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T9PM09,ll;C B KBAHTYIOIJ!EM MAfHHTHOM llOAE 
B DOAYDPOBO,ll;HHKAX C MHOf09AAHllCOH,ll;HOH 30HOH 

B. c. JlbBOB 

IloKa3aao, 'ITO ,a:Hq>cflepeagHaAbHa.!l TepMOSAC a (H) (VT l_ H) B ayAeBoM npa6AHJKeHHH no­

paccenHIHO B npoBOAHHKaX C MHOI'OSAJ\HllCOHAHOH 30HOH npoBOAHMOCTH CB.!I3aHa C S-SHTpo­

llHCH B pacqeTe Ha OAHH SAeKTpOH npOBOAHMOCTH TaK JKe, KaK H B CAyqae npOCTOH HAH 

s 
aenapa60AH'ICCKOH 30Hbl: a (H) = --; . ;!'(aAee Bbi'IHCA.!IeTCll a (H) B npH6AHlKeHBR CTa-

THCTHKH EoAb!JMaHa. Y'IHTbiBaeTc.!l cnHH aJ\eKTpOHa. IloAy'leHHbie peayAbTaTbl lllOlKHO 

ACI'KO cpaBHHTb C SKCnepHMeHTOM,l 

KaK 6btAO rroKa3aao arrepaore 06paBgosorM (1], AHcf>cpepeagHaAbHaH 
TepMOaAC B KBaHTYIOJ!!eM MarHHTHOM IIOAe B rrpOBOAHHKaX C rrpOCTOH 30HOH 
rrpOBOAHMOCTH (<lHeprHJI E ~ k2) B HyAeBOM 1Ip!I6AIUKemm: IIO pacceJIHlliO­
paBHa 

a (H) = - : ' (1} 

rAe S - 3HTpOIIHJI B pacqeTe Ha OAllH aAeKTpOH rrpOBOAHMOCTH, (- e) ­
BapHA aAeKTpoaa. AaceAbM, 06paBgos ll Tapxamm [ 2] rroKa3aAu, qTo cpopMyAa 
(1) crrpaBeAAHBa n B cAyqae aerrapa6oAuqecKOH 30Hbt Tnrra InSb. llpa aTOM 
OHH IIOIIpasKy, CBJI3aHHYI0 C AHaMarHHTHbiMH TOKaMH [3], A06aBAJIAll R TORy,. 
BblqucAeHHOMY rro MeTOAY AaceAbMa u AcKeposa [4]. 

B aacTORJ!!eii pa6oTe TaKHM m.e crroco6oM aaxoAHTCJI CBJI3b Me*AY 
aHTporraeii u TepMOaAC AAJI rroAyrrposoAHHKOB c MHOroaAAHrrcouAHoii aoaoif­
llpa aTOM HMeeTCJI B BRAY He TOAbKO IIOATBepm.AeHHe cf>OpMyAbl (1) AAJI 
aToro CAyqaJI, HO H orrpasAaHHe MeTOAa [ 4]. llOAb3YJICb cpopMyAOH (1), MOLKHO 
paccqaTaTb a; (H) rrpll 1IpOH3BOAbHOM BblpOLKAeHHII. 0AHaKO Mbi orpaHII'!HMCH 
HeBblpOLKAeHHbiM CAyqaeM, KOrAa IIOAyqaiOTCH OC06eHHO IIpOCTbie II HarAJIA­
Hbie pe3y AoTaTbi, rrpHMeaJieMore .l(aAee AAJI KOHKpeTHorx BOHHorx CTPYKTYP 
Turra n-Ge H n-Si. 

1. AAJI Bbl'!HCAeHHJI TOKa Heo6xOAHMO uMeTo BOAHOBnre cpyaKgHu u 
ypoBHH aaeprua aAeKTpoaa, xapaKTepuayroJ!!erocJI TeaaopoM o6paTHbiX acp­
cpeKTllBHnrx MaCC m -81, B CKpeJ!!eHHbiX MarHHTHOM H aAeKTpuqeCKOM IIOAJIX. 

"· B BaAaqe cyi,geCTBeHBO HaAuque ABYX Bbi.l(eAeHHbiX B3auMHO opToro-
HaAbHbiX aarrpaaAeHuiL CucTeMy ROOPAHHaT XYZ Bbr6upaeM TaK, qTo 
H = 10, 0, H}; E = {E, 0,_0}. Ypaaaeaue lllpeAHHrepa AMI aJ\eKTpoHa ( a cH­
cTeMe eAHHH!,! h = 1) 

[ ~ L K""K~m;/ -t- eEx] o/ (r) = s~ (r), 
"• ~ 

(2) 

1 Kor.a:a pa6oTa 6blAa yJKe 3aKOH'IeHa, HRM CTaAa H3BeCTHa CTRTb.!l r. H. fyceso.H: (7], 
nocB.!IIJ!eHaan STOMY JKe Bonpocy. B CB.!13H c TeM 'ITO B aaweii: pa6oTe y'IHTblBaeTC.!I 

CllHHOBb!H llapa~tal'HeTH3M S.l\eKTpOHOB npOBO,I(HMOCTH, KOTOpb!H MOJKeT OKR3RTbC.!I CYIJ!CCT­

BCHHb!M, Mbl pemHJ\H KpaTKO ony6AHKOBaTb HRWH pesyAbTaTbl. 
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r,ll;e <f>n (x)-ocgHA JdiTOpHa.H <f>YHK!!H.SI, a={n, x 0 , Pz} H ypOBHH SHepnm 

(H3 (7)} 

(11) 

AAH yqeTa crrHHa aAeKTpoHa K raMHAbTOHHaHy (2) Heo6xo,ll;HMO Ao6 a ­

BHTb tiAeH fl-o ( o-H), I' A e fl-o= .!!.K. , g - <f>aKTOp CITeKTpOCKOllHqe cKOI'O pac -
. m0e 

~,gerrAeHH.H, m 0 - Macca cao60,Il;HOro aAeKTpoHa, cr- !ltaTPH!!bi ITayAJ.L ITp H 

9TOM 

(1) (0) 6 - · t!i - • e - e -+-a w 
I ex, + 1 - ~<l 0 ) I a, -1 - ~ex 1 > ex, a- ex g Ql 

(12} 

I',ll;e ~" a H e" c; - BOAHOBble <l>YHK!!HH H YPOBHH 9Hepnm aAeKTpoHa rrp 11: 
' ' eff 

yqeTe c rrnHa, w0 = -, a= -+-1. 
moe 

2. ITpH BbiqHcAeHHH rrAOTHOCTH TOKa j o6biqHo HCXOA.HT HerrocpeACTBeHHO 

H3 ypaaHeHH.H lllpe,ll;HHrepa, KOHCTPYHPYH ypaaHeHHe nma Hepa3pbiBHOCTI1 

~~ -+- div j = 0. 0AHaKO BeKTOp TOKa 3AeCb o rrpe,ll;eA.HeTC.SI C TOqHOCTbiO AO 

pOTOpa IIpOH3BOAbHOI'O BeKTOpa; AMI Herrapa60AHqeCKOH 30Hbi THIIa lnSb 
aTa HeOAH03HaqHoCTb cyl!!eCTBeHHa [ 2

]. CAe,IJ;oaaTeAbHO, Ayqme socnoAb3o­

BaTbC.SI APYI'Hl\1 MeTOAOM, cso60,Il;HbiM OT aTor o HeAOCTaTKa. AaHAay 11 AHq>­

mHg [
5] llpH BbiqHCAeHHH j npe,ll;AaraiOT HCXO,IJ;HTb H3 <f>OPMYAbl 

oe=-! J joAdV, (13) 

onpe,ll;eMIIOI!!eH H3MeHeHHe SHepi'Hii pacrrpe,ll;eAeHHOI'O B npOCTpaHCTBe TOKa 

npu sapbepoaaHlm Be KTOpHoro noTeHgHaAa. ITpRMeHHM e e K cpeAHeMy 3Ha­

q e HHIO raMHAbTOHHaHa (2) co cnHHOBOH A06aaK o:li 

JIG = J ~:. a [; ~ K iK km Zk1 -+- eEx-+- P.o (o-H)] ~a. adV. (14). 

ITocAe HHTerpKpoaaHH.H no tiaCT.SIM 

.. -r,"P ie J ~ <:,A ~ 1 (~~ 0 ~ 0 ~· ) dV O<f'£9 = ...::_ - u . m- -- - -- --t-2c • ik "• 11 OXf,; ex, 11 ~ex, 0 ox" a, a 

i " 

-r-(;y J ~oA, z A"m~1~=. a~"·"dV-
• k 

- P.o J oA rot(~:. "a~ ex, .,) dV. (15)1 

CpaBHHBa.H c (13), HMeeM 

.. - ~ ~ m -1 (w• _!__ '" - t!; _o ·"· ) -J, - 2 ~ i k • a, a iJxk 'foc, a " "'11 iJxk 'f ex,a 
k 

-~ ~ m -:-1A ~· ~ -~rot.(dl* acb ) · c ~ t.k k ~:, a o:, a mo • la;, a •a, a 
k 

(1 6). 

B bJqJiCAeHHe IIAOTHOCTH TOKa 06biqHblM Me TO,IJ;OM B HameM CAyqae npH­

BO,IJ;HT K ToMy .me pe3y AbTaTy. ITo,ll;CTaBA.H.H B (16) Bbipa.m.eHH.H (3)-(5), (10} 
H (12), llOAYtiHM ,IJ;A.H COCTaBA.HIOI!!eH TOKa j !l 

. ( ) m 2 ecrg d 2 e eE 2 
J =-ew x - x ~co -+-- - m -+--co 

!I 0 m * T n mo d x T n }{ T n· (17) 
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A e A a 
rAe Ka. = P"-+-- A"- onepaTop o6o6~geaHoro HMny Abc a, r a.= - i -iJ -

c -""a. 
onepaTop HMllYAbca; A- seKTOpHbiH noTeHgHaA- BOBbMeM s BHAe <f>YHK­
!!HH, 3aBHC.SU.gelt TOJ\bKO OT X, 

A ={a-+-bx, Hx, 0}, {3) 

rAe a H b- npoHBBOJ\bHbie rroKa nocTO.liHHnre. Tenepb rrepeMeHHDie B (2) 
paBAeA..liiOTC.ll H 

cjl (r) = exp [i (p11y -+- p,.z)] Cf (x - x0), 

rAe x 0 - npoHBBOJ\bHa..R nocTORHHa.R. ct>yH~!!HR ACf (x- x 0) YAOBAeTBOp.ReT 
ypasHeHHIO (2) nocJ\e aaMeHni onepaTopos P11 H P .. Ha ex co6cTseHHnie sHa­
q eHH.SJ Py H Pz cooTseTCTBeHHO. EcJ\lf Bbr6paTb 

a- - (-c-) f m- 1-+- m-1) 
- - 1 VJ z x:r P 11 x 11 ' 

em .,., 

H - 1 
b= - m .,ll 

-1 ' m.,., 
(4) 

'TO ypas~eHHe AA.ll Cf (x - x 0) yme a e 6yAeT COAepmaTb onepaTopos Px H 
(xPx-+-P,.x) H rrpuMeT BHA 

..!_ [ p2 m- 1 -+- m w2 (x - x )2] <a (x - x ) = s' co (x - x ) 2 X XX XX 0 ' 0 T 0 > 

'T. e. ypaBHeHH.ll AJ\.ll OC!!HJ\.1\..liTOpa. 3AeCb BBeAeHbl 0603HaqeHH.ll 

eH 
m"'c = w , 

_ - m -1m- 1 _ m- 1 2. ( 
1 )2 

m* - xx i/11 ( x11 )' 

2 

z' = z-2-eEx -+- ..!_ m- 1 (e£)2 
= w (n -+- ..!_) · 

2mz 0 2 XX W 2 > 

1 = m- 1m'-Im- 1-+- 2m- 1m- 1m- 1- m- 1 (m- 1)2 -
m z (m")2 XX !J'U ZZ :CtJ X:! '!JZ 1/!/ X Z 

(5) 

(6) 

(7) 

(8) 

1 
rAe - - co6cTseHHbie BHaqeHH.SJ Teaaopa m -;;;,1• HerrocpeACTBeHHDIM sbrqHc­

m ; 
Jl.eHHeM (H3 (6)) .MO)KHO y6eAHTbC.SJ, qTO 

(9) 

rAe a.; - HanpaBJ\ .li!OigHe KOCHHYCbl MarHHTHOrO llOJ\.ll OTHOCHTeJ\bHO rAaBHblX 
ocefi aJ\J\HIICOHAa aHeprHH. CJ\eAoBaTeJ\bHO, 

cjl" {r) = exp [i (p11y-+- p .. z)] 'f, (x- X 0), (10) 



7684 B. C . .Absos 

IToACTaB.IUDI B AeByro qacTb (24) JJ.BHoe BbipameHwe A.IUI Q H cpaBHHBaR 
·C (22), llOAY'lHM 

c dM 
-~yx= H S-c dT . 

T 
ecN 

aK KaK oyx= H, TO AAR a.(H) OUJJ.Tb noAyqaeM (1), OTKYAa CAeAyeT, 

qTo a. (H) He 3aBHCHT OT opHeHTay;HH V T OTHOCHTeAbHO KpHcTaAAa (npH 
ycAOBHH, 'ITO VT j_ H). B OTAHqHe OT noAynpoBOAHHIWB c npocTOH HAH 
Henapa6oAHtiecKoii 30Hoii Tuna InSb aTo o6cTORTeAbCTBO He TpnBHaJI.bHO, 
TaK KaK B HaWeM CAytiae <IHepreTM'leCKHH ClleKTp HOCHTeAe:ii He 06AaAaeT 
c~epuqecKOH CHMMeTpHeH. 

4. Bbi'lMCAHM aHTponMIO aAeKTpOHOB npoBOAHMOCTH AAR noAynpOBOAHHKa 
-c MHoroaJI.AHnconAHOii 30HOH. YtiHTbiBaR, tiTO B HeBbipO.m.AeHHOM cAytiae 

exp ( k~ ) ~ 1, H3 (23) MMeeM 

"TO 

R=-kTexp (k~) -~ exp ( - ;~ ). 
J , a, ~ 

.4H<IJ!pepeHy;MpyeM no T 

TaK KaK 

ST=NkT-CT-+-exp ( k~) .2: exp ( - ~t~ ). 
J 1 a, a 

N= exp ( k~ ) -~ exp ( - ~~) =2chy0 ~exp (-- ;~ ), 
J, a., a o:, J 

gwo 
Yo=~, 

S k l ["" . (-E~ )] - eN = - -; 1-+- -£: e~ exp kT X 

[ (-Et ) ]-l ~ l X kT~exp kT - y 0 thy0 - kT · 

Y "li1TbiBaR, liTO 

H3 (1) llOAy qHM 

k [3 a. (H) = - - - -+-
e 2 

~ (___!!j___) y J cth y 1 l ~ shy1 ( 

J - Yoth Yo - kT · 
~ Yj 

..:;;_ sh YJ 
J 

( ( )- 2N ( 1t ),/ , [ "" YJ ]-1 
exp kT -.; mlm2m3 2kT ch Yo f- shY j ' 

(25) 

(26) 

(27) 

. (28) 

(29) 

(30) 

(31) 
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3. EcAH v T HanpaaAeH BAOAb oc11 X, TO Bbipa~KeHHJI AAJI TOKOB HMeiOT 

BHA 

;j = G E* --t- G £ * - Q \7 T l 
X XX X X!J 1J tJ .ZX X ' 

=cr E *--t-cr E* - v T r:7 11 11x x xy 11 ~ 11"' x ' 

(18) 

r .4e E* = v (; - ~) 11 ~- XHMH'IeCKHH n oTeHgHaA. TepM03AC B HyAeBOM 

npH6AIUKeHHH ITO paCCe.H:HHIO paBHa 

E; ~11X 
cx(H)=,., T ~-a . (19) 

Yx yx 

BbJqHCAHM ~yr no MeTOAY [ 4] . Tio.il.araeM E = 0, 'Y,.. T =!= 0 n T = T (x0). 

Pa3.i\OLKHM <I>YHKJ!HIO pacnpe,4e.i\eHHJI Cl>epMH 1(<-t, c) B PJIA no xt ( saBHCH­

MOCTb C OT Tel\mepaTypbl He yqH:TbiBaeTCJI, H:60 He0,4HOp0,4HOCTb, CBJISaHHa.H: 

c HeR, BXOAHT a E: = \7 x ( : - ~)) 

I . I . I of eJ - eJ - -( cxc)- ( aa) xi=O 0& 
0 

(20) 

3AeCb <-!a- 3HeprlU! 3AeKTpOHa, HaX0,4RI,gerOCJI B j - M 3A.ii.HITCOH,4e 3HeprH:H 

(j= 1, 2 ... m) B COCTO.H:HHH cr, CX={n, X 0, p_.} 

. ( 1) p; 
e~c = w j n --t- 2 --t- crgwo --t- 2ms • (21} 

ToK OT Bcex aAeKTpoHoB 

TioACTaBJI.JIJI CI0,4a ( 1 6) H (20), CYMI\11-lpyn no xt, ITOAyqHM npH CpaBHe­

HHH C (18) 

(22) 

C ,1tpyroH CTOpOHbi, TepM0,4HHaMHqeCKHR ITOTeHgHaA 60AbiiiOrO KaHOHH- . 

qeCKOrO MHOLKeCTBa ,4A.H: 3.1\eKTpOHOB npOB0,4HMOCTH paBeH ( 6] 

"" l ( ~ - ej ) ] ' 9= - kT ~ ln 1--t-exp kTaa ,= 
J,a, a 

00 00 [ ( ' j )] kTeH :-1 (;;- &aa 
=- 21t2c ~ ~ J dpz In 1 --t- exp kT . 

J,a n = OO 

(23) . 

HaMarauqeHHOCTb M 11 3HTponuJI S paBHbi 

M-- (~) . - oH C, T' 
S=-(ol2) . 

()T_ ~. JI 

iJ liJ(Q) J dM c 
cH ar LaH H c,T c,B = - cdT-+- HS. (24) . 

I 
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a yqeT CITHHa rrpHBOAHT B ~(ft) K CAaraeMOMY 

k - e [In (ch y 0)-Yo th y 0]. 

~(H)= -~[2_ __ c ]-~ [___!_ ~ y2.- Y~] 
e 2 k T e 6m ~ J 2 ' 

j = l 

rAe 

(32) 

(33) 

TiepBaJI CIW6Ka B (32) AaeT pe3yAbTaT, H3BeCTHbiii H3 KHHeTHqecKOrO 

ypaBHeHHH AAH rrpeAeAbHOrO CAyqaJI CHAbHOrO ITOAJI. 

5 . .4AH rrpHMeHeHHJI ITOAyqeHHbiX !J>OpMyA K peaAbHbiM ITOAyrrpOBOAHHKaM 

He06XOAHMO AAH Ka~AOro j-ro aAAHITCOHAa BhliTHCaTb af rrpoeKgHH MarHHT-

HOrO ITOAH Ha ero rAaBHhle OCH. .4aAee H3 (9), (26), (5) H (29) HaXOAHT 

see y 1, !J>wrypwpyiDzgwe B oKoHqaTeAbHbiX !J>OpMy AaX (30) w (31 ). EcAH aHep­

reTwqecKHii CITeKTp KpHCTaAAa COCTOHT H3 aAAHITCOHAOB Bpal!!eHHH, TO 

m 1 = m 2 == m .L ; m 3 == m 11 H ~ !f>OpMyAax OCTaeTCH TOAbKO yroA MemAy H 
H OCbiO BpazgeHHH aAAHITCOHAOB (at == a j) 

2 ( __:;. y. = m .L -+(~.L - m 11) a1 • 
m J m .Lmll 

.4AH n-Ge, rAe aAAHITCOHAbi Bpaii!eHHJI OpHeHTHpOBaHbi ITO (111], HMeeM 

y3 al = i 1 -+- i 2 -+- is; 

v3 as=il -rz -+- r s; 

y3 a 2= - rl-+-i2 -+rs; 

y3 a4 = il-+- r2 - rs. 

rAe r.- HanpaBAHIOigHe KOCHHYCbl H B CHCTeMe KpHCTaAAa. CAeAOBaTeAbHO, 

Q_~ l !-' - , 
m .L 

eH 
Ya = , 

• 2kTc y3m .L m 11 

(34) 
Y2 = Yce [(- rl-+- i 2-+- i 3)2 (~- 1) -+- 3]'1•; 

TioACTaBAHH Yi H3 (34) B (30) H (31), noAyqwM TepMOaAC B n-Ge npH 

rrpow'3BOAbHOM HanpasAeHHH H. HarrpHMep, AAH noAH no [100] 

H 

- eH [2m .J. -+ mil]'/, - -
YJ - 2kT 2 - y 

c 3m.J. mll 

a.loo(H) = - ~ [~ -+-ycthy - yothyo- kCT J 
B K Ba3HKAaccwqecKOM npw6AHmeHHH (w3 (32) H (34)) 

k g2 Yo 
[ 

2 j (J..KB. (H) = a.K,., - e ()-2 

H ~(H) He 3aBHCHT oT opweHTagww H OTHOCHTeAbHO KpHCTaAAa. 

aAAHnCOHAbl Bpal!!e HHH OpHeHTHpOBaHbl no (100], CAeAOBa TeAbHO, 

. -- _:_!!__ [';. (~- 1)-+ 1 ] '/. 
~j =lj H Y , 2k T ' j = 1, 2, 3. 

c m .J.mll 

6 COH.IHJta Tsep~oro TeAa, T. 7. awa. 6 

(35) 

(36) 

B n-Si 
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A.11.H rro.II.H, Harrpaa.ll.eHHOro rro [111], y1 = jj H a111 (H) orrpeAe.II.HeTc.R 
HB (36). B KpH:cTa.}\.1\aX c 6o.11.ee HliBKoit CHMMeTpHei:t (HarrpH:Mep, B Bi2 T e3, 
rpyrrrra D3d) TepMoaAC oKaBbiBaeTcJI saaHc.Rr,geil oT HarrpaB.II.eHHR MarHRTHoro 
rro.II..R y.m.e B KBaApaTHqHoM npa6.11.HmeHRH no y 1• 

B sa:K.II.roqeaae IIO.II.bByrocb c.11.yqaeM BbipaBHTb r.11.y6oKyro rrpHBHaTe.ll.bHOCTb 
A. ~. AHce.ll.bMY sa npeAOCTaB.II.eHHYIO TeMy 11 pyKOBOACTBO pa6oTQi:t. 
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