll B DpH6.1\I:I~eHHI:I C.l\a6oro MarHHTHOrO 00.1\H (U>'t ~ 1, 
w- J'!HK.I\OTpOHHa.fl qacToTa, " - speM.fl peAaKca~pm). Koa<J><J>HJ'!I:IeHTbi, sxo­

A.HJ!!He B <f>eHOMeHO.I\OrH'leCKYIO TeOpHIO TeH:iiOS<J><J>eKTOB, 6bl.I\H paCC'lHT8Hbl 

AA.H KpHCTa./\.1\0B c .30HHoi:t CTPYKTypoJ;!: Tl:loa n-Ge. Keih [ 2] ooAy'lH.I\ o6IJ!ee 

Bbipa~eHHe AAH TeH.sopa opOBOAHMOCTH B Ae<J>opMHposaHHbiX ISPHCTa.I\Aax 

n-Ge If n-Si B 06.1\aCTI:I K.I\8CCH'leCKHX MarHHTHbiX DOAei:t (w-:: - .l\106oe, HO 

tiw ~ k T). 0AHaKo opH paccMoTpeHHH TeH.soxoAAS<J>!peKTa OH orpaHH'lH­

saeTC.H opH6AHmeHHeM U>'t ~ 1. TeH.soMarHeTocoopoTHB.I\eHHe 6bi.I\O paccMOT­

peHo A./\.!1 OAHoro HaopaB.I\eHH.fl MarHHTHOr o OO.I\.fl H. 
B HaCTO.fiJ!!ei:t cTaTbe pa.ssusaeTC.H TeOpHH TeH.sora.l\bB8HOMarHHTHbi X H 

TeH.30TepMOM8rHHTHbiX 9!p!peKTOB A.l\.fl K.I\8CCH'leCKI:IX MarHHTHbiX 00.1\eJ;!: B npeA-

00.1\0~eHHH HeBblpO~AeHHOit CT8THCTHKH; DpH 9TOM KOHJ'!eHTp8J'!H.fl HOCH­

Te.l\eH C'lHTSeTC.fl He sasHcm;geJ;!: OT Ae!popMagHH. TaK me, ~aK B pa6oTe [1], 
yqHTbiB8eTC.fl TO.I\bKO nepepacopeAe.l\eHHe HOCHTe Aeii MemAy 9KCTpeMyMaMH. 

AAH Tpex Hanpas.l\eHHH MarHHTHoro oo.I\.H (BAO.I\b [111], [110], [100]) pe­

.syAbT8Tbi npMBeAeHbi K BHAy, YA06HoMy AA.fl cpasHeHH.fl c SKcnepHMeHTOM. 

1. TeuaoacflcfleKTbi B n-Ge B ueKnauTyimgeM MarHHTHOM noAe 

Pewa.fl ypasHeHHe DO.I\bJ'!MaHa [3], 1 
noAy'lHM BKAaA B rrpoBOAHMOCTb 

rpyDObl S.l\eKTpOHOB dnf (s ) j-ro S.I\.I\HllCOH,IJ;8 B CHCTeMe ero r .l\aBHbiX oceii 

(1 a) 

1 06oaaaqeaHa a;~.ecb H a .1!8.1\bHeii:meM TaKHe JKe, RaK H a pa6oTe [ 1]. CcbiAKH na 
q,opMyAbl H3 BTOH pa60Tbl Mbl 6yAeM conpoBOlK,48Tb J!H!flpOH l. 
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P accMOTpHM Teasop dv;13 (H, r::) = ll!r ( s) dcr~ll (H, s ), r .zte ll!r ( r::) - Teaaop 
[JeAbTbe aAeKTpoaa c aaeprHeli s B i-ii aoae. AMI vt,

13
, B cwcTeMe rAas­

HbiX OCeii j-ro S./\.1\HUC OM,Ita 11.3 (1 a) AerKO ITOAyqHTb 

vi_~ = ;c;~ ( sA1 {(2ll.L a .L -t- llnau) -t- a .Lall (Tin- ll.L) (H2S { - H3S t) -t­

-t- a'i.an (2ll .L -t- lln) H 'i. -t- a'i.an (IIn- II .1.) H1 (H2S f -t- H3S D}) , 
ecn · 

v{2 = 3 <:> ( r::A1 {(IT11a.1 - ll .La J..) S f -t- (II J. a }. -t- II .La .L a 11-t- IIna .La n) H 3 -

- a .Lau (IIu- II.L) S t H 1 - IT .La l. (au- a .L )(S{H 1 -t- S {H2) -t- (2a) 

-t- a'i.a11 (2II .L -t- II11) H 1H 2 -t- a'i.au (II11 - ll .L ) H 2 (H2S { -t- H 3S { )}) , 
ecn · vt1 = 3 (e) ( eA1 {(IIua 11 - ll .L a .L ) S f- (II.La}. -t- ll .L a .L a11-t- llua .~. au) H3 -t-

-t- a.~.au (IIu- IT .~. ) S {H 2 -t- II .L a .L (an- a .~. ) (St H 1 -t- S { H2) -t-

-t- a~an (2II .~. -t- llu)H1H 2 -t-a}.a 11 (1Iu- ll .L ) H1 (H1S { - H3S{)}) . 

B (2a) H so scex rrocAe,~tyiOI,gHX BbrpameHHRX Ha B OTM1q11e OT (1) ­
rrpoe~<gHH H aa oc11 KpHcTa.l\.1\a; A 1 noAy qaeTCR 11.3 (16) n ep exo.ztoM K cH­
CTeMe KpHCTa./\./\Orpa~:uqeCKHX OCeH 

A j 1 = 1-t- H 2 {q 1a}. -t- (1 - q1) a .~. an} , (26) 

qi = ~-+- 3~2 (S{H2Hs-t- S t H1H 3 -t- S {H 1H 2) 

S{=K~K{, S { = K {K {, S {= K {K t ; S { · S {= S { 

Ta6AH!Ja 1 Ta6AH!Ja 2 

Kos qHlJH!JHeHTbl s{, BXO,<VIfMHe B (2) K ostpqmyHeHTbi qj , BXOAHfMHe s (26) 

j 2 3 4 
H a npaHeHJ<e I q, q, I q, I q, 

S j 1 1 - 1 - 1 [111) 1 1/9 .l /9 1/9 
l 

0 
s~ 1 - 1 - 1 1 [110] 2/3 0 2f3 

Sj 1 - 1 1 - 1 [100] 1/3 1/3 1/3 1i3 
3 

3aaqeaHR S{ nplme.zteHbi B Ta 6.11. . 1, q, AMJ Tpex aanpasAeawii MarHHT­
a or o no.II.R - B Ta6 .11. . 2 . OcTa.ll.bHbie KOMITOHeHTbi Teaaopos vi rro.11.yqaiOTCH 
H3 (2a) !!HKAHqecJ:<:OH nepecTaH OBI<OH HH,IteKCOB 1 , 2, 3. 

B pa6oTe [1] paccMaTpHitaiOTCR Teaa opbi 

OUI1CbiBaiOI,gH e TeH305~~eKTbi. 3 .zteCb e,m - TeH30p .zte~OpMagi1H 1 Ya~ = IJo./r!l 
H llar - TeH30p f1e .ll.bTbe . 
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4 3 

P~~m" (H)=- 3~r ~ v~ ~ o;.,.vs~ . (2r) 

j=l p = l 

.3,~~;eCb Otnnp - nOAHOCTblO aHTHCHMMeTpHqHbiH TeH30p TpeTbero paara, 0123 = 
= 1, 8u- KOHCTaHTa ,ll;e<fJOpMagHOHHOrO noTeHgHaAa. 

EcAH aAeKTpOHbi no,~~;qHH.HIOTC.H cTaTHCTHKe BoAbgMaaa H yqMTbiBaeTC.H 

TOAbKO nepepacnpe,~~;eAeHHe HOCHTeAeH Me~~AY aKCTpeMyMaMH, TO MO:IKHO 

noKa3aTb [I], qTo Ma~m" 6y,~~;eT onpe,~~;eA.HTbC.H Bbipam.eaHeM (2r), B KOTopoM 

Heo6xo,II;HMO noAO:IKHTb n .l = IIII = 1, a p"'(l"11l= P~, ... -+ k: Ma~mn· ~ floA­

C TaBA.H.H vtfl B (2r) H BblllOAH.H.H yKa3aHHOe TaM CYMMHpOBaHHe llO MHHHMy­

MaM, MOJlSHO paccqHTaTb TeH30p P~flmn 1 3aTeM M(H) H P(H). Tea30pbi cr 

H v B ,ll;e<flOpMHpoBaHHOM KpHCTaAAe C TOqHOCTblO ,11;0 qAeHOB, AHHeHHbiX no 

Ae<f>apMagHH, o qeBHAHO, paBHbi 

(36) 

YfcnoAb3YH coOTHOIIJeaue Oa3arepa, Momao Aerxw onpe,~~;eAHTb TeH30pbi p 
H Q B ,ll;e<f>OpMHpOBaHHOM KpHCTa.I\Ae. i:ho ll03BOAI1T paccqi1TaTb BAI1 .SIHHe 

.zte<f>OpMagHI1 Ha raAbBaaoMarH11THbie H TepMOMarHHTHbie a<J><f>eKTbl n-Ge np11 

npo113BOAbHOM no BeAHqJme H HanpaBAeHHIO M araHTHOM noAe. O,~~;HaKo Mbi 

O rpaHHqHMC.H AHlllb HaH60Aee HHTepeCHbiMH HanpaBAeHH.HMI1 MarHI1THOrO 

ilOA.H - B,II;OAb oce ii CHMMeTpHH KpHCTaAAa. ,4ocTaTOqHO paCCMOTpeTb CAy­

'<laH:H II [111 ], H II [110], H II [100]. Y ,~~;o6Ho BB eCTI1 cAeAYIOJ!!I1e o6o3Haqeai1.H 

X1 = 1~c~> <eA (2II.la .l -t- III!au)) , 

X3 = 1~c~> <eA (IInau - II.la .L)) ; 

Y1= 1~c~> <eA (II .La~ -t-II .L a J.au-t-IIua .L aii)) H, 

Y3 = 1;c~> (eA (au-aJ. )II .L a .L) H, 

Y5 = 1;c~> <e:A (IIu- II .~. ) a !. au) H; 

Z 1 = 1;c~> <eAa~ au (2II.l -t- II11)) H2
, 

Z3 =1;c~> (eAa~a:J (IIJJ- IT.L )) H2• 

(4) 

3,~~;ecb N = 4 n 0 - ~ oageHTpagH.H aAeKTPOHOB npoBOA11MOCTH. OcTaAb­

Hbie ceMb KOa<f><f>Hgl1eHTOB c q eTHbiM 11 HH,II;ei<CaMH OT X z ,11;0 z4 noAyqaiOTC.H 

11:3 COOTBeTCTBYIOJ!!HX HeqeTHbiX (Xz 113 xl! x4 113 x3, ... z.i 113 Z3) aa-
4 

Meaoii A = ~ A 1 a a (A1 - A 2) . 
j = l 

A1-onp e,~~;eA.HeTC.H 113 (26). B Ta6A. 3 npHBe,ll;eHbi Bee OTAHtfHbie OT 

ayA.H KOMnoaeHTbi T eH30poB v 11: P', qeTHbiX no MarH11THOMY noAIO, B Ta6-

AHge 4 - Bce OTAHqHbie oT HYA.H KOMnOHeBTbi v w P', aeqeTBbiX no Mar-



O prrerrTaJ,.IItll 

( 

H 1! [111] 
I 
< 

I 
I 
l 

( 

H II [110] 
I 

I 

Ta6Auga 3 
KoMnoHeHThl TeHaopoa v H P• 

K oMnonenTbr Tensopon I MJ!~~~~·=Ab I X, I x. I x, i x. I z, I z . I z, I z. 

1 
9n = vzz = 933 · · · · · • · · · · · · · · · · · · · · · · · 3 3 0 0 o . 1 0 0 2 

1 
'if2 = v23 = 93J: •••• 0 •• •• ••••••• • •••• 0 • 3 0 0 0 3 1 0 0 2 

p' _, _, 3 11 
u23 = p 223l = p sal2 · · · · · · · · · · · · · · · · · · · · - 9kT 0 3 0 0 0 1 0 2 

';;' j5' _, _, _, _, _, ~" 0 3 0 0 0 1 1 1 1112 = p 2221 = plllS = p2223 = p 333l = p 3332 ........ . - 9kT 
';;' 

_, p' p' ~" 0 0 3 0 0 1 1 1 p ITi2 = 2ii23 = 3J .IT · • · · · · · · · · • • • • • • • • · • - 9kT 
_, _, _, p' _, _, 81t 

0 0 0 3 0 1 0 2 p 1223 = p 2331 = p 3112 = 2131 = p 3212 = p 1323 . . . . • . . . . - 9kT 

8" _, _, p' PI - 1 __ , 

0 0 0 3 0 1 1 1 p 2123 = p 3231 = 1312 = 1231 = p 2312 = p 3123 . . . . . . . . . - 9kT 

1 
9n = 922 . ... • .......... . .. .. ....• . 2 2 0 0 0 1 0 0 2 

1 
'~33 • • •• 0 • • • • 0 ••• ••• ••• • ••• •• • • • 2 2 0 0 0 0 0 0 0 

1 
912 = ,9zl · · · · · · · · • · · · · · · · · · · · · • · · · · 2 0 0 0 4 1 0 0 2 

';;' 1 _, p· ~" 0 2 0 0 1 0 pl112 = 2212 . . . ........... . ......... - 3kT 0 2 

p' -
8, 

0 2 0 0 0 0 0 0 
3312 

• ••• • • • ••• 0 • ••• • ••••••••••• - 3kT 
';;' 1 p' __ ""u 0 0 .......... ................. - 3kT 1 0 0 1 2 0 

121~ 



OpnenTliJH~ 

H II [110] I 
H II [100] I 

O pnenTat,Altll I 

H !1 [111] { 

\ 

Ko~moneftTbi Te uaopon 
061J1nll 

MII02KKTe~b 

8 u 
p~23 = P~31 . ... ...... . ............ . · - 3kT . 

8,. 
p~i3= P~23 . ......... . .. ... .... . . .. - 3kT 

<;ill • 0 0 0 •••• 0 0 ••• • • • • •• 0 •• ••• ••• 1 
vzz = v33 · · · · · · · · · · · · · · . . ...... . . .. 1 

8., p'__ 
12t2 

•• • •• • 0 ••• 0 •••• •• 0 • 0 • 0 •••• • - 3kT 

Ta6AH!:Ja 4 

KoMnoneHTbl TeHsopoa v H P' 

KoMnonenTw TeHsopoa I 
0 61J11!1\ 

MftO)KltTeAb 

1 
;;!1. = ;;~ = ":u. .. \13 

p - - - - - 8,. 
lll:i = p 2223 = P S33i = - P lllii = - P 22U = -P3332 - 3v3kr 

p~l2 ~ j5~32 = j5~3"i · 
8u 

- 3v3kr 
.... 

i?' - = P' - = P' - =-P' - = -P' - = - P'- ~ .. 
1223 2331 3112 2131 3212 1323 - 3\13kT 

'M' 

P-= P-=P - =-P - =-P - =-P-
~u -

3v3kT 1231 2312 3123 2123 3231 1312 

I 

Ta6Auga 3 (npOifO..t}l(enue ) 

I ~.- , - x. I x. I ~- z. 1- z. 1 z. 1 z. 

0 0 1 0 0 0 0 0 

0 0 0 2 0 0 0 0 

1 0 0 0 1 0 0 0 
1 0 0 0 0 0 0 0 

0 0 1 0 0 0 0 0 

Y, I Y, I Y, I Y, I Y, I Yo 

I 

1 0 0 - 2 0 - 1 

0 0 0 0 -1 1 

0 1 0 - 2 0 - 1 

0 1 -1 - 1 0 - 1 

0 1 -1 - 1 -1 0 



O ]lnenTO\lHR 

H II [110] ( 
H II [100] ( 

Opne uTaJ.!1111 I 

H II [111] I 
< 

0611111it 

I Kol\tnonenT hi TeusopoB I MnomureJ\h 

'H' 
"'tt p' ' 

B23 = p3i3i . ' .. ' .. · · · · · · · · · · · · · · · · . · - 3kT 
' .:.,. 

p~i3= P~2:i . ....................... - 3kT 

'iiu ••••••••••••• 0 •••••••• 0 •••• • 1 
'i22 = 9ss · · · · · · · · · · · · · · · · · · · · · · · · · · 1 

8u 
j5~l2 ••• 0 • 0 •• 0 •••• 0 •• ••••••• •••• - 3kT 

Ta6Anga 4 

KoMnoHeHTbl TeHaopon v H P' 

KoMnoneoTbi Teusopoa I 
061J!nli 

MH O)KII T C•\b 

1 
vu= v~=v~ ................. 0 ••• 

V3 
'H' 

j5' - = fi' -=fi' -=-f5' -=-f5' -= - f5'- ~ .. 
lll2 2223 333 1 1113 2221 3332 

... . . 
- 3 v3kT 

j5~i2 I j5~32 = j5~3J • • • • • • • • • • • • • • • . • • • • 
s .. 

- 3 v3kT 

j5' - = fi' -= fi' - =-f5' -=-f5' - = - f5'- 8u 
1223 2331 3112 2131 3212 1323 

..... - 3VJkT 

P-=P - = P-=-P-= -P-= -P-
8,. 

1231 2312 3123 2129 3231 1312 
..... - 3v3kT 

I 

I X, 

0 

0 

1 
1 

0 

Y, 

1 

0 

0 

0 

0 

Ta6.uya 3 (npoAO.AmeHue) 

I x, I x. I x, I z, I z, I z. I z. 

0 1 0 0 0 0 0 

0 0 2 0 0 0 0 

0 0 0 1 0 0 0 
0 0 0 0 0 0 0 

0 1 0 0 0 0 0 

I Y, I Y. I Y, I y• I Y, 

I 

0 0 - 2 0 - 1 

0 0 0 - 1 1 

1 0 - 2 0 - 1 

1 - 1 - 1 0 - 1 

1 - 1 - 1 - 1 0 



Tao.II.H!:Ja 4 (np o/fOAR<eHu e) 

OpnenTnJjKJI I I<oMnoncHTbl T ensopos I 
06lllllii I Y, I Y, I Y, I Y, I Y, I Yo MHQ»tH TP A ' ' 

-

v23=-v13 · .I 
1 

v'ikT 
I 1 I 0 I 0 I -2 I 0 I -2 

- vsz = vst · · I 
1 

VZkT 
I 1 1 0 I 0 I -2 I 0 I 0 

15' - =-f5'-
1123 2213 

... . . ... . .. .. . .. . .... ·I - 8u I 
3 V'ikT 

0 I 0 I 0 I 0 I 1 I 0 

f5' - = - f5'- - Eu I 0 I 0 I 0 I 0 I 0 I 2 
2223 1113 3 VZkT 

~ I f5' - = -?' - . 
.... 

H II (110] -~I 0 I 0 I 0 I 0 I 1 I -2 
3332 3331 3 V2k T 

p' - =-P' - . 
1223 2113 

-~I 
3 V2kT 

0 I 0 I -1 I - 2 I 0 I - 2 

-J5~t23 = f5~2lS . 
..... 

- ~~ I 
3VzkT 

0 I 0 I - 1 I -2 I -1 I 0 

I<' 

- J5' - = P'- . ~ I 0 I 2 I - 1 I 0 I -1 I 0 
1312 2312 - 3V2kT 

-J5' -=P' -. - s 2l I 0 I 2 I - 1 I 0 I 0 I 0 
3212 3112 3V2kT 

• 1 I 1 I 0 I 0 I 0 I 0 I 0 v2s= - v32 · · · 

'"' J5' - =-J5' - . 
~~~ I 0 I 0 I 0 I 0 I - 1 I 0 

2223 3332 
-- 3kT 

H II (100] ~ I -· -· 8u I . 0 I 0 I -'1 I 0 I - 1 I 0 p -=-P- . - 3kT 1213 1312 
.... 

p' - =--J5'-. 
~u I 0 I 0 I - 1 I 0 I 0 I 0 

3112 2113 
.... - 3kT 
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HHTHOMY noAIO. QqeaHAHO: v = v-+- '1, P' = P'-+- P'. CAeAyiOI,gHe npHMepbi 
noKa3biBaiOT, KaK nOAb30BaTbC.R: 6THMI1 11 nOCAeAyiOI,gHMI1 Ta6AHJ&aMI1 

1 
'~u = '~22 = '~s3 = 3 (3Xt-+- Z1-+- 2Z4); 

P {12:i = P~2li = P3sl2 =- 9~'T (3X2 -+- Z1-+- 2Z4). 

2. fa.llLBaHOMarHBTRLie acJlcJleRTLI B p;ecJlOpMBpOBaHHOM n - Ge 

I1poBeAeM pacqeT A.I\R C.l\eAyiOI,g11X CJ\yq~eB: 
Ha.l\bHbi H 11 PIl l. _2) H II [110], I, P II [111]. 
4) H II [100], I, P II [011]. 

1) H II [111]; P, I OP:r~ro-
3) H II [110], I, p II [112]. 

TaKI1M o6paaoM, ao acex paccMaTp11aaeMwx 
ocH CI1MMeTp11H KpHcTaA.Aa, I ll P 11 H j_ I. 

cAyqa.R:x H HanpaaAeao no 

YAo6Ho aaecTw o6oaaaqeaw.R: 

an= a1, 

0 12 = bs, 
crl2 = c3, 

Pl!:1 = o;l , . . " ] 
M12=~s • · · · 

M 12= is• · · · 

(5) 

Q6o3Ha qeHH.R: A.I\R OCTa.l\bHbiX KOMnOHeHT noAyqaiOTC.!l J&HK.I\HlJeCKOii ne­
peCTaHOBIWH MHAeKCOB 1, 2, 3 11 HCnO.I\b30BaH:HeM COOTHOIJleHHH 0H3arepa. 
Bbipa)IieHHR A.I\R a, b, c, a, ~ ' 1 aeTPYAHO noAylJHTb B3 Ta6A. 3, 4 u co­
OTHollleHwii (3), (1, 7). AAR paccMaTp11aaeMbiX qeTbipex cAyqaea OHM np:w­
BeAeHbi B Ta6.1\. 5, 6. X ; , y ,z ,, <Jmryp11pyiO.I,gHe B H11X, onpeAe.I\JIIOTC.R: CO­
OTHOilleH11.R:MH (4), eC.I\H TIO.I\02K11Tb ll.l. = ll11 = 1. 

06pa~,ga.R: Teaaop npoBOAHMOCTH a o6oaaaqeH11RX (5), noAylJHM c TOlJ-

HOCTbiO AO qJ\eaoa, AHHeiiHbiX no AaB.I\eHwro: P;k = t.~, , r ,11e 11 = Det I a,k I, 
a fl.,, - MHHOpbl • 

..}11 = 611 = a 2a3 -+- ci - b~ -+- [ a 2a 3 -+- o;2a3 -+- 2cl r 1 - 2~1 b1], ) 

612 = 6 21 = b1 b2-+- C1C2- a 3b3-+-

-+- [~1 b2-+- h1~2 -+- r1cz-+- 1zc1- a sb3- a3~sJ, 

,ii12 = - Li21 = - llR 3 (H) = C1 bz-+- bl C2-+- a3c3-+­

-+- [c1~2 -+-!1~2 -+- C2~1 -+- rzbl-+- ascs -+- asr3] . 

(6a) 

(66) 

OcTa.l\bHbie KOMnoaeHThi noAyqaroTCR J!11K.I\BlJecKoii nepecTaHOBKofi wH­
AeKcoa, 3HalJKH , -", ,~" o603Ha"laiOT, KaK H npemAe, lJeTHYIO 11 He"leT­
HYIO no MarHHTHOMY noAro qaCTH; R (H) - xo.I\.1\0BCKwii aeKTop. B oTcy T­
CTBHe AaB.I\eHHR, KOrAa Bbipa.l'KeHH.!l B KBaApaTHbiX CK06Kax paBHbi HYAIO, 
o6oaHalJHM: p = p0 , 11 = !l0, ll,k = !l~k 

!l0 = a1a2a;j -+- 2b1 b2b3 -+- 2c1c2b3-+- 2c1 b2c3-+- 2b1c2c3 -+-) 

-+- a 1 (c~- bi)-+- a 2'(ci - bi)-+- a3 (c~- bD, • 

11 = 11° -+-~ [a·!l~,-+- ~ ([3 ,o,kl -+- r.) !l~~o,kz] . _ 
i k, l 

(7) 

Bbipa)Ii eHwR (6), (7) B coao~<.ynHOCTH c AaHHbiM11 Ta6A. 5, 6 riOAHOCTbiO 
onpeAe.I\RIOT TeHaop Pa~ 11 BeKTOP R. 

TipoAOAhHoe EH u nonepeqHoe E[m] x o A.I\OBCKoe rroAe y Ao6aee orrp~­
Ae.I\RTh no (1, 10). PacqeT q eTHbiX a<f>q>eKTOB (MarHeToc<?_npoTHB.I\eHwe £ 1, 
nAaaapHhiii sq>q>eKT XoJ\.1\a EH, "leTHbiH aq><f>eKT XoA.I\a E[HI1) npoBOAHTCR 
HeiiOCpeACTB eHHO. 

3 CDusu Ka. TnepA,or o TtAa , &biD . ;, 1966 r. 
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Ta6Auga 5 

qeTHble no MarHHTHOMY llOAIO Koa<t>!I>H!!JieHTbl, BXOAHJ;!!He B (9) - (12) 

OpHeaTa·l 
QHJI 

1 

2,3 

2 

3 

4 

I 
t 

I 
[ 

1 
l 
( 

I 
I 
< 
I 
l 

I 

~1 • 

~2 =~s 

as .. 

~3 . 

~3 . 

b1 = b2 = b3 = 0; a 1 

a1 = a2 = as = 0; 0 2 = a 3 

?2=Ps = O; ~1. 
- - --- --

' D = 2BuC .. P/3kT. 

1 
3 
1 

3 
Dl 
3 

D 
3 
D 

3 
1 

2 
1 

2 
1 

2 
2D 
3 
2D 
3 
2D 
3 
2D 
3 
D 

3 
D 

3 
D 

3 
D 

3 
1 
1 
D 

3 

0 

0 

0 

0 

2 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 
1 
0 

0 

0 

3 

0 

0 

0 

0 

0 

2 

2 

0 

0 

2 

2 

0 

0 

0 
0 
0 

0 

0 

0 

3 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

2 

1 

0 
0 
1 

0 

3 

0 

0 

3 

0 

0 

4 

0 

0 

- 2 

0 

0 

0 

- 4 

0 

0 
0 
0 

1 

1 

0 

0 

0 

1 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

1 
0 
0 

P eayAbTaTbi npHBeAeHbl HHme. B HHX HcnoAb3YIOTC.R: o6oaHa qeHH.R: 

A _ ;:,o £1 - ty EH - E'ft 
~=m, Ef =m~> ti = mH, 

£[HI] - £pHI] - E [lii] - E pHI)- .El ~ E~ 
E
-ll - m[HI], E- o - m J. , E-o 
tHI] [HI ] I 

0 

0 

1 

1 

1 

0 

0 

0 

1 

0 

0 

1 

1 

0 

0 

1 

0 
0 
0 

(8) 

OpweHTa-gH.R: 1. f!\1[111], I Ae.:OKHT B nAOCKOCTH, opToroHaAbHOii H, 
q> - yroA MeLKAY I w [011 ]. 

E~ = IB1 (x1 - x4), ~1 = (x1 - x4)2 -t- (y1- 2y4)2, (9a) 

(96) 
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Ta6.11.aga 6 

He'leTHble no MaruH THoMy noA IO Kos!p<JlH!JHCHTbl, BX OAliij !J'IC B (9)-(12) 

Opueuu-1 
!lHJI Koec~>qmuueHTbl I 06~BH I 

M BOlttU Te.Ab y, Yz Ys Y• 

r 
1 

c1 = c2 = cs = c Y3 
1 0 0 - 2 

1 I D 

I 
'h. Y3 

0 1 0 - 2 

D 
12=1s v3 

0 1 -1 -1 

2,3 c3 = 0; c1 = c2 
1 .. 
V2 1 0 0 - 2 

2 ls= 0, 11=12 · D ¥2 
0 - 3- 2 -1 0 

3 I s = 0, 11 = 12 . D 

3¥2 0 2 - 1 0 

{ cl . 1 1 0 0 0 
4 

c2= cs= li 0 0 0 0 0 

11aTerpaAbi X, y, Z onpe Ae.IUUOTCH COOTHOilleHH.HMH (4), eCAH IIOAO.?KHTb 

ll.l.=llu=l. 
n

1 
= - 2~B1 [(x1 - x 4) (3x2 - x3 - 2x4) + (y1 - 2y4) (3y2 - 2y3 - 4y~)], (9B) 

Efui] = - IB1 (Y1 - 2y4), £[HI]= 0, (9r) 

D 3g2 - 2g3 - 4g4 (gA) 
m.~. = nl -t- 3 2 ' Y1 - Y4 

Eu 3 ( D ti ) {[Efu11 (x1 - x4) - E~ (y3 - y 4)] cos 3<p + 
xl -+- x4 -+- z l 

+ [£~ (x3 ~ x 4) - E[~HJ (y3 - y 4)] sin 3 <p }. (9e) 

3AeCb rrepBOe CAaraeMoe B qmrypHbiX CK0 6KaX OIIHCbiBaeT n e q eTHYIO no 

Mai'HHTHOMY no11.10 qacTb EH, BTOpoe---: q eTHy ro. 

O p u e nTa!,!H.ll 2. Hll[llO], 1 11 [111]. 

• 

I B 1 1 E~ = 3 c: ; c2 = al - b --1- 2a3; B 2 = Gs (al - b) --1- 2c2; (lOa) 

- n2 = B2 [as (a:l - ~s) +as (al - b)+ 4rlc ], 

ml = n2 --1- c2 (2o:s --1- a:l - ~3 --1- 4~1), 

E[HIJ = - IB2C l 2, 

-Q I v2 B2 ( b) ELHIJ = 3 a3 - a1 + , 

Eu = Eu = O. 

(106) 

(lOB) 

(lOr) 

(lOA) 

(lOe) 

(10m) 

(103) 
3* 
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0 p lie H Tag 1nr 3. H II [110], Ill [112]. 

E 0 _IB2 . 1 _ 2 ( b) 
I - C 3 ' C 3 - al- -+- a3, (lla) 

(116} 

Be..ru~:qHHbi n2, EfniJ, ml. , Efni], En onpe4e.1UI!OTC~ Bbipa~eHJHIMH (106}, 
(lOr}, (lOA), (lOe), (lOs) eOOTBeTeTBeHHO. 0AHaKO aTO He 03HaqaeT, qTO 
,~~;eqJOpMagH.sr 04HHaKoBo BAH~eT Ha nonepeqHbll:i a!p!peKT Xo.11..11.a B aTHX eAy­
qa.srx, TaK KaK KOa!p!pHgHeHTbl et, ~~ j, BXOA~IJ!He B (10), pa3JI.HqHbl A.ll.~ 
HHX (eM. Ta6A. 5, 6). 4a.ll.ee 

(lb) 

0 p 11 e H Tag 11 .sr 4. H II [100], I II [011 ] . · 

(12a) 

(126) 

Mbi BHAHM, qTo a!p!peKT Xo.11..11.a He saaHeHT oT ,~~;aaAeHH~. m 1 He saaH­

CHT OT Mai'HHTHOI'O nOAH, eeAH 't .L (e) H 't II (e) OAHHaKOBO saBHe~T OT 9Hep­

l'HH. 06osaaqa~ 

~ 
a .L m .L K=-=--, 
a II .:tL_ 

't.L 

HeTPYAHO noAyqHTb A.II.H TaKOI'O e.11.yqa.sr 

2E,P.aP 1 - K 
ml = 9kT 2K -1-l 

(13) 

(12a) 

Bo seex paeel\10TpeHHbiX eAy qa.srx B He4e!popMHpOBaHHOM n-Ge npOAOAb­
Hoe xo.II..II.OBCKOe noAe En = 0. 11 aTo He eJI.yqal:iao. Momao noKasaTb [3], 

qTo B .11.106oM KpHeTaAAe En = 0, ecAH H napaAAe.ll.bHO ocH eHMMeTpHH. 

Qpii Ae!popMagHH eHMMeTpHH KpHCTaAJ\a nOHHmaeTeH H MOmeT JIOHBHTbeH 
E8~P, KOI'Aa 8 11 [111] (eM. (9e}, (lOs), (126}). f1p11 H _,. O Es~ HP 
B eOOTBeTeTBHH e !pOpMyAOil: (l, 11, lb), noAyqeHHOH Ha OeHOBaHHR eoo6- , 
pameH~fil: CHMMeTpHH. 

~ HI 1 ~ 1 
f1p11 6o.l\blliHX H (oYt ~ 1) ELHIJ ___,.-Nee , m .L ~ H 2 , En ~ H · ~ho 

HB.II.HeTCJl CAeACTBHeM TOI'O, q TO B HyAeBOM npH6.1\HmeHHH no paeee srHH!O 
I 1 Nee E . = IHE] = --;r- 11 He saBHCHT OT eTpyKTYPbi 30Hbi R, c.ll.e40BaTeAbHo, 

oT AaBAeHHH. 
ITAaHapHoe no.l\e En 11 qeTHasr qaeTb XO.I\..1\0BCKoro noAH E[HIJ paBHbi 

HY A!O, Kor Aa I napaAAeAbHO ocH CHMMeTpHH qeTHoro nopsrAKa, a H _L I 
(opHeHTagHH 1, 4). KpoMe Toro, En = 0, ecAH H napa.l\..1\e.l\bHO oeH eHM-

MeTpHH qeTaoro nop.RAKa ( opHeHTagHH 2, 3) 11 £ 8 ~ P, Kor A a H II [111] 

(opHeHTagH.R 1). ~ho enpaBeA.I\HBO 4.1\H .1\10601'0 KpHCTa.l\..1\a, TaK KaK BbiTe­
KaeT TO.I\bKO 11.3 eoo6pameHHif eHMMeTpHH [1

]. 
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3. TepMoMarBHTBLie acpc{leKTbl B ,a;ec{lopMupoBaHHOM n -Ge 

KoMIIOHeHTbi TeHBopoB v"~ (H, 0), P"13 (H) (eM. (3)) o6oBHa•mM 

v11 = Td1, P11 = To1, F11 = Tcp1; l 
v12 = Tks, v21 = Tkg, Plz = Txs, p 21 = Txa; > 

v21 = Tls, -v21 = Tlg, P12 = T>..3, - P 21 = T'Ag. J 

(14) 

060BHaqe m ur /J,li.Jl OCTall.bHblX KOMJIOHeHT IIOAy<IaiOTCJl gHKli.H'leCKOH rrepe · 

cTaHOBKOii HHAeKCOB 1, 2, 3. T eHBOKoaq>q>HgHeHTbi o, <p, x, ).. A e rKo noAy­

'lHTb H3 (1,. 7}, (36) If Ta6A. 3, 4. ,4AJI paCCMaTpHBaeMbiX <I e Tbipex CAyqaeB 

p eByAbTaTbi rrpHBeiJ,eHbi B Ta6A. 7, 8. 

Ta6Auya 7 

H e'leT Hble no MarHHTHOMY no.J\10 T6H30KoecpcpH!JHeHTbi, BXOAKJ!!He B (15)-(17) 
(ANI 'leTBepToH o p:neHTagHH Bee xoacpcpHyHeHTbi paBHbi HYAIO) 

------~------------------------~------~----.---~----~--~----

1 

2 

3 

r 
I 
I 

1 
I 
I 
~ 

f 
1 
l 

r 
{ 

I 

l 

'P1 = 0, 'l'2 = - <f3 

'P3 ' '-'f1 = <f2 = - 2 = - "s = "5 

D 

V§r 
D 

V3T 
D 

v3r 
D 

V§T 

DVz 
3T 

DVz 
3T 

DVz 
3T 

D 

3VzT 
D 

3v2T 
D 

3VzT 

~,.. ~,.. ~,., 

+ + + 
:..:' ~ ~ 

0 0 0 -1 1 

1 0 -2 0 - 1 

1 - 1 - 1 0 - 1 

1 - 1 - 1 - 1 0 

0 0 0 - 1 2 

2 - 1 0 -1 0 

2 - 1 0 0 0 

0 0 0 -2 4 

2 - 1 0 - 1 0 

2 - 1 0 0 0 

T e rrepb , HCIIOAbBYJI cooTHomeHHJI (1, 6) (I, 21) u n oAy<IeHHbre paHee 

KOMIIOHeHTbl T eHBOpa Po~ B IJ,eq>opMHpOBaHHOM KpHCTali.Ae ((5), (6), Ta6A. 5, 6), 
MO*HO paCC'lHTaTb T epMOMal'HHTHbie a q>q>eKTbl B n-Ge B li.HHeHHOM IIpH6li.H­

*eHim rro Aeq>opMagHw. PesyAhTaTbi npHBeiJ,eHbi HH.me. B HHX HCIIOAb.3YIOTCJI 

o6osHa <IeHHJI (8) c saMeHoii I H a 'V T. 
0 pH e H Tag 11 JI 1. H II [111], 'VT H P Ae.maT B IIAOCKOCTH, opToroHall.b­

H oii H, <p -- yroA Me*AY P H [011]. 

VTB 1 
E 0T=--n 1

, riJ,e -D =(d- k)(a-b)-t- 3cl; 
v 1 1 

(15a) 
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Ta6.11.uga 8 

l!eTHhle no MarHRTHOMY DOAIO KOS!p!pH!JReHTbi, BXO,II;HJ!!Re B !popMyAhl (15)-(17) 

" b .;' .;' .; ; 
"' " "' ~I~ ~, .. ~, .. ~, .. d :>: .. Kosq>e!>UilBeBTW "" "' "' "'o( 
" 51::! + + + + = 
"" "'"' ~ ~ ~ ~ ~ ~ 0 Oll 

01 
D 

r 

3T 3 0 0 1 0 2 

D 
02 = 03 3T 3 0 0 1 1 1 

I D 
1 < Y-s = 'l.2 3T 0 0 3 1 0 2 

I D 

I ·~z = "s 3T 0 0 3 1 1 1 

l D 
'l.t = 'l.i 3T 0 3 0 1 1 1 

D 
( ol=llz 3T 4 0 0 2 1 0 

I D 
os . 3T 4 0 0 0 0 0 

2 1 D 
"·t = -xr=- ·~2= - ..,_2 3T 0 2 -4 0 0 0 

I D 
l '1.3 = \i 3T 0 2 0 2 1 0 

D 
lll =oz 6T 4 0 0 2 1 0 

D 
03 . 6T 4 0 0 0 0 0 

3 D 
·~l = 'l.i =- 'Y-z=- 'l.2 6T 0 4 -8 0 0 0 

l ·~s= ·.t;; 
D 
6T 0 2 0 2 1 0 

{ 'Y.l= 'l.i D 
4 T 0 1 0 0 0 0 

o, = 'l.z = '/.2= 'l.3 = 'Y.3 0 0 0 0 0 0 0 

a B1 onpe,~te.luieTC.H q>opMyAoH: (9a) 

m vT = n1 -+- D1 [(ex 2~1 ;- ~2 ) (d - k)-+- (o2 - x1)(a- b)-+-

-+- c ('Al-+- ),2-+- 'As) -+-l (it -+- 2rz) ] , (156) 

E~BvTJ='VTB1:: , ;
1 
=c(d- k) - l(;- b), (15B) 

m J. = n1 -+- F1 [ l ( o: - ~1)- c (o2 - x1) -t- ;,r+· Art- As (a - b) -

_'h ~212 (d-k)] ' 

£[Hvr] = O, 

(15r) 

(15A) 



FaAbBGHoM.azHumHbze u m epM.oM.a zHumHbZe s cpcpeH:mbz o A ecfJopM.upooaHHOM. n-Ge 1363 

E = VT v2 {[(r1-12) ~1 -+-(~2-~1) :1-+- As- A1J cos 3~ -t-
u 3 (a+-2b) 1 1 

-+-[3(11 -12) ~~ -t-(~1 -~2) ~~ -t-~\-o3 -t- x3 -x1]sin3~}. (15e) 

B (15e) n epBoe cAaraeMoe B !JHirypabtx CK06Kax onHCbiBaeT aeqeTayro 
no MarHHTHOMY noAIO qacTb £ 8 , BTopoe - qeTayro. 

0 pH e aT a!! 1ur 2. H II [110], ilT, P II [111], n2 onpeAeA.ReTC.R BbtpaLKe-
HHeM (106). . 

E~T=- v'{};
2

2 
, ~2 =2a3 (d1 - k) -+- d3(a1- b) -+- 2c (211 -t-!2), (16a) 

m
9

T = n 2 -+- D2 {2c (2A1 -+- A2-+- 4~) -+- 2r (2l1 -t-!2)-+- 2a3 (o1- x1- x3)-+-

-+- 2 (d1- k) (a3 -+- ~1)-+- d3 (a1- ~3)-+- (a1 - b) (o3 - 2x1)}, (166) 

E~x= 2~~2 , }
2 
=c(d3- d1 -t-k)-a3l2 -+- (a1-b)Z1 , (16B) 

m 11 = n2 -+- K 2 { l1 (2~1 - ~s -+- a1) - [2 ( a3-+- ~1) - c (01 - 0s - xs -+- x1) -+-

-+- 1 (k - d1-+- d3)-+- A1 (a1 - b)- A2a 3 -+- rp (a1- 2a3 - b)}, (16r) 

E fa vTJ = VT ~ ~: ; ;
2 
= c (2d1-+- d3 - 2k)- 2[1 (a1 - b) - Z2a3 , (16A) 

m .L = n2-+- F2 { c (2o1 -+- o3- 4x1 - 2x3) -t- r (2d1-+- d3- 2k) -
I 

- rp (2a1 -+- a3 - 2b)- 2!1 (a1 - ~1- ~3)-+-
-t-[2 (a3- 2~1)-+- A2a 3 -+- 2),1 (a1- b)}, (16e) 

EfuvT] = v2' ;r ~: ; L =2c (!1-!2)-+- a3 (d1-k) - ds (a1 - b), (16LK) 

m[HvTJ = n2-+- L2 [2c ()-1 - 1.2 - ~) -+- 2r ( [1 -l2) -+- a 3 (o1- x1 - x3) -+-

-+- (d1 - k) (a3 - 2~1) -t- (a1- b) (2x1- o3)-+- d3 (~1 -+- ~3- a1)], (16.a) 

~= ~ 0~ 

0 pH e H T a!! H .R 3. H II [110]; P II [112]; E vT' E[HvTJ H £ 8 onpeAeA.RIOTC.R 
BbipaLKeHH.RMH (16B), (16LK) H (16H) cooTBeTCTBeaao. OcTa.il.bHbie q>opMyAbi 
BBlfAY HX rpOM0.3AKOCTH llpHBOAHTb He 6yAeM. 

OpH e HTa!!H.R 4. 811[100], vT, PII[Oll]. 

mvT = D4 (~1d2- xla2), 

- B 4 1 
E[avTJ=ilT F4 ' F4 =cd2- la2, 

m .L = F4 (Z~1 - cx1), 

Ea = .E[BvT] = EvT = 0. 

(17a) 

(176) 

(17r) 

(17A) 

B oKoaqaTe.il.bHbiX BbipaLKeHH.Rx, onHCbiBaiOtgHX Tea.aoaq>q>eKTbi, !J>Hryplf. 
pyroT HHTerpa.ll.bi (4). EcAH, aanpwMep , npeo6AaAaeT pacceRHHe aa aKyCTH-
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qecxmx IWAe6aHH.RX, a <JlOHOHHa.st qaCTb K09<Jl<JlHJ:!HeHTa DellbTbe n4>. ae 

aaBHCHT OT aaeprHH, HAH llcj>. ~ e-'-f,, TO OHH CBOA.RTC.R K HHTerpallaM THUa 

00 

lp(a) =~ J xPe-z (a-+- x}-1 dx, p. 
0 

rAe a - napaMeTp, onpeAeA.RIOigHH BeAH'lHHY MarHHTHoro noA.st (a~ H 2
) H 

p = 1/ 2, 1, 3/2, 2, 5/2, 3. 8TH HHTerpallbl llOAp06HO HCCAeAOBaHbl H npoTa-

6y AHpoBaHbi ,4nar AOM [ 4]. 

B 3aKAIO'leHHe 6AaroAapro r. E. DHKyca 3a nocTaHOBKY 3aAa'IH li PYKO­

BOACTBO pa60TOH. 
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