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I'maBa 1

CJiioxKHag BaJIeHTHAS 30HA

[Ipexke vem mpuCTYIUTh K (PU3MKE HU3KOPA3MEPHBIX CHUCTEM, MBI ITO3HA-
KOMUMCH CO CJIOZKHOI CTPYKTYPO! BaJICHTHON 30HBI IIOJIYIPOBOAHUKOB C Pe-
merkoit anmasza (Ge, Si) win nuakoBoii obmanku (GaAs, InSb, AlAs, InAs,
CdTe, ZnSe u T.11.).

1.1 Choun-opbutajibHOE B3aUMOdeiiCTBIE

DJIEKTPOH - 9TO YacTHlla, 00J1a aronas BHYTPEHHUM MOMEHTOM KOJTMYIeCTBA
JIBUZKEHUS, WA CIIMHOM. B IepBOM HOpsiJIKe 110 CIMH-OPOUTAIHLHOMY B3au-
MOJIEHICTBHIO POJIb CKAJISPHOIT BosiHOBOM (hyHKIuu (1) u ypasaenus [1Ipe-
JIMHTepa UTPAfoT JBYXKOMIOHEHTHasI (CIIMHOPHAsT) BOJHOBas (byHKIHST

o= g0

n ypasuenue [penunrepa—Ilaynu s sToit byHkium

Hi(r) = Bi(r) (1:2)

lavunbronnan [penuarepa—Ilaynmu nmeer But
,H:'Hf—i-f/so,‘?soz Z O',\U)\, (13)

A=x,y,2z

H - cKaJIApHBIN (CIUH-HE3aBUCHMBIi) MaMUIBTOHHAH

~0 ~ A 2 2
7 _ P D h h
=—+4+V(r)— A =——-A
7t 2my +Vir) 8m3c? * 8mac? vir) 2my V)
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V (7) — noreHnuasbHas SHEPIus IeKTPoHa (6e3 yuera CHA U CIITH-OPOUTATILHOTO
B3auMogieiicTBust ), | — eJuHUYHAsT MaTpula 2X2, oy - Marpuib laysmu:

fo1 o i (10
S N L I S A IS W
U—L(VVXA)
 dAmic? b

Jlna ypasuenusd [Hpeaunrepa—Ilaymm B mepuouiaeckoM oTeHIna e Crpa-
BeJInBa TeopeMa Bioxa

V(1) = ¥ e (1) | Tige (7 + @) = T (7) . (1.4)

1.2 Coun-opbutajibHOEe paciienjieHne BaJIeHT-
HOW 30HBI

PacemorpuMm 3/1eKTpOHHBII SHEpreTHYecKuil crieKTp B 30He ['15 B OKpecTHO-
cru Toukn k = 0 (I'-Touka). Buauase uzyunm crmH-opbuTaibHOE B3aNMO/Ieii-
crue nipu k = 0. JIy1s1 3TOr0 BoCmob3yemMcs Teopueil BOSMYIIEH B TIEPBOM
MOPSIJIKE TI0 CIIMH-OPOUTAIBHOMY B3aUMOJIEHCTBUIO U MTOJIYINM TPABUIbHBIE
KOMOUHAIINK ITPOU3BEIEHU (g Ry /It BRIPOXKIEHHON BaJIEHTHON 30HBI I'15 B
[-Touke. 31ech o - CIIMHOBBIE CTOJIOIBI

N P P R

Ry = X(r),Y(r), Z(r) - 6asucubie dynkimn npejacrasienus ['15. Mbl nexo-
M u3 ramubrornana [penunrepa-Ilaymu (1.3), 8 kotopom V(1) — nepu-
OJIMYECKUIi TIOTEHIHAJT JJIEKTPOHA B KPUCTAJLIE.

PaziozkumM BOJTHOBYIO (DYHKIHIO 9JIEKTPOHA B ['-TOUKE TI0 COCTOSTHUSIM |7)
u3 Habopa Ry :

U = Z‘; D; i) . (1.5)

Queprust F u koaddunmentsr [D; HAXOIATCI U3 CUCTEMbI JTUHEHHBIX ypaBHE-
HUM

> Vi) Dy = ED;, (1.6)
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rje ) i
[0 A 0 0 0 A ]
iA 0 0 0 0 —iA
~ (so) — (SO) _ O 0 07 —A 14 O
14 - ||‘/;z’ || 0 0 _Af 07 iA 0 ; (17)
0 0 —-iA —-A 0 0
LA A0 0 0 0
BBeJIeH dHepreTuHecknii mapamerp A = —i i er(r)Uy Z(r) (BemecTBenHbIi,

Tak Kak byukinun X, Y, Z BemecrBeHHbI, a onepatop U, 9UCTO MHUMBIiT) 1
azuc |i) Boibpan B ocienoBare bHocT X (r), Y (r), aZ(r), X (r), BY (r),
BZ(r). Ilpu pacuere marpumsr V) yureno, uro

(s RaouUslag Ry) = (aF o) / drR\U, R,

afo,ay = (0,),. /drR,\UuRl, = iexwA .

ss’

Marpuna (1.7) coBmasiaer ¢ Marpureil CIHH-OPOUTAILHOTO B3anMOJIeli-
CTBUS JIEKTPOHA Ha 2p-000j109Ke aroMma Bojopoda. IIpu aTom posib 6J10X0B-
CKHUX IIepHoJuecKuX aMiuTys X, Y, Z urpaior 2p,-, 2p,- u 2p.- opourasn.
[Tosib3ysich yKa3aHHBIM COBIJeHHEeM (OHO He CIyvaiiHO, a CBA3aHO C CUM-
MeTpueii COCTOSTHUIT ), MBI MOYKEM HaiiTh cOOCTBEHHbIE 3HAYEHUS U COOCTBEH-
Hble cTOsIOIBl MaTpuIsl (1.7). s sroro Bocnosbayemcest KoaddunuenTamm
Kanebma-T'oprona

U= S im0 )

Jimai,jamsa ~ jimi ~ jama )
mima2

j i : 1 J2 ]
Com e = (=1t g () .
Jimi,jama (—1) J mi me m
Cornacno kuure “KpanroBas Mexanuka. Hepemstusucrcekas teopust” (JI./1.

Janpay, E.M. Jludmun, M., DU3MATJINT, 2001) numeem (3a71a4a B KOHIE
naparpada 106)

[7+m [ —m
Yig1/2,m = Tjayl,m—l/Q + Tj/BYl,mH/z )
j—m+1 J+m-+1
1/’1—1/2,m == ﬁan,m—lﬂ + Wﬁyl,mﬂ/z )
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a maposble (PYHKIUH Y] ,, IPH OPOUTATIBLHOM MOMeHTe [ = 1 ompejieIeHBI B
naparpade 57. [lonb3ysach anaorueit, Moy daeM, 9T0 COOCTBEHHbBIE 3HATEHUST
matpunpt (1.7) pasusl A (3oma I's, KpaTHOCTD 4, aHAIOr COCTOAHHII aToMa
BOJIOPOJIa C TIOJHBIM MoMeHToM 3/2) u —2A (3oma I';, KpaTHOCTDL 2, aHa-
JIOT COCTOSIHMUIT aTOMa BOIOPO/ia ¢ MOJIHBIM MoMeHnToM 1/2). Takum obpasom,
9KCIIEPUMEHTAIBHO U3MepPsieMOe CITMH-OPOUTAJIBHOE PACITEIIeHIe BaJIeHTHON
30ubI A = 3A. CoberBennble GyHKIMT 30HbI I'g 1 30HBI I'7 B KAHOHIYIECKOM
Oazmce UMEIOT BH]
X +1iY

ITs,+3/2) = —a (1.8)

To+1/2) = \[ oz - BX:/%IY,

Ts—1/2) = \[ 67 + 1Y,

|F8;_3/2> = T,
Dy, 41/2) — \}g[aZ—l—ﬁ(X—l—iY)],
-1/ = = [BZ-a(X—iv)].

OT aHaJIOrMYHBIX CHMHOPHBIX IMAPOBBIX YHKIWMN Y39, 1 Y12,y dyHKIIHT

['s u ['; ommyarores obmumu MHOKUTEIsiME 14/3/4m u —iy/3 /4w, coorBet-
crBerHo. B obosnavuenusx dynkmmit |I's,m) (m = £3/2,+1/2) u |I'7,m)
(m = +1/2) ucnosb3oBana aHAJIOIHsI CO CIIUH-OPOUTAIBLHBIM PACIIEIITIEHUEM
p-cocTosinuit aroma Bojiopoja. [lo 3Toit npuvnnHe MOMYIENYIO BEJIUUUHY M
OOBIYHO HA3BIBAIOT MTPOEKIINEN TTOJTHOTO YIJIOBOI'O MOMEHTa Ha OChb Z.

Jlerko mpoBepuTh, uT0 KO3(bDuIeHTH B pasioxennn GyHkmii (1. 8) 1o
basucy |i) AeficTBUTEIBHO 0OPa3yIoT COOCTBEHHBIE CTOJIOIBI MATPHUIIET V(o)
Paccmorpum B Kadectse npumepa cocrosinue |[s, 1/2). Ipencrasum kosb-
dbunmentor D; B (1.6) B BHE MIECTHKOMIIOHEHTHOTO CTOJIONA D. Cornacuo
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(1.8) sror cromber s cocrosiaus |I's, 1/2) nmeer Buj

[IyTem mpsaMoro rnepeMHOXKEHUsT MATPUIIBI HA CTOJIOEI] yOeXK 1aeMes, 9TO V(SO)D[‘&l /2=
ADF&l/Q .

1.3 kp Teopuss Bo3mylieHmii A BBIPOXKIEH-
HOW 30HbI

Jlekmug 1

Kak 6b110 110Ka3aHO B Kypce PU3UKU TBEPIAOro Teja, 3hdeKTUBHbIN ra-
vmerorman HY (K) st s1eKTpota B HeBLIPOKIeHHOI 30He | B OKPECTHOCTH
TOYKK Ko ¢ TOYHOCTBIO JI0 YJIEHOB 2-0r0 MOPSIIKA BKIIOUUTEHHO ITPEICTaB-
JISIETCST B BHJIE

K2 K2
HO(K) = B(K) = Ep, + 5—+ (1.9)
27710
h A\2 K K
_{_7Kp” + <> / ( pln1>( pnll) :
mo mo na=lij1 Elko Ellko

rie K = k — kg , k - Bo/tHOBOIT BEKTOp 3J7I€KTpOHA, UHJIEKC 71 BKJIIOYAET
30HHBIN UHJEKC [ # | 1 UHJEKC ji, HyMepYIONnil BBIPOXKIEHHBIE COCTOSTHUST
B 30HE l1, Pny - MEXKJIy30HHBIH MaTpudHbiii smement (nq, ko|plike), mo -
Macca ¢BOOOTHOTO 3j1eKTpoHa. OTcroma Jjist TeH30pa 0bpaTHON 3 MEeKTUBHOM
MacChl TOJIyYaeM

L1
T m2

ZI plo;llpgll + plﬁnlpgll

1.10
Eix, — Bk, (1.10)

maﬁ ni

[Ipu mamuyunn N-KpaTHOrO BBIPOXK/IeHUS B ToOUKe kg 3hdeKTUBHBIN raMmib-
l .
TOHUAH WMEET BHJ MaTPUIIHI ng), pasmepuoctu N X N (4,7 = 1,...,N -
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WHJIEKC, HyMEePYIOIIHil BIPOXKIEHHbIE COCTOSHISI ), KOMIIOHEHTBI KOTOPOil Ha-
XOJSATCS C UCIIOJIb30BAHUEM TEOPHUHU CTATHUYIECKUX BO3MYIIEHUI JJIST BBIPOZK-
JIEHHOT'O CITEKTPAa

0 h2K2

h
( ) ko T 2mo it T mo Pijij + ( )

h\? Z ’(Kplj,nl)(Kpn1,lj’)

mo) I Eie — Bk

DHeprus JIEKTpoHa B 30HE ['s HAXOIUTCH U3 CEKYIIPHOTO YPaBHEHUS
0

BosinoBast byHKINsS NPUOINZKEHHO 3aITMCHIBACTCA B BUJIE JIMHEHHONW KOMOU-
HaIUy IpousBeennil miasnbix orubaromux C;(r) Ha 610x0BCKHe (DYHKIINH

B TOYKe K
N

U(r) =>_ Cjr) |l ko) - (1.13)
j=1
Yo6uo koabdurments Cj(r) mpeacTaBuTs B Bujie N-KOMIOHEHTHOTO CTOJIO-
na. s cocrosiHns 971eKTPOHA ¢ 33/IaHHBIM BOJIHOBBIM BEKTOPOM HMeeM

~

C(r) = exp (iKr) Ck , (1.14)

CK,1
CK,Q . R R
. HYK)Ck = ECxk ,

~
Il

Ck.N

riae F — omHo u3 pemiennit ypaBrenus (1.12).
Jlexrus 2
Me>K/1y30HHbIe MAaTPUYHBIE 3JIEMEHThI OllepaTOPa UMIIYJIbCA

B 6asuce aS,3S s 30oubl npoBogumoctu ' u Gasuce (1.8) miuga Ba-
JIEHTHOH 30HBI [’y M€K 1y30HHbIE MATPUYHBIE 5JIEMEHTHI OIIePATOPa UMILYJIbCA,



I'maBa 1. CioxkHast BaJIeHTHaAs 30HA 7

MEIOT BUJT

k 2 k_
—vi Vske om0
||kpc,s;v,f‘8,m|| = Pev 5 (115)
k 2 k_
0 % ik 3
_ b -
2 k_
* \/; kz _%
||kpv,F3,m;c,s|| = Pew ) (116)
k 2
Vi Vik
k
0

rae pey = (S|p.|2), ky =k, £ ik,
JL71s1 TIOJTHOTBI IPUBEJIEM TAKKe MEKTY30HHbBIE MATPUIHBIE JIEMEHTBI JIJTs
cocrosianit v, 'y u ¢, I'g:

o pcfu kz _k_
Pl =2 | 2 T ] (1.17)

1.4 TamumabToHuan JlarTumkepa

Yyarem nojmernuBanue K cocrosguusM ['g cocrostanit ['g B HUZKHEl 30He 11po-
BOJIMMOCTH (JIByX30HHOE NPUOJIMIKEHNE) ¥ UCIOJIb3yeM Bbipaykenus (1.15),
(1.16). B pesysnbrare momyuanm Bmecto (1.11)

Rk
HTs) — FO — 1.18
rs T g (1.18)
DR S - U,
2 \/gk;Q 12 ]CQ
h2 - 2 _kzk+ gkg‘i_il 0 R
-— | pE | g 3 . 6 o kz\k/iQ :
0 V12 3t
0 _K kehy kK
L V12 V3 2
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e k2 = k2 + k; B muorozonnoit Mmozemn 3p@eKTUBHBIN TaMUIBTOHUAH
UMeeT BH/T

F H I 0
H* G 0 I

(Ts) _
H =1 o a g | (1.19)
o I* —-H* F
2 B 2
F = (A-BR+(A+ 242, (1.20)

2
B
G = (A+BK +(A- D,

\/g 2 2 . D
I = —7 B(kx—ky)—Qlﬁkzky y

H = —Dkik_,

u xapakrepusyercsi Tpemsi mapamerpamu A, B u D. Marpuna (1.18) na3bi-
BaeTcd raMuIbTOHHAHOM JlaTTumkepa. B n1Byx30HHOM NpHO/IMAKEHUT TMeeM

h2 2 2
A= yp g _ L[N [ Peo |
2m0 \/g 3 mo Eg

WNuorta BBOJAT Oe3pasmMepHblie mapaMeTph! JlarTuakepa

h? n? h? D
— i =—A, —p=—B, —y;3 = ——. (1.21)
2m0 mo mo \/g
Jluneiiapivu o k wienamu B ramuibrornane (1.19) npenebperaercs: B Kpu-
cTajIax ¢ MEeHTPOM MHBEPCHHM OHU OTCYTCTBYIOT, B KPUCTAJLIaX C PEIIeTKON
[IMHKOBON OOMAHKM CHMMETDHsI JOMYCKAeT UX Hajudue (eC/Ju y94ecTb CIINH-
opbuTaIbHOE CMEIMBAHNE BAJICHTHON 30HBI ['15 € MAJIEKNME 30HAMN ), HO, KAK
[IPpaBUJIO, POJIb TAKUX YJIEHOB HeBesuka. /lucnepcnonHoe ypaBHeHHE ITPUBO-
JIUTCA K BUJLY

2
Det||H{ — B byl = [(E— F)(E-G)— | H = |1 ] =0.

Ero xopuun

F+G F —G\?
Enpan = 5 i‘\/( 5 )+|H|2+|]|2: (1.22)
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= AR? &\ Bk 1 (D2 — 3B2) (K22 + K2R2 + K242)

KPaTHBI, TaK KaK IIPU OTCYTCTBUM HEUETHBIX 110 K 4/IeHOB Bce COCTOAHMA JBY-
KPATHO BBIPOXK/IeHbl (1pu k = 0 yeTbipexkpaTHo). Ypapuenue (1.22) MOXKHO
HepenucaTh B BUje NapaboJndecKoil Jucnepcun

R k? R k?

Ehh = - ) lh — — )
thh 2mlh

(1.23)

BBO/Id 3aBUCAIIIME OT HallpaBJICHUA k MaCChI TA2KeJIbIX U JIETKUX JIBIPOK
h? h?
) m - Y
20—A— BT+ C2f) " T 2(—A+ VB + C2f)

rne C? = D* —3B?, f = (k2k} + kK2 + k2k2)/k*. Bamerum, uro f = 0 mpu
k|| [001], f =1/3 mpu k || [111] u f = 1/4 upu k || [110]. IIpuBenem 3na-
venns 3dderTuBHbX Mace i GaAs: m, = 0.067mg, mp, = 0.45mg, my, =
0.082mq, ms, = 0.154mg. Arnsorponus 3(pPEKTUBHBIX MacC OIPEIE/IsIeTCs
u3 nx 3Hadenuil B HanpasaeHnax [001] u [111]: mpp j001) = 0.34m0, Mpppin) =
0.75mo, myp 001] = 0.094mg, mppn11) = 0.082myg. dna GespasmepHbIx napa-
MeTpoB umeeM: y; = 6.8, 7 = 1.9,v3 = 2.73 (Phys. Rev. B 39, 3411, 1989).

Hnst mossoThl ipuBesieM koaddunmentor pazsoxkenus (1.13) BoaHOBOM
dbyukun s1ekrpona B 6asuce (1.8):

(1.24)

mpp =

R
A 1 R
Cir = N (1.25)
JE-F\E-E) | °
o
& 1 0
kj2 — o )
& -FE By | B F

rae j = lh, ecm j = hh, u j = hh, eciu j = lh.

1.4.1 TamuiabroHman JlaTTUH2Kepa W pacHienjieHme 2p-
YPOBHS aToMa BOJAOPOIa

Ucrionb3zyem ob1me cooOparKeHuss CHMMETPHUH JIJI IIOCTpoeHust 3PpHEeKTUBHO-
ro raMUJIbTOHUAHA 3JIEKTPOHA B BasieHTHOM 30He ['g. C 9T0il 11e/1b10 TpoBeieM
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AHAJIOTHIO ME3K 1y 30HOI ['g B TIOJIYIIPOBOIHUKE C PEIIeTKON MMHKOBOI 0OMaH-
ku (Toueunast rpymnma Ty) u ypoBHeM 3/2 Ha 2p-opburajin aroMa BOIOPOJIA.
st yrimosoro momenta J = 3/2 MaTpuripl MpoeKIuii yrioBOro MOMEHTa ja
(v = x,y, z) B KaHoHm4IecKoM Oazuce (1.8) mveror BuT

0 v3/2 0 0 0 —iv3/2 0 0
F_ V3/2 0 1 0 . iv/3/2 0 —i 0
10 1 0 /2 0 i 0 —iv3/2
0 0 3/2 0 0 iv/3/2 0

-

3/2 0 0 0
G| 0o 120 0
=l o0 0 -1/2 o0
0 0 0 —3/2

(1.26)

Pacemorpum addext ltapka s repma 2p3/2 B arome Bogopojia, mpe/i-
CTaBJIAIONINI CODON KBaJIpATUYHOE IO BHEITHEMY 3JIEKTPUIECKOMY TOJ0 &
pacienieHne aroMHOro yposas. COryIacCHO MEeTO/Ly UHBAPUAHTOB KB IPATHI-
HBIIl ONKUCBHIBACTCA MATPUYIHBIM FaMUAJIBTOHUAHOM

H = Egl +a2T+b(JE)? = (Eg+aE2)I+b>" J2EX+b(J, ]+ J.J)EyE + .. ]

(1.27)
= (Ey + a&® I+bZJ2€2+bZ{JJ }oEikir
oy
rje £— BHerHee sjteKTpudeckoe nose, {J;Jy ts = (JiJy + JirJ;) /2. B merozne
WHBAPUAHTOB MaTPUIA BO3MYIIEHUS CTPOUTCA U3 MPOU3BEJICHUI CTeleHeil
KOMITOHEHT II0JIA 1 KOMIIOHEHT OoIlepaTopa yFﬂOBOFO MOMeEHTa TakK, qTO6bI 9Ta
MaTpuIa Obljla MHBAPUAHTHOI OTHOCHTEJIHLHO IIPeodpasoBaHMil CUMMETPUN
UCXOJIHOTO (HEBO3MYIIIEHHOIO) MAMUJIBTOHUAHA.
ITo ananorun crpoutcs 3ppeKTUBHBII raMUIBTOHIAH I 30HbI 1'g:

h? h?
H = By — 2—%/{ n —’y (Z T2 — Z J2k2> s 3 {Judi}shike
mo i'£i
nJjim
H =+ (A+iB> K- BYJ2K - Z{JJ Vokiki . (1.28)
i ’;éz
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B ommdne oT MOJHOCHUMMETPUIHON MPYTIILl (CHMMETPHUsT KYJIOHOBCKOTO TI0-
TeHIMaJa) B ToYeuHOil rpymme Ty MogBJsieTcs JAONOJHUTEbHAS JITHEHHO
HesaBucuMasi KoHcranTa. Marpura (1.28) 6e3 nepsoro ciaraemoro Eyl coB-
najaer ¢ marpureit (1.19).

1.5 ChouHopHBIE HpeAcTaBJIeHU

[IpuBesem odenb KpaTKue CBEJCHUS O CIIMHOPHBIX IpejicTraBienusx. Omepa-
TOp 1peobpa3oBanus (IIPOCTPAHCTBEHHBIX U CIIMHOPHBIX ) KOOD/MHAT OIIPE/Ie-
JsgeTcda KaK

Dyi(r) = Dija(g)dly~'r). (1.29)

Matpuriia mpeobpa3oBaHusi CIIMHOPOB «, 3 CBsA3aHa C yIJIaMHu Jiljiepa cooT-
HOIIIEHUEM

) cos & exp [%(—cp - @/))} —sin  exp [%(—90 + Qﬁ)}
Dija(g) = , (1.30)

sing exp B(cp — w)} COSg exp B(QO + 1/’)]

751/2(92)751/2(91) = Ws(g%gl)ﬁl/Q(ngl) ) Ws(92791) ==+1. (1'31)

Beoaurs oneparop npeobpazosanust B dopme (1.29) npuxoaurcs, Tak Kak
onepaTop CIUH-OPOUTATIHLHOIO B3aUMOJICHCTBHS B ODIIEM CJIydae HEHHBAPH-
AHTEH K IIPOCTOMY TIpeoOpa3oBaHuio Koopjaunat, Vi,(g7'r) # Vi, (r), Torma
Kak D; /2(g)1/;0(g_1r)7)f/2(g) = Vio(r). Urobbl m0Ka3aTh 9TO yTBEpPXK/IEHIE,
JIOCTATOYHO [I0KA3aTh, 9TO MaTPUIB Dy /Q(g)a,\Df/z(g) CBS3AHBI C 0, TaK ¥XKe,

KaK KOMIIOHEHTBI BEKTOpa ¢~ 'T ¢ KOMIOHEHTaMH BeKTopa T, T.e. (g7 'r)y =
D(g™1)a\uTy, DA€ MATPUIBI OPTOIOHAJIBHBIX IPEOOpa3OBAHMIA

D(g7")au = cos (Tox, i),

7o\ ¥ 711, - KOOPJMHATEI BEKTOPa I' B HENOJABUKHON ¥ IOJBUKHOI cucTeMax
KOOD/IMHAT, CBA3AHHBIX ME¥KIy coboit mpeobpazosanueM ¢~ . Eciu mpu mpe-
0o0pa3oBaHUM ¢ TIOJIOXKEHUE IOJIBIHKHON CUCTEMbBI 33JIa€TCsl yIyIaMu Jitiepa
0, p, TO
cosfcosyp —siny sinfcosp
ﬁ(g) = | cosfsing cose sinfsing | ,
—sinf 0 cos 6
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U, CJIeJIOBATETbHO,

cosfcosp cosfsingy —sinf
D(gY) = —sing Cos 0
sinfcosp sinfsing cosf

IIpencrasun Marpuiy Dy /2(g) B coxpareHHOM BH/IE
ce” —se”
set cet |
Torya ﬁl/g(g)amﬁfn(g) paBHO

[(02 —2¢s (02—82)(6)2] |

— s%)(e™)? 2cs

OTKY/Ia U CJIeyeT I0KA3ATeNLCTBO. 1109ToMYy, eciu () eCTh pelenne ypas-
nenus [Ipenunrepa-Ilaymu ¢ sueprueit F u g - 371eMeHT CUMMETPUN TaMUJTb-
TOHMATA, TO pemernem apasercs i bynkmms Dy (9)th(g~'r).

Cornacuo (1.29,1.31) nocienoBaTesibHOe JeficTBre Ha CIIMHOD @(r) JIBYX
OIIEPATOPOB IIPeOOPA3OBAHKS JIA€T

DgzDgﬂ&(r) = 251/2(92)251/2(91)@2((9291)_11') = ws(QZagl)DgzgﬂZJ(r) .

Habop yHUTApHBIX MaTpUIL, YIOBJIETBOPAIONINX COOTHOIICHUSIM

A A A~

D(g2)D(g1) = ws(g2, 91)D(g291)

HA3bIBAETCS CIIMHOPHBIM TIPeICTaBIeHneM. [[j1s1 HaX0XKIeHUsT HeITPUBOINMbIX
CIIUHOPHBIX TIPEJICTABJICHUIT YI00HO BBECTH BCIIOMOTATEIHHYIO I'PYIILY (1BOi-
nag rpymna): G = Q X G, rae G - rpymma npeobpa3oBanmii CHMMETPHH, a () -
JIONIOJTHUTE/TbHBIN 37IeMeHT. /[BoitHas rpyIa COCTOUT U3 JIEMEHTOB ¢ I'PYII-
bl G 1 371eMeHTOB g(). YMHOXKeHe Ha JIBOIHOM rpytire (06o3HaTaeMoe j1aiee
TOYKOI +) 3a/aeTcst CaeyonuMu npasuiamu: Q-g = g@Q (s/ement ) KoMMy-
TUPYET CO BCEMU 3JIEMEHTaMU TPYIILL G); go - g1 = Gog1, €ciu wy(ga, 1) = 1,
u (9201)Q, ecmn wy(g2, 91) = =15 g2 - 1Q = gag1, ecmu wy(ga, 91) = —1, u
(9201)Q, ecu wy(ga, 91) = 1; g2Q - g1 = Gogr, ecmm Ws(ga, g1) = —1, 1 (g2g1) @,

ecn ws(g2, g1) = 15 ¢2Q - 1Q = g2g1, ecin wy(g2, 91) = 1, 1 (g291)Q, ecm
ws(g2, g1) = —1. O6pranoe (WIn BeKTOPHOE) TPEICTABICHAE JIBONHON MDY IIIIbI
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9KBHUBAJIEHTHO CIIMHOPHOMY ITPEJICTABICHUIO UCXOTHONW T'PYIIIIHI.
Jlexmuga 3

Hwxke npusejiena Tab/uIa XapakKTepoOB HEIPUBOIMMBIX IPEJICTaBICHU
JBOIHONI Tpymmsl 1y

AC2Q AC5Q 3S52Q 353Q 35,Q 60Q

Iy 2 -2 1 -1 0 V2 =2 0
r, 2 -2 1 -1 0 —V2 V2 0
s 4 —4 -1 1 0 0 0 0
I's 3 3 0 0 -1 -1 -1 1

1.6 Metoa nHBapuaHTOB

OJIEMEHTEI CUMMETPpUN KpPpUCTaJlJIa ¢ HaKJ/IaAbIBalOT Ha BUJL S(beeKTI/IBHOFO
raMMXJIbTOHHaHa OI'PaHUYeHUAd

D(9)H(g~'K)D " (9) = H(k) , (1.32)

rjie ﬁ(g) - MATPHIBI BEKTOPHOTO (B MpeHeOPesKeHNN CIIMHOM ) UJIA CIIHHOPHO-
ro (IIpu ydere CIMHOBLIX COCTOSHUN) IIPE/ICTABICHNUS, TIOPOZK IAEMOT0 Oa3mc-
HBIMI QYHKITUSAMI B TOUKe SKcTpeMyMa. [IpuBejieM KpaTkoe JOKa3aTebCTBO
dopmyssr (1.32) mra kBagparuanoro no k ciaaraemoro: corsacuo (1.11)

A% (97 K)Pun, (97'K) Py
H g™ %) Mo nlzlljl El(o)_El(lo) ( )
- (h )2 3 1 k(9P)1jny k(9P st

. 0 0
Mo ni1=l1j1 El( - El(l)

Hasee Hy>KHO y9ecTh TOXKACCTBO (§P)ny .y = J dr)yy gptn, = [ dr (Dg@bm)+ pDyi)n,
U HCIIOJIL30BaTh IIPaBUIIa Ipeobpa3oBanusd (DYHKIHMI IPU OIEPaIlul CUMMET-
puu.

Bammmem marpuiy H®) (k) B Bue

HID (k) =3 a;, XD F,(k), (1.34)

ijp
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rae X W) - mectHaAIATD JIMHEHO HE3ABUCHMBIX MATpPHUIL 4X4 ¢ KOMIOHEH-
(i) _

ramu X, 5 = 04,055, , Fp(k) - pasmaunbie dynkiun, sasucamue ot k n

IpoHyMepoBaHHbIe nHeKcoM p. [To orHOmenno k npeodpasosanuio D, X =

D(g9) XD~ (g) marpumsr X @) obpazyior 6a3uc mecTHaIATHMEPHOTO (BeK-

TOPHOIO) MPEeJICTABICHUST

D X = D(g)X D (g) = 3 DY, ,; X7, (1.35)
;! jl

rjie Df,(j, ;i = Dui(9)Dj;(g), T.e. npencrasienue DX ecTb npAMOe IIPOU3-
Begenne ['s x 'y, Koropoe paziaraercs Ha HEIPHBOAUMBIE IIDEJICTABICHUS
Ay + Ay + E+2F, + 2F,. IlpuBeaem MaTpuIibl IPOEKIHil yIJIOBOIO MOMEHTA

B Oasuce ['g:

32 0 0 0
. Lo 12 0 0
=10 0 12 0 (1.36)
0 0 0 —3/2
0 -2 0 0 0 %L 0 0
3 —V3; :
jx _ 5 0 1 0 , j _ Tl 0 —1 0
o 1 0 | 0 i 0 =i
0 0 ¥ o0 0 0 i 0

Torma HAOOPBI MATPHIL, ITPEOOPABYIONIMXCS 110 HEIIPUBOIUMBIM ITPEJICTAB-
JIEHUSIM TPYIIIBI 1y, MOXKHO TIPeJICTaBUTh B BUJE

Ay 2+ 02+ 02 =51

Ay {Jx{*]yjz}}

E: 3(J2—-J2), 2] = J2—J2
Fl : Jza Jy7 JZ ; ng, ‘]57 Jg

By s {Jy L3 AL T} Adedy b Ve = { ey J) — T2V, Vi

Jlekmus 4
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Habops! dynkimit kyks 1 KOMIOHEHT TeH30pa JedopMaluii €44, Ipe-
obOpasyIoImecs: 0 HEIPUBOAUMBIM IIPEJICTAaBIEHIAM Py 1y

Ay K2 Spié} = 3, fans
E: V3(k2—k2), 2k — k2 — k2 V/3(cae — £yy), 2622 — Ean — Eyy
F2 : kykza kzk:xa kxkya 6ym£zx75$y-

MeTo, mHBaApUAHTOB COCTOUT B MOCTPOeHUH 3(PHPEKTUBHOIO MATPUTHO-
o TaMUJIbTOHUAHA ITyTeM HAXOXKICHUS NHBAPUAHTHBIX KOMOUHAIUI, COCTaB-
JIEHHBIX U3 Ipou3Beiennii Mmarputl pasmepaoctu N X N u dyHKIUil, 3aBUCH-
mux or k (u Apyrux BesmuuH THNA TeH30pa J1eDOPMAINH, MATHUTHOTO II0-
JIS U T.J1.), 0Opasyromux 6a3uc MpejCcTaB/IeHns TOYeIHON Tpyiibl. Baavaste
IPOJIEMOHCTPUPYEM METO]T MHBAPUAHTOB JIJIA ITPOCTON 30HBI TPOBOIMMOCTH B
KBaJIpaTUIHOM 110 Kk 1 jimHeiHoM 110 Ten3opy JedopMalinii €, TPUOTIZKEHAN

+ Atk? Sp{g} + Ao [VB(R2 — k2)V3(2a0 — £4y) + (267 — k2 — K2) (2222 — £00 — 24|
+ Ag(kyksey. + kokpesn + kikyesy) -

CumMmMeTpusi K MHBEPCUU BpEeMeHU
Oneparop UHBEPCUH BPEMEHH:
K = (—ioy) Ko, Kop =¢*

K lﬁlj =2 Tj’ji)lj’

00 0 -1

. 00 -1 0

=101 o o (1.37)
10 0 0

CumMMeTpust K MHBEPCUH BpeMeHH Hak/ajbBaer Ha Marpuiy H (k) yeo-
BUE

TH (k)T = H(K). (1.38)
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Tenepb MOXKHO ITOCTPOUTH IaMHUJIbTOHMAH JlaTTUHXKepa, MCXOd UCKJIIOIU-
TEJIBHO M3 COOOPaXKeHU CUMMETPHH:

2
’H(Fs) — _71Lk2f+
ng
2 h’ 2 2 2 2 2 2 2 2 2 2
* o [VB(I2 = VB3R = k2) + (202 — J2 = J2)(2K? — k2 — k)] +
hQ
+ 4y ({JJ}kk+{JJ}kk+{JJ}kk)
h2 5 -
= (71 + 572)K* — 272 Z T2K2 — 2793 > {Jads}haks
2m 2 oZB
= (A+4B BZJC%I@?——Z{J Jstkaks .
V3 oz
JedopMmalmoHHbIi BKJIaT
)
AH = (a+ Zb) Sp{e} — b Jeaa — Z{J Js}eap - (1.39)
a Cer

IIpu ommoocHoit gedopMmanun BIOIb OCH 2, KOTAA €,, F# Epp = Eyy, U
cap = 0 mpun o # [, Banenrnas 3oma B Touke k = 0 pacuemserca Ha
cocrostuud +3/2 u £1/2 ¢ sueprusinu

5 b .| 9 mpu m=+3/2
0) — e _ = p
E} (a +7 b) Ea €aa ~ 7 5{ | mpn mo=+1/2 (1.40)
rae € = €,, — (€45 +€yy) /2. Pacmeruenne cocrasisier Eg o= Ej(fl) o= —2bE.

Nszorporninoe mpubimKeHmne

HIS) = (A + iB) k* — B (Jk)?2. (1.41)



I'1aBa 2

HuszkopasmMmepHbie CTPYKTYPhI

2.1 TerepocTpyKTyphbl, nepapxmus IIOHITHIA

Jlexkiusa b
a) Pereponepexos (0nHOIHBIIT )

CucreMaTuky y100HO HAYATh ¢ OJUMHOYHOIO METEPOIIEPEXOIa MEXKLY JIBY-
Msi KOMIIO3UIIMOHHBIMU MaTepuajaMu — nostynposojnukamu A u B (single
heterojunction). Oxua nam 0b6a KOMIIO3UIIMOHHBIX MaTepHaja MOIYT ObITh
TBepAbIME pacrBopamu, Hanpumep, Al;_,Ga,As wim Cd;_,Mn,Te. IIpuse-
nem npumepst rereporap A /B: GaAs/Al_,Ga,As, Iny_, Al As/Ga;_, Al As,
InAs/AlSb, Ga;_,In,As/InP, CdTe/Cd;_,Mn,Te, Zn;_,Cd,Se/ZnS,Se;_,,
ZnSe/BeTe, ZnSe/GaAs, Si;_,Ge,/Si n t.a. 3necs nHjgekcsl x,1 — x nim
y,1 — y o3HAYAIOT JIOJII0 aTOMOB OIIPEJIEJIEHHOTO COPTa B y3JjaX KPHUCTaJI-
JITIECKOl pEIeTKN WM Kakoii-mubo u3 mnojpenieTok. 1o onpejenenuio, B
rereporepexofax Tuila | 3anperennas 30na £, 0HOr0 U3 KOMIO3UIMOHHBIX
MaTEpPHUAJIOB JIEXKAT BHYTPH 3alIPEIIEeHHON 30HbI APYroro Marepuasa. B arom
cllydae TOTEHIMATbHbIE SIMBI JIJIsI 9JIEKTPOHOB WJIM JIBIPOK PACIIOJIOKEHBI B
OJTHOM M TOM K€ cJioe, HampuMmep, BHYTpu cjios GaAs B reTepocTpyKType
GaAs/Al_,Ga,As ¢ x < 0.4. Ilycrs marepuan A xapakTepusyercss MeHb-
el 3amperenHoil 30H0i, T.e. Eﬁ < Ef. Torya BBICOTA MOTEHIMAIHLHOTO
bapbepa Ha unrepdeiice A/B cocrasisger V., = EB — E* nia snektpoHos u
Vi = E} — EB nna apipox, rie EJ, EJ — suepreruteckoe TOJIOKEHHE JiHA
30HBI TIPOBOJIMMOCTH € U MOTOJIKA BAJEHTHOI 30HBI v B MaTepuase j = A, B.
Cymma V. 4V}, paBha pasnoctu Ef — Eﬁ. B mmpoko npumensemoit rere-
pocucreme GaAs/Al;_,Ga,As orHollleHre OTEeHIUATBHBIX ODapbepoB V. /Vj,

17
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cocTtaBjigeT 1.5.

B crpykrypax tuna II ano 3ombl mpoBojgumocTn F,. HUXKe B OJTHOM, a
[IOTOJIOK BaJIEHTHO# 30HBI F), BBIIIe B JPYyroM MaTepuaje, Kak B Clydae
GaAs/Al_,Ga,As ¢ x > 0.4, InAs/AlISb umu ZnSe/BeTe. [lyist ykazanubIx
rerepornap 3alpelnieHHble 30HbI Eﬁ " Ef 1epekpbiBafoTcst. VMmerorcsa Takzxke
rereporiepexo/isl Tuna 11 (Hampumvep, InAs/GaSb), y KOTOpbIX 3almperieHHbie
30HBI HE IMEPEKPBIBAIOTCA U JIHO 30HBI IIPOBOJIMMOCTU B OJIHOM MaTepHuaJie
JIEZKAT HUZKE TOTOJIKA BaJIEHTHON 30HBI B spyroM marepuase. K tumy II1
OTHOCAT IeTePOIePeX0/Ibl, B KOTOPBIX OJUH U3 CJIOEB ABJISIETCS OECIIEIEBBIM,
kak B ciaydae mapbl HgTe/CdTe.

JIBoiiHble TeTeporepexobL:
6) kBaHTOBasl sima (ojuHOYHas) (single quantum well or SQW) u
B) OJIMHOYHBI Gapbep

Hpoitroii rereporepexos; B/A/B (double heterojunction) tumna I npes-
cTaBjsgeT co0ON CTPYKTYPY C OJIMHOYHON KBAHTOBOM MO, ec/in Eﬁ < Ef
(single quantum well (SQW), nim cTpyKTypy ¢ OJMHOYHBIM OAPBEPOM, €C-
J E; > Ef. B mmmpokoM cMbIc/ie KBaHTOBOI MOl Ha3bIBAIOT CUCTEMY, B
KOTOPOI1 JIBUZKEHUE CBOOOIHOTO HOCHUTEIS, 3JEKTPOHA WM JIBIPKU, OI'DaHU-
YeHO B OJJHOM M3 HampaBjeHuil. B pesysbraTe BO3HMKAET IPOCTPAHCTBEHHOE
KBAHTOBAHWE W SHEPTeTUYECKUN CIEKTP 10 OJITHOMY U3 KBAHTOBBIX YHUCEN U3
HEIIPEPBIBHOIO CTAHOBUTCS JIUCKPETHBIM. fICHO, UTO JIBOHiHAs IeTepoCTpPyK-
typa tuna Il aBiagercd cTpyKTypoil ¢ OJIMHOYHON KBAHTOBOM AMOil /I Ol
HOT'O COPTa YaCTHII, CKazKeM, I JIEKTPOHOB, U CTPYKTYPOIl ¢ OJIMHOYHBIM
HapbepoM It HOCUTEJIs 3apsjia MPOTUBOIOJIOXKHOrO 3HaKa. Hapsty ¢ mps-
MOYTOJIbHBIMA KBAHTOBBIMH SMaMHU MOXKHO BBIPAIUBATEL SIMBI JIDYTOTO TIPO-
dbung, B yacTHOCTH 11APAOOJINIECKOr0 U TPEYTOJIBHOTO.

r) JIByx6apbepHasi CTPYKTypa
1) TpexbapbepHasi CTPyKTypa
e) CTpyKTypa ¢ KBAHTOBBIMU siMaMu (TOJICTOOApbEepHAs CTPYKTYDPA)

k) Koporkonepuojndnasi cBepxpemerka (1iu IpocTo CBepXpelerka )
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3) Vibrparonkas cBepxperierka, nanpumep, (GaAs),,(AlAs), ¢ m,n =
24

u) [penenpubiii cayvait m = n = 1, 1.e. marepuan GaAlAs,

EcrectBennbIM pasButreM OgHOOAPBEPHON CTPYKTYPbI ABJIAIOTCS JIBYX-
(double-) u Tpexbapbepusbie (triple-barrier) crpyKTypbl. AHATIOTUYIHO OT O/IU-
HOYHOW KBAHTOBOII sIMbl €CTECTBEHHO IepeiiTu K cTpyKType ¢ nByMs (double
QWs) win tpems (triple QWs) KBaHTOBBIMH SIMaMH U CTPYKTYpaMm C Iie-
JIBIM HAOOPOM M30JIMPOBAHHBIX KBAHTOBBIX aM (multiple quantum wells nim
MQWs). /Tazke eciin B Takoil CTPYKType GApbepbl PAKTUIECKU HEITPOHUTIA-
€MbI, JIBYX9IaCTUIHBIE 9JIEKTPOHHBIE BO3OYKICHUsI, SKCUTOHDI, B PA3JIMIHBIX
sIMaX MOT'YT OBITH CBSI3aHBI Yepe3 JIEKTPOMATHUTHOE I10JIe, U IIPUCYTCTBUE
MHOTHX $SIM CYIIIECTBEHHO BJIMSIET Ha ONTUYECKHUe CBOCTBa cTPYKTyphI. [lo
Mepe TOro Kak 6apbepbl CTAHOBSITCS TOHBIIE, TYHHEINPOBAHIE HOCUTE e 13
OJTHOM MBI B JIPYT'YIO CTAHOBHUTCs 3aMeTHee. TakuM 0O6pa3oM, ¢ YMEHbIITEHH-
eM TOJIIHHBL b KBa3u-2D-COCTOsTHNS, WJIH COCTOSHUA B 1o/30Hax (subband)
pPa3sMepHOro KBAHTOBAHUSI U30JIMPOBAHHBIX M, TPAHC(HOPMUPYIOTCS B TPEX-
MepHble MuHI30HHBIe (miniband) cocrosinusi. B pesysibrare nepuogmaeckast
CTPYKTypa M30JIMPOBAHHBIX KBAHTOBBIX sIM, MJIA TOJICTOOAPbEPHAsT CBEPXpe-
IIIeTKa, IPEBPAIAETCS B TOHKOOAPBEPHYIO CBEPXPEIETKY, U IPOCTO CBEPX-
perierky (superlattice win SL). @opMupoBanne MUHU30H CTAHOBUTCH aKTY-
aJIbHBIM, KOTJIa [IEPUOJL CBepXpermeTkn d = a + b CTaHOBUTCSI MEHBIIE JITMHbI
cBOOOIHOTO TIpoDera, HOCUTE IS 3apsijia B HAIPABJIEHUU OCU POCTA CTPYKTY-
pol (B JgasbHeiimeM ocb z). DTa JIHHa MOXKET 3aBHCETH OT COPTa HOCHTE-
Jisl, B 9aCTHOCTH, W3-3a pa3jndns 3DOEKTUBHBIX MACC JIEKTPOHA U JIBIPKU.
[Tosromy omHa ¥ Ta XKe mMepuoMYecKasi CTPYKTYpa ¢ KBAHTOBBIMHU SIMaMU
MOKeT OBITh OJTHOBPEMEHHO KaK CBEPXPENIEeTKON it 6ojiee JIETKUX HOCHTE-
Jieit, OOBIYHO 9TO 3JIEKTPOHBI, TAK U CTPYKTYPOI ¢ HAOOPOM M30JTMPOBAHHBIX
sIM JIJIsl IPYTOTO COPTa HOCUTEJIel, HalpUMep, TSKeJIbIX JIbIpoK. [locemnne
TaKKe MOTYT IepPeMEIIaThCs BIOIb OCH POCTa, OJTHAKO 9TO JIBUYKEHNE HOCUT
HE KOTE€PEHTHBIN XapakTep, a IPEeJICTABIAeT cOOO0i MENOIKY HEKOI'€PEHTHDIX
TYHHEJIbHBIX TIPBIKKOB MEXKJIY COCETHUMU sIMAM.

CTporo roBopsi, 1O OIPEJIEJIEHUI0 CBEPXPEIIETKU TOJIIUHBI CJI0EB @ U b
JIOJIKHBI CYIIECTBEHHO IPEBBINIATH MOCTOSTHHYIO KPUCTAJIIHIECKON perrrer-
KU (g, 9TOOBI JIJIsT ONMUCAHUS 9JIEKTPOHHBIX COCTOSTHUN MOYKHO OBLIO MCITOJIhb-
30BaTh MeTo/ 3(pHEKTUBHON Macchl WK, B OOJee MIUPOKOM CMBICJIE, MEeTO
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ILIABHBIX OrubaroIux. Tem He MeHee, IT0JIE3HO B I10JI€ 3peHust (PUBUKU HIU3KO-
PasMEPHBIX CUCTEM B KQYECTBE HPEe/IbHOIO CIydas BKIIOYUTD “YIbLTPATOH-
Kyt cBepxperetky A,, B, (ultra-short superlattice), nanpumep, (GaAs),,(AlAs),
cm,n = 2—4 u naxe noaynpoBogHIKoBOE coeauHenue tuma (GaAs); (AlAs),

T.e. GaAlAs,.

Kunaccudukaiius cBepxXpelieTokK:

[. KoMII03UIMOHHBIE CBEPXPEIIeTKH, HeHalpazkeHHble npu Adag/ay <K
0.01 u Hanpsikensbie npu Aag/ag > 0.01 (tun I wm T 1I; neneruposar-
HbIE, OJTHOPOJIHO WMJIM CEJIEKTUBHO JIEMMPOBAHHBIE KOMITO3UIMOHHBIE CBEPXPe-
IIeTKN )

II. JlerupoBanubie cBepxpererku, Hanpumep, n—GaAs/p—GaAs nim
NIPI—CTPYKTYPhI

III. CnnHOBBIE CBEPXPEIEeTKH, B KOTOPBIX 9aCTh CJIOEB COAEPKUT Mar-
HUTHBbIe ipuMeck i nonbl, Hanpumep, CdTe/CdMnTe.

AHAJIOrTIHO TPUBEJICHHON BBIIIE KJIACCU(PUKAIINNA TeTEPOCTPYKTYP 110 B3a-
MMHOMY BBICTPAMBAHUIO 3AIIPEIIEHHBIX 30H E;* u Eg’ KaxKJiasg CBEpXpeIIeTKa
NPUHAJIEKUT K OJTHOMY M3 TpexX Turon, coorBerctBerHo tumy I, IT u III.
CBepxperieTKn, COCTOSIINE U3 YePEIYIONINXCS CJIOEB PA3JIHIHbIX MaTepha-
JIOB, Ha3bIBAIOTCA KOMIIO3UIIMOHHBIMU. [lepBoHaYa/IbHO 11 cO3/1aHnus KBaH-
TOBBIX SIM U CBEPXPEIIETOK IOJAOUPAJIUChH MeTepoliapbl ¢ MPaKTUIECKH OJIH-
HAKOBBIMU MIOCTOSTHHBIME perieTkH, Hanpumep napa GaAs/AlGaAs. Ctpyk-
TYDBI C PACCOIVIACOBAHUEM TIOCTOSTHHOM perteTku Aag/ag, He TPEBBIIAIONTIM
0.01, Ha3BIBAIOTCSA COTJIACOBAHHBIMU, U1 HeHalpszKeHHbIMI. COBEPIEHCTBO-
BaHUE TEXHOJOIMUA POCTa TO3BOJIMIO IOJYIUTh OE3IMCIOKAIIMOHHBIE CBEPX-
PEIeTKN U ITPU 3aMEeTHOM PacCOITIACOBAHUU TIOCTOSTHHBIX PeleTKu. B Takmx
MHOTOCJIONHBIX CTPYKTypax, 10 KpaiiHeit mepe, oguH u3 cjoeB, A uaun B,
JIOJIZKEH OBITH JIOCTATOYHO TOHKUM, YTOOBI COIJIACOBAHUE KPHUCTAJLIMICCKUX
PEIIeTOK MPOUCXOINJIO 3a CUYET BHYTPEHHErO HAPAKEHUdA, CKATHA OJITHOTO
U3 CJIOEB ¥, BO3MOXKHO, pacTdaxKeHud Apyroro. CTPYKTypbl ¢ KBAHTOBBHIMH
ssmamu u cBepxpererku ¢ Aag/ag > 0.01 HasbIBaroTCs HanpsizKeHHbIME. B
KOMIIO3UITHOHHBIX CIIMHOBBIX CBEpXpeINeTKax o uin oba cjaos A u B co-
JiepzKaT MarHUTHBIE TPUMECH WM WOHBI. [IprMepoMm ciIy2KHUT reTepocTpyK-

typa CdTe/CdMnTe.
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Hapsiiy ¢ KOMITOBUITMOHHBIME CBEPXPEIIeTKaMi, 00pa30BAHHBIMU TI€PH-
OJIMIECKUM M3MEHEHUEM COCTaBa, CBEPXPEIIETKH MOTYT CO3aBAThCsl MOJLY-
JIMPOBAHHBIM JIETUPOBAHUEM JIOHOPHOI U /WM aKIenTOpHOI mpuMechio. Ta-
KHe CBepXpeIeTKd, B yacTHocTu cBepxpererka n-GaAs/p-GaAs win nipi-
CTPYKTYpPa, HA3bIBAIOTCS JIETMPOBAHHBIMU.

eymeprvie Harocmpykmyps,. Kpome cTpyKTYp ¢ KBAHTOBBIMH sIMAMH,
U3YYaIOTCs U JIPYyTUe JBYMepHbIe CUCTEMbI, B 4aCTHOCTH, TpadeH (graphene).

Odromepruvie Harocmpykmypsv. KBaHTOBBIE TIPOBOJIOKH, MOy Y€HHBIE BbI-
paluBaHeM KBAHTOBOI sIMBI Ha CKOJIE, COJEP:KAIIEM IEPIEeH UK Y/ISIPHYIO
emy KBaHTOBYIO siMy (cleaved edge overgrowth). ¥Yrimeponubie HaHOTPYOKH,
[IOJIyYeHHBIE CBEPTHIBAHUEM I'PadEHOBBIX MMOJIOCOK U 3aKPEIJIEHHEM [TPOTH-
BOIOJIOKHBIX cTOPOoH (single-walled and multi-walled carbon nanotubes).

Hyavmeproe narnocmpyrkmypo. Ksanrossie Toukn GaAs/InAs, Beiparien-
ubie 110 Mexanu3Mmy Crpancku-Kpacranosa. Hanoxkpucramier CdSe, BbIpa-
IIEHHbIE B CTeKJe (POCT IMOJIYIPOBOJIHUKOBBIX HAHOKPUCTAJLIOB TIPOUCXO/IUT
[IPU paciajie MePeCchIeHHOr0 PacTBOPa MOHOB B CTEKJIE, MOJIYYaeTCs HeOp-
FaHUYECKOe CTEKJIO0, OKPAIIEHHOe HAHOKPUCTAJIIAMN).

2.2 Pa3mMmepHoe KBaAaHTOBaHUE JIEKTPOHHBIX CO-
CTOAHUN B KBAHTOBBIX AMaX, KBAHTOBBIX IIPO-
BOJIOKAX M KBAHTOBBIX TOYKaX

B nacrosinee BpeMs pazpadboTaHbl H30IMTPEHHBIE METOIBI KOMIIBIOTEPHOT'O PAC-
JeTa KBAHTOBBIX COCTOSHUI B HAHOCTPYKTYPaX, OCHOBAHHbBIE HA MUKPOCKOIIH-
YeCKUX MOJENIAX TCEeBJONOTEHITNAA WU CUJIBHON cBs3U. TeMm He MeHee, BO-
MIEPBBIX, [TOKa 3T METOJIbI HEe BCECUIbHBI U HE BCEMOTYIIN, a BO-BTOPBIX, KaK
[IO/ITBEPKIAET U MCTOPUs Pa3BUTUA (DUBMKH OOBEMHBIX OJIYIIPOBOIHUKOB,
IpU KOHKPETHON pabore mpub/mKeHHble MeTosbl (b dekTuBHOil Macchl (B
cJIydae MpOCTBIX IHEPIeTHIECKUX 30H ), 3((MEKTUBHOIO raMUIbTOHIAHA (J1J1st
BBIPOXK/IEHHBIX 30H) U IIJIABHBIX OMMOAOMNX (B MHOTO30HHO MOJIE/N, HATIPH-
mep, Mojien Keiina) okasbiBaloTcs 60Jiee yI00HBIMI U Pe3yJIbTaTUBHbIMU. B
JIAHHOM Kypce MbI OyJileM HCXOJIUTb U3 MPUOJIMKEHHOTO MeTo/Ia P dOEKTUB-
HOI Macchl, 60jiee HAIVISIIHOIO U IIO3BOJISIONIEIO MOJIYYaTh AHAJIUTHICCKUE
pe3ysbTaThl. B TaKOM 1O/IX0J1e pelllenre BHYTPHU KazKJIOrO CJIOS MHOTOC/IOHN-
HOIl CTPYKTYpbI (MM KOMIO3UIIMOHHON OOJIACTH MeHbIIeil pasMepHOCTH B
KBAHTOBBIX IIPOBOJIAX MJIM TOYKAX) 3allUCHIBAETCS B BUJE JIMHEHHONH KOMOH-
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HaIlUU HE3aBUCUMbBIX OOBEMHBIX PEIIEHU, a JIJIsd CIIUBKU HA TeTepPOrpaHuIiax
BBOJIATCS I'PAHUYIHbBIE YCJIOBHS JIjIsI OTUOAIONINX BOJTHOBON (DYHKITHH 3JIEKTPO-
Ha U UX HPOU3BOJIHBIX 10 HOPMAJIbHOU KOOpAUHATE.

PacdeTbl 371eKTpOHHBIX COCTOAHUI B MOJTYITPOBOIHIKOBBIX HAHOCTPYKTY-
pax, BBINOJIHAEMbIe B MeTojie 3(DPEKTUBHON MACCHI, BBITVISAIAT YacTO KakK
[IpaKTUIecKne 3aHATHS 110 KBAHTOBOM MexaHnKe. Mbl HATHEM ¢ IIPOCTEMIIIe
MOJIE/T CTPYKTYPhI ¢ KBAHTOBOM sIMOil, B KOTOPOI Oapbephbl CAUTAIOTCS Oec-
KOHEYHO BBICOKUMU. B npubimkennn 6eCKOHETHO BBICOKUX OapbhepoB oruba-
oIasi BOJTHOBOM (DYHKITUN SJIEKTPOHA 3aIllUChIBACTCS B BHJIE

1 .
0= o(2) 2.1)
rie q = (¢u, Gy) - JABYMEPHBIL BOJHOBOI BEKTOD, XapaKTepU3yIONHUil JIBIzKe-
HIe 3JIEKTPOHA B IUIOCKOCTH mHTepdeiica. B crpykrype B/A/B dyukims
©(z) ynosaerBopsieT ofHOMepHOMY ypasHeruto [llpennarepa:

K2 d2

—m@ o(z) = E. ¢(2),

rie my - 3 dexkTuBHas Macca dj1ekTpona B Mmarepuase A. Bue ciios A dyHK-
st ¢(z) paBHA TOXKIecTBeHHO HyJ0. [loHast sHeprus saektpona E ckia-
JIBIBACTCS M3 SHEPIUU PA3MEPHOTO KBAHTOBAHUSA F, 1 KHHETUIECKON SHEPIUH
E,, = 1?¢*/2m (3nauenns E OTCUNTHIBAIOTCS OT [HA 30HBI MPOBOIMMOCTH
marepuaiia A). Hauamo orcuera Ha ocu z Beibupaercs B cepejune ciosg A.
Torna rpannynble YCJIOBUS JIJIA (0 B IPUOJIMZKEHUN OECKOHEYHO BBICOKUX Oa-

a
I
90( 2) ’

rje a - mupuHa cjios A u, cienoBaresibHO, +a/2 - KoopauHATH uHTEpdEii-
coB. Cucrema obsataeT cummeTpueii K orpaxkenuto z — —z. [losromy coBo-
KYIIHOCTH cOOCTBEHHBIX perienuil ypasuenus [llpeaunrepa pazbuBaerca Ha
MTOATPYIITBI YETHBIX W HEYETHBIX PEIIeHnil, MMEIONNX COOTBETCTBEHHO B/

Ccoskz u Csinkz, tie k = \/2m4E,/h?, C - nopMupoBounsrii kosdbduriu-

enT. C y4eToM I'PaHUYIHBIX YCJIOBUN TOJIyYaeM

2 2
k=" m=o () (2.2)
a 2ma \ a

PhEPOB 3alIMCHIBAIOTCS B BUJIE
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rae v = 1,3,... aj1g 9eTHbIX u v = 2,4, ... 1ja HedeTHbIX pernernit. Coor-
BETCTBYIOIINE pa3MEPHO-KBAHTOBAHHDIE /IEKTPOHHBIE UJIN JIBIPOYHBIE COCTO-
siHns OyzieM 0003HaYaTh B BUJIE €V W hY COOTBETCTBEHHO. DHEPIreTUIeCKUii
CIIEKTP COCTOUT U3 BETBEH

h? 2
Eel/q = (m) + q2 )

2mg a

Ha3bIBaeMBbIX IOJ[30HAMU Pa3MePHOr0 KBAHTOBAHUS, NN IIPOCTO TOJ30HAMMU.

Bapvepv, koneunoti evicomu, ¢ = 0. Ilpu koneunoit BbicoTe HGapbepoB
orubalonias ¢ OTJIMYHA OT HYJIs B CJIOAX B U yJIOBJIETBOPSET YyPABHEHUIO
[MIpemunarepa

—————+ V] pz) = E. p(2),

e IOTeHIaIbHbI Gaphep V' pasen paspbiBy AFE, 30HBI IPOBOAMMOCTH Ha
unrepdeiice. st pocToii 30HHON CTPYKTYPDI Yalle JAPYIUX UCIIOJb3YIOTCA
rpanndHble yeaosus bacrapaa (Bastard)

1 [dy 1 [dy
Pla=els, — | 2| = —
ma \ dz

, (2.3)

mp \ dz

A B

IJle Y4 p - 3HAUEHNE orubdaromieil Ha nHTepdeiice co cTopoHs o A nmu B.
YeTHoe pelleHne 3aliChIBAETCA B BUIE

C coskzmpu |z < §
Z) = a - ’ a 24
PO\ D exploa] - ) mpn f2] 2 5. 24
re & = [2mp(V — E.)/R*]Y/?, V - Bbicota Gaphepa W y4TeHO, 4TO A

pasMepHO-KBAaHTOBAHHBIX COCTOAHUI sHeprus F, Menbine V 1 BOJTHOBOI BeK-
TOp B cosix B mMHmMbIN: kg = ise. I3 cucremsbl ypasaeHnit (2.3), KOTOpyIO
MOXKHO 3aIicaTh ¢ yaetom (2.4) Kak

k k k
C cos 2 = D, —CC sin o = —ED, (2.5)
2 ma 2 mp

IIoJiydaeM TpaHCHEHJACHTHOE YpaBHEHUE IJId SHEPI'MU YETHbIX COCTOSTHUIA

ka ma &
tan? =n=—-

(2.6)

mBk"
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Anajsiormynoe ypaBHeHUE JIJId HEYETHDIX pemeHHﬁ nMeeT BHT

ka
ctg — = —n. (2.7)
2
[TpuBesennbie Boie (bOPMYJ/IBI IPEMEHUMBI U IIPU OTJIMIHOM OT HYJIsl BOJI-
HOBOM BEKTOPE (], €CJIH 1O/ k U & IOHUMATh BEJIMIMHBI

1/2

2m s F 1/2 2 —E
b= (Tt ) e g (28)

I h?

N3BecTHO, 9TO B CUMMETPUYHON OJTHOMEPHON IMMOTEHITMAJILHON siMe BCerja
UMeeTcsd XOTsd ObI OJIHO PasMepHO-KBAHTOBaHHOE cocTosHue. [losTomy rpu
KOHEYHOI BbICOTE DAPHEPOB SHEPreTHUYECKUI CIIEKTP 3JIEKTPOHA COCTOUT W3
KOHEYHOT'O YUCJIa TIO/[30H PA3MEPHOIr0 KBAHTOBAHWS €V U KOHTUHYYMa [cOoCTO-
anug ¢ B — (hzq2 /2mp) > V|. Ilpu coBnamaromux 3bGEeKTUBHBIX Maccax m 4
U Mp 3aBUCUMOCTD [g,q OT ( mapabosmyecKas, KaK B OJHOPOJHBIX KOMIIO-
BUIMOHHBIX MaTepuayiax. [[pn OTHOCUTETbHO HEDOJIBIIIOM PA3JIMIUN MEK Ty
M U mp JUCIEPCUsi ITOA30H er OJIM3Ka K apadoImIecKoii.

[Ipoanasmsupyem mpeaeabHbIN Iepexo] OT KOHEUHBIX K OECKOHEUHO BbI-
coknM Oapbepam. C 3TO# 1e1bi0 OyAeM CUNTaTh BeJIUUUHY V IOCTATOTHO
OOJIBIIION, TaK UTO BBIIIOJIHEHO HEPABEHCTBO

h? 2
Vs (W) .

a

Torsa 151 OCHOBHOTO COCTOSTHUSI €1 BEJIMYUHY & MOYKHO [IPUOJINKEHHO 3aMe-
HUTD Ha & = (2m4V/h*)'/? u paccmarpusarh oTHOmeHNe k /a2 B KauecTse
masioro mapamerpa. [lepenumiem ypasuenue (2.6) B skBuBajieHTHON (opme
ctg(ka/2) = mpk/maee. B HyneBom npubskennn 1o napamerpy k/eeq jiis
cocrosiaus el momyunm ka/2 = /2 wiu k = m/a, 970 OTBEYAET MPEIETHHO-
My tiepexoiy V' — oo u comagaer ¢ (2.2) npu v = 1. Ilpeacrasus k B Buie
7/a — 0k, HAXOJMM B TIEPBOM TIPUOINKEHUH

k—~ ——— wm k~—

a mp T 7T< mpg 2 >
2 myea a

o~ (W)Z (1 - mB4) . (2.9)
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Tak Kak OOBITHO MACCHI M A ¥ Mpg COMOCTABUMbBI, KDUTEPUEM ITPUMEHIMOCTH
dbopmysbt (2.9) sBisieTcst HepaBeHCTBO &ga > 4. Takum 06paszoM, TOHSTHSI
“BbICOKMIT Oapbep”’, “Hu3Kuilt 6apbep”’ OTHOCUTEIbHBI U IIPHU JOCTATOYHO IIIH-
pokoii sime dopmyra (2.9) nmpuMeHnMa Jlazke Il TeTePOCTPYKTYD € SIBHO
HEOOJIBIITUM PA3PBIBOM 30H.

B rerepocrpykrypax GaAs/Al,Ga;_,As , BRIPAIEHHBIX B HAIIPABJIEHUH
[001], cocrosiamst Tszkesbix (hh) u nerkux (lh) apipok npu ¢ = 0 KBAaHTYIOTCS
HE3aBUCUMO, TIO9TOMY B KBAHTOBBIX siMaX (POPMHUPYIOTCS JIBE CEPUU JBIPOU-
HBIX cocTosiHuil: hhv u lhy, xapakTepu3yeMble TPOEKIUIMU YTJIOBOTO MOMEH-
ta J, = £3/2 u J, = +1/2 coorBercrBenno. [l HEHYIEBOrO JIATEPATHLHOTO
BOJTHOBOT'O BEKTOPA (] COCTOSTHUS TSZKEJIBIX U JIETKUX JIBIPOK ITEPEMEITUBAIOT-
Csl ¥ BaJICHTHBIE TTOJI30HBI OKA3BIBAIOTCA CHJIBHO HENAPaOOJINICCKUMU.

KBaHTOBbBIE TIPOBOJIOKM M KBAHTOBBIE TOYKU. B KBAHTOBON siMe HO-
CUTEJIb MOXKET CBODOJIHO IepeMemaTbcs B JBYX u3Mepenusx. [lostomy o
CTPYKTYpE C KBaHTOBOH AMOIl roBopdaT Kak O ABYMEPHON cucreMe HJIU O
KBa3WIBYMEPHOI CUCTEME, B ITOCJIEHEM CIydae UMes BBUJLY, UTO pa3MepHO-
KBAHTOBAHHBIE COCTOSTHUS MMEIOT KOHEUHYIO IMPOTSKEHHOCTb W B TPETHEM
HAIPDABJICHUHU, T.€. B HAIPABJICHUM OCH POCTa. PaccMOTpUM Ternepb KPaTKo
KBAHTOBAHMUE 3JIEKTPDOHHBIX COCTOSIHUII B KBAHTOBBIX MPOBOJIOKAX (CHCTEMA
pasmeproctu d = 1) u KBaHTOBBIX ToUKax (d = 0), B KOTOPBIX CBODOJHOE
JIBUZKEHIE BO3MOXKHO TOJIBKO B OJTHOM HAITPABJ/IEHUN WK BOODOIIE OTCYTCTBY-
er.

IIpo6onoku ¢ NPpAMOY20AbHBIM CEYEHUEM Oy X Gy, DECKOHEUHO GbLCOKUE
bapvepv. Orubarorias BOJHOBOM (DYHKIINK SJIEKTPOHA UMeeT BUJL

U(r) = (1/VL)eTo(z,y) . o(z,y) = v, (2,02) ¢, (Y. ay) ,

rie L - pomuna mpoosiokn, 1/y/L - HOpMIPOBOUHELH KO3bhHIIEHT, ¢ - BOJ-
HOBOIi BEKTOP, XapaKTepusyIoIuii ¢cBOOOIHOE JIBUKEHNE BJIOJIb IJIABHON OCH
IPOBOJIOKH,

2 | cos “F mpu HEWETHOM V

WV(%CL} =\

. 2.1
a sin “* Ipu 9E€THOM V . (2.10)

ILJ'IH SHEPIruu 3JICKTPOHAa B IIOA30HE €V, /), B COCTOAHNN C BOJTHOBBIM BEKTOPOM

q nMeeM
2

2 2
B e () 4 (22) ) .11

2mg Qg @y

Ksanmosvie mouxu 6 ghopme npamoyz0av1o20 napaitenenunedd ay, X ay X
a,, becxoneurno evicoxue bapvepwv. llpuBenem BblpakeHHs I OrHOAIONIEi
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BOJIHOBO# (DYHKITUU ¥ SHEPTHH JIEKTPOHA

h2 72

Y (E) . @212

¢(r) = @Vx(x7a$)ngy(y7ay)SOVz(zﬂa’Z) , B 0
j
Cpepunecrue xearmosvie mouku paduyca R, bapvepvl Koneunol evicomaol,
ocnosrnoe cocmosnue. OCHOBHOE COCTOsTHIE 00/1a/1aeT cheprIecKoil CuMMeT-
puerii:
C sin kr mpur < R,
v = (2.13)

sin kR e~ ®(r—k) npur > R,

rie C' - HOpMUPOBOYHBIN KOI(PDUITHEHT,
k= (2ma E/h*)Y? & = [2mp(V — E)/R*Y?. (2.14)

DHeprusi pa3MepHOro KBaHTOBaHUS F yIOBIETBOPSET yPaBHEHUIO

1~ kRctg kR = "2 (1 + =R).

mp
Lunrundpuseckue K6aHMOBbLE NPOBOAOKU, OAPLEPDL KOHEUHOT GbICOMBL, 0C-
nosnoe cocmoanue ¢ ¢ = 0. B sToM ciyuae orubaromiasi BEIpazkaeTcs depes
dbyurim Beccenst Jo(x) n Ko(x):

W(r) = Clo(kp) upnr < R, (2.15)
DK (eep) uipu r > R,
rie D = CJo(kR)/Ko(2R).

IHepzemuveckas NnAOMHOCMb coOCmoAnUl. PaccMOTPIM SHEPreTUYecKuii
cneKkTp Pk KBa3W4acTUIlbl B TPOCTPAHCTBe pasmepuoctu d = 3,2, 1 u 0, e
n - JIMCKPETHOE KBAHTOBOE YUC/IO WJIK HAOOP Takux duces, K - d-KoMIoneHTHbIi
BOJTHOBOI BeKTOD; TP d = () BOJTHOBOI BEKTOP KaK BeJIMYNHA, XapaKTEPU3Y-
01151 KBAHTOBBIE COCTOSIHUSL, OTCYTCTBYET. DHEPreTUIeCKO! MJIOTHOCTHIO CO-
CTOSIHUI HA30BEM HUHCJIO KBAHTOBO-MEXAHUIECKUX COCTOSTHUIN, TTPUXO/IATITIUXCS
Ha €JIMHUYHBLII UHTEPBaJ SHEPIMU U HA €JIMHUYHBbIN 00beM d-MepHOro IMpo-
crpamnctsa. C nomMornpio anmnapara 0-QyHKIUN IIOTHOCTD COCTOSHII MOYKHO
[IPEJICTABUTH B BUJIE

ga(E) = é SOE - B (2.16)
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I7le MHOYKUTE/Ib 2 YIUTHIBAET JBYKPATHOE BBIPOXK IEHIE JJIEKTPOHHBIX COCTO-
saunit o cuuny, Vy - 06001eHHblit 00beM, KOTOPhIi mpu d = 3 ecTh 00beM
obpasiia, HOHUMAaEMbIii B 0OOBIMHOM CMBICJIE, & JJIs TOJIYIPOBOIHUKOBBIX HI3-
KOpa3MepHbBIX CUCTEM OH paBeH ILIONIa I 00pasia B ILJIOCKOCTH WHTepderi-
COB B CJlydae KBAHTOBBIX M (d = 2), jjuHe KBaHTOBOI mpoBosiokn (d = 1)
U IIPOCTO euHuIe st KBaHToBoil Touku (d = 0). Paznoxum E,x B paf mo
creneHsaM K u orpaHIYInMCS KBaJIpaTUIHBIM TPUOJIMZKEHTEM

h2k2
B = E° 4+~
k=LEntonr

IJIe IMEIOINI pa3MepHOCTb Macchl apaMeTp M, IpuHUMaeT 3HATCHIS MEXK-
ny ma u mp. Hogcrasiss 510 pasnoxenue B (2.16), moydaem BbIpakeHue
JIJTsT BKJI&JIa BETBU 70 B IJIOTHOCTH COCTOSIHUIA:

1 /2M,\%?
g3(E):27r2< 72 ) VE —EY0(E - Ey),

M,

ol E) = M 00— D),
[ 2m, 177
E)=- | | gE_E

a(E) =20(E - E)),

rae H(x) - crynenyaTrad (BYHKIU, TPUHUMAIONIAs 3HaUYeHnsd 1 Mpu MOJI0XKU-
TeJabHBIX £ 1 () Ipu OTpunaTe/JIbHbIX T . OTMGTI/IM, 9TO B KBaAaHTOBOM sIM€ IIJIOT-
HOCTDb COCTOAHUI MMeeT XapaKTep MOPU30HTAJbHON CTYIIeHbKHN, B KBAHTOBOI
[POBOJIOKE 3aBUCUMOCTb ¢( ) aHAJIOTUYHA TJIOTHOCTU 3JIEKTPOHHBIX COCTO-
SIHA B OOBEMHOM TIOJIYIIPOBOJIHUKE, TOMEIIEHHOM B KBaHTYIOIIEe MarHUT-
HOEe 110JIe, & B KBaHTOBOII Touke dyukiwms ¢(FE) npeacrasisier coboii Habop
N30JIMPOBAHHBIX ITMKOB, YIIMPEHHbLIX C Y49€TOM KOHEYHOCTU BPpEMEHU 2KU3HU
3JICKTPOHA Ha YPOBHAX Pa3MEpPHOIO KBAHTOBAHMUI.

Me>k30HHBIE OIITUYEeCKNe IepeXoabl

PaccmoTpuM, kak pasmepHOe KBAHTOBaHUE BJIUSIET HA COOCTBEHHOE IIOIJIO-
IIleHNe CBeTa, CBJA3aHHOE C IepeXoJaMU JIBYMEPHBIX 3JIEKTPOHOB U3 BaJIeHT-
HOII 30HBI B 30HY ITPOBOJIMMOCTH. BO-TIepPBBIX, Kpail MEe:K30HHOT'O TIOTJIOIICHIS
hwyy, cIBUHETCH IO CPABHEHUIO ¢ KPaeM TOIJIONIEHNs B 00beMHOM MaTepuaJie
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B KOPOTKOBOJIHOBYIO CTOPOHY Ha 9HEPIrUi0 PasMEepHOI'0 KBaHTOBaHUA 3IJICK-
TPOHOB U JAbLIPOK
hwth = Eg + Eel + Eh1~ (217)

BO—BTOprX, pacuielrjieinue 30Hbl IIPOBOJUMOCTHA U BaJIECHTHOII 30HBI Ha PA
IIOJI30H Pa3MEpPHOIro KBaHTOBaHHA O3HA4Ya€T, 9YTO B CIICKTPEC IIOTJIOIICHUA 6y—
JIyT TPUCYTCTBOBATH OCOOEHHOCTH, CBA3aHHBIE C TEPEXOJaMH JIEKTPOHOB
MEZKJIy Pa3THIHBIMU ITO30HAM.

Marpuunslit ssemenT My; ONTUIECKOIO MEXK30HHOIO IIepexoja IIPOIop-
[IMOHAJIEH ITPOM3BEICHNI0 MATPUYIHOIO 3JIEMEHTa OIepaTopa HMIIYJIbCa Ha
6710XOBCKHX (OBICTPBIX) (DYHKIHSX U, Ha HHTErPAT MEPEKPHITHs IJIABHBIX
ornbaIonmx

My o (tn, le - Bl )0y [ 90, (2)on(2) dz (2.18)

3aech ny; - UHAEKC 30HBI IPOBOAMMOCTH WJIM BaJICHTHOW 30HBI, Vf,; - HH-
JIEKC IIOJ[30HbI Pa3MePHOr0 KBaHTOBaHUdA, Ky ; - BOJIHOBOIT BEKTOP 3JIEKTPOHA
B ILIOCKOCTH uHTepdeiica. Kak mpu JI00bIX ONTUYECKUX TIEPEX0/Iax B CTPYK-
Typax ¢ TPAHCIAIMOHHON CHMMeTpUEl, TP MeK30HHOM ITOTJIOIEHNN COXPa-
HSETCS JIBYMEPHBIH BOJIHOBOI BeKTOD K (MBI cunTaeM BOJHOBOI BEKTOD CBETa
MaJIbIM ¥ IipeHebperaem uM). Takum 06pa3oM, onTHIeCcKue Tepexo/ibl rpadu-
YeCKU CJIEJyeT N300paxKaTh BEPTUKAJILHBIMU CTPETKAMU.

Bkas nepexoJioB MexK/ly MOJ30HaMU V; U V¢ B HOIVIOIIEHUE IIPOIIOPIU-
OHaJIeH KBaJpaTy WHTerpaJia NepeKpPBITUs, KOTOPBI OIpe/iesiseT MpaBua
oTbopa 1Mo HOMEpPY MOI30HBI. PaccMOTPUM KBAHTOBYIO sIMY ¢ OECKOHEYHO BbI-
COKUMU CTeHKaMu. B Takoil cTpyKType cobcTBeHHbIE (DYHKITHH He 3aBUCAT OT
s¢pderTuBHOil Maccel. CiietoBaTebHO, HAOOPHI COOCTBEHHBIX (PYHKIIUN J1/TsT
9JIEKTPOHOB U JIBIPOK COBIIQJIAIOT. B CHJIy OPTOHOPMUPOBAHHOCTU KaXKIOTO
13 HAOOPOB MHTErPAJI IEPEKPHITUS

[ ooz =5, (2.19)

Wrak, onTtudeckue mepexoabl MOTYT IMPOUCXOJAUTH TOJTBKO MEXKIY I0I30Ha-
MW BaJIEHTHON 30HBI M 30HBI IPOBOJAUMOCTH C OJMHAKOBBIMU HOMepamu. B
KBAHTOBBIX fMaX KOHEUHON TJIyOMHBI BOJTHOBBIE (DYHKIINK 3aBUCIT OT pdek-
THUBHBIX MacC M JIPYTUX IapaMeTpoB CTPYKTYPBI. Takmm oOpa3om, HAOOPHI
BOJTHOBBIX (DYHKITHIT /1T JIEKTPOHOB U JIBIPOK HE COBIIAIAIOT, U OPTOTOHA -
HOCTB BOJTHOBBIX (DYHKIHIT oTcyTcTByeT. OIHAKO TMPOJIOIZKAIOT BBITOTHSITHCST
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CJIEJLYIOTIHE YCIIOBHSI
/goz,,/(z)goh,,(z)dz ~ l,v=v (2.20)
[ erenl:)dz

O3HAYAIOIINE, YTO BEPOSITHOCTD IIEPEXOJI0B TaKyKe OyjeT MaJja upu v # .
3aBucuMOoCTb KO3 UIMEHTa TOTJIONIEHUS OT MOJISIPU3aIUN CBEeTa Olpe-

< 1, v#V,

Jiesistercsi (hakTopoM ’<un ;le- Dl un> ’2 B dopmyiie (2.18). [Ipu uzyuenun mo-
[JIOIIEHHST B TeTEPOCTPYKTYPaxX, OCHOBAHHBIX Ha coequnHeHnsx AsBs, Heobxo-
JIIMO YUUTBHIBATH CJIOYKHYIO CTPYKTYPY BAJIEHTHOMN 30HBI.

YdeT c/I0KHOI CTPYKTYPBI BAJEHTHON 30HBI TPUBOIUT K MOJIAPU3AIINOH-
HOIl 3aBUCUMOCTHU MEYK30HHOT'O TOIJIONIEHNA B KBAHTOBBIX sMax. Paccmor-
PUM MEXKTy30HHBIE TIePEeXOJibl B T€TEPOCTPYKTYPaX, BBIPAINEHHBIX HA OCHO-
Be MOJIyIIPOBOJIHUKOB C PENIeTKOi IMHKOBOI obMaHKu B Hampasserun [001].
CKOpOCTH TeHepalui 3JIeKTPOH-JBIPOYHBIX T1ap (BEPOSITHOCTH POKJICHUS B
€JIMHAIy BPEMEHN) JJIsi ONTHYECKIX HepexofoB upu k,=k,=0 ompenesercs
COOTHOTIIEHUSAMU

|M(ev,+1/2; hhv, F3/2)|* o |e, £ ie,|* (2.21)
|M(ev, £1/2; hhv, £3/2)|* =0,

1
|M(ev,+1/2; lhv, £1/2,)|* §|ez Fie,|*,
4
|M (ev, £1/2; lhv, F1/2)]* o 3 le.|? .

JL1st BBIBOIA MOYKHO BOCIIOJIB30BATHCSA CTPYKTYpPOit O10x0BCKux byHKImit ['g
U ydecTb, 9ro npu k = 0 TsKesasi IbIpKa MMeeT MPOEKINIo MOMeHTa +3/2,
a Jlerkas JIbIpKa - IPOeKIio MoMeHTa +1/2 Ha Hanpasierue pocta. MoxHO
TaKyKe HCIIOJIb30BaTh PACCUNTAHHbIE DaHee MeXKIy30HHbIE MaTPUYHbBIE 3JIe-
menThl (1.15) oneparopa Kp B3auMmoseficTBus 1 3aMEHUTH B COOTBETCTBYIO-
IMIUX BBIPAYKEHUSIX KOMIIOHEHTHI k, HA KOMIIOHEHTHI €,. B (2.21) cocrosiaust B
BAJIEHTHOI 30HE yKa3aHbl B JIBIPOYHOM IIPEJICTaBJIeHUU. B cBA3M ¢ 3TUM 3a-
METHUM, 9TO MPOEKINN YTJIOBOIO MOMEHTa B 9JIEKTPOHHOM U JIBIPOYHOM ITPE]I-
CTaBJIEHUAX PA3JIMYaloTCsd 3HAKOM. /I cBeTa, IMUPKYJISIPHO MOJISPU30BaH-
HOTO 110 MIPaBOMY KpPYTY (0 -TOJISIpU3aliis) U PAcipOCTPAHSIONIErOCs BJIOJIb
oCH 2z, CIIPABETUBLI (DOPMYJIBI

0, + 10,

V2

e, =0 m |ex—|—z'ey]2:0, |ew—z’ey\2:2,
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TOorJja KakK JIJId CBETa O _-IIOJIdPpU3alliil UMeeM

0, — 10 . )
e=—+— Y |ez+1ey|2:2, |e$—@ey|2:07

V2

IJie O, U Oy - eJMHUYHbIC BEKTOPBI B HAIIPaBJICHUU OCeil T u y.

151 HeHyJIeBOTO JIaTepasibHOIO BOJTHOBOI'O BEKTOpa JIBIPKU K, cormocta-
BUMOT'O C OOPATHO# IIMPUHON SMBI, COCTOSHUS TAMXKEIbIX U JIETKUX JIBIPOK
CUJIBHO IIePEMENINBAIOTCs, BaJeHTHBIE ITOJ30HbI OKa3bIBAIOTCA CUJIBHO Hella-
pabOJIMYHBIMY U TIPaBHUJIa 0TOOpa HAPYIIAIOTCS.

2.3 Metoa maTpuil mepeHoca. JJIeKTPOHbI, do-
HOHBI 1 poroHbl B CP

Jlexmusa 6
[Iycrs dbyskims ¢(z) 3amana BHYTpH cioeB A B Buje

CP(Z) — F+eik,4z 4 F,eiikAZ,

a BHYTpHU CJIOeB B ' .
g0(2) — G+elk32 4 G,eilkBZ .

Ha rereporpanuniiax sta pyHKIUSA YIOBIECTBOPSAET YCJIOBUIM

dy dy
Pla= el A<dZ)A B<dZ>B

[IpencraBum GyHKIUIO ¢(2) 1 ee TPOU3BOJHYIO B BH/JIE JIBYXKOMIOHEHTHOT'O
cToJI0IA
. ) . Cj 1 d(p
=" |, ==——. 2.22
QO(Z) < & ) 80.7 CA k,A dZ ( )

Marpuria nepenoca yepe3 OJHOPOJIHbINA CJIONW TOJIIMHBI [:

p(2) = iz, 20)9(20) ,

f(z, 20) =

L .
[ cos kl Nsmk;l 7 (2.23)

—Nsinkl coskl



I'maBa 2. Hwuzkopa3mepHbIe CTPYKTYDBI 31

riel=z—2p, N=18Bcmoe Au N = (Cgkp)/(Caka) = N B cnoe B. Ilpu
BBIBOJIE (2.60) yureno, uro npousBoanas dy/dz pasHa

ika (F+e““z - F_e_ik“) wm kg (G+eik32 - G_e_““BZ) .
Bamernm, uro Det £ =1 (yauMmoysisipubie Marputisl). [lpu kg = i numeem

cosh &l % sinh el ]

t(z,20) = [

nsinh sl cosh el

riae n = (Cpee)/(Caka).
Teopema bioxa
p(d) = Eaipp(0) = TH(0) = €5(0) ,

rie K - BOJTHOBOIT BEKTOD IIPU PACIPOCTPAHEHNN BOJIHBI BJIOJIb OCU 2 CBEPX-
peneTKu.
JlucniepcnonHoe ypaBHEHUE

Ty — Gl Tio _
Det l Ty Toy — e'icd 0,
T T:
cos Kd = H;QQ , (2.24)
1 1y . .
cos Kd = coskaa coskgb — 3 (N + N) sin ksa sinkgb . (2.25)
JleficTBUTE/IHHO,

A cosksa sinkya cos kgb Lsinkgb
T = tAtB == . . N -

—sinkqa coskaa —Nsinkgb coskgb

OTKyJla U cjejyer ypaBaenue (2.25).

DJIEKTPOHBI
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© - orubaroiasi BOJHOBOI (DYHKIMN 9JI€KTPOHA, (N JIBIPKH),
2m AE 2m A(E - V)
kA:“ hg _QE7I§B:\/ h2 _Qﬁ'

B rpannyHbIX yCJIOBHSAX

1 1 k
CA:77CB:7,N:%£'
ma mpg mp ka

Jlnst coctosinmii ¢ sueprueit E ke 6apbepa V' JiucIiepCHOHHOE ypaBHE-
Hue yjio0Hee TepenucaTb B BUJIE

1 1
cos Kd = cos ka cosh &b + 3 (n — ) sin ka sinh &b | (2.26)
n

rje k u & onpeje/ensl coracHo (2.8). Jljist aHam3a JUCepCeuy pu MaJIbIx
K d Bocrionib3yeMcs TpejicTaBIeHueM

1
1 —cos Kd= 5 sinka sinhaeb f1fo = F (2.27)

2

Ypasuenus f; =0, fo = 0 npu b — oo coBnaaror ¢ ypasaerusmu (2.6),(2.7)
JIUISL SHEPIUM JeKTPOHA B OJMHOYHON KBaHTOBOII sIMe.

P d? 72 1 _ _d?
IIpu Kd < 1 nveem: B~ B, + 55 K W 3 = oz

b 1 b
fi :tank% —ntanhaei, fo= 7]cotlc; + cothee— .

Vakue zoust: B~ Ee, + (1 — cos Kd)
Jlexrus 7

HOpMaJIbeIe CBE€TOBbI€ BOJIHBI B OIITUYECKHUX CBepXpelnieTKax
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Ypasuenus Makcsesnia

10D 10B
rotB:fa—,rotE:—fa—

divD =0, divB=0.

s MOHOXpOMATHYECKOH BOJHBI oreparop 0/0t MOXKHO 3aMeHUTh Ha —iw.
Kpowme Toro, jiBuKeHne B IJIOCKOCTU UHTEPdeiica OIMMChIBACTCA SKCIIOHEHTOMN
exp (igp). Beibupaem cucremy oceit, B KoTopoit ¢, = 0 1 ¢, = ¢ IIOJOKUTEIIb-
HO.

s-nosipusanus: E || y, B L y, poas ¢ urpaer &,, rpaHIYHbIE yCIOBUS:
Eyla =&,|p u u3 menpepriBHOCTH B, ciexyer, aro (0€,/0z)|4 = (0€,/0%)|g,

w2 k
E, o exp (£ik;z +igx) , kj = () gj—q¢*, N = -5
C k’A
p-nonsipuzanus: E Ly, B || y, pons ¢ urpaer By, rpaHudHble yCIOBUSI:
By|a = By|p un u3 HenpepbiBHOCTH &, CIIELLYeT, ITO

ex (0B,/0z)|a =5 (0B,/02)|p , N = (kpea)/(kacp) -

[Ipu pacnpocTpaneHun cBeTa IEPIEHIUKYJIAPHO TIJIOCKOCTU CJIOEB, T.€.
upu ¢, = ¢y = 0, JucIepcuonHoe ypapHeHNe IPUHAMACT BUJ

1
cos Kd = coskaa coskgb — = (nB + m) sin ka sinkgb , (2.28)
2 na ng

I€ NAB = €AB, kap = (w/c)nas.
B rak Ha3bIBAEMOM pacCIpeIe/IEHHOM OPIITOBCKOM OTpayKaTesie TOJIITHbBI
CJIOEB BBIOMPAIOTCS U3 yCJIOBUS
w w ™
na—a =ng—b=—, (2.29)
c c 2
[Jle W— YacToTra, 33/laBaeMas B KadeCTBe [eHTPa 3alpeIleHHON 30HbI B CIIEK-
tpe doronos. Ha rpanute 3oubl Bpummosua (K = +m/d) siekrpuydeckoe
[OJIE B COCEJIHUX CJIOAX MOXKHO BBIOMPATH B BUJIE

B(z) = Ccoska(z — za) B cioe A |
| Dsinkg(z — 2p) B cyoe B,
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W '
B(z) = Csinka(z — za) B cioe A |
Dcoskp(z — zp) B cioe B,

TJe 24, Z2p— IOJIOYKEHUE IIeHTPa COOTBETCTBYIONIETO CJI0s. JacTOThI B TOYKE
K = 7/d ynoBaerBopsioT TPAHCIICHICHTHBIM Y PABHEHUSIM

tan [ FADY gan (FB0) 2 7B (B9 pan (FD) 2 M
M\ ) T M ) T ) T

B sToM MO2KHO yOe I ThCs, TIeperucaB JIUCIIEPCHOHHOE YpaBHeHue pu cos Kd =
—1 B BumE

1
1+ cos2ps cos2¢pp — = (nB + nA) sin2¢a sin2¢p =0,

2\n4q np

nJjimn

9 . 9 9 . 9 ng na . .
14(cos® pa—sin” p4)(cos® pp—sin® pp)—2 ( + ) sin @4 cos pasinppcospp =0,
na ng
jimezs
.9 .9 2 2 np | Ay :
2sin” w4 sin” p g44-cos” p 4 cos” Yp—2 ( + > SIn 4 cos Y4 sin g cos pp = 0,
na  nNp

rie o4 = kaa/2, o4 = kpb/2.
[Ipu BBIGOpE TOMIMMH cI0eB B BHjE (2.29) 9TH ypaBHEHUS YIPOIIAIOTCS

pite)
T™W n T™W n
tan? () — B , tan? <) — A .
4o na 4 npg

[Tpu MaJIoM JIU3JIEKTPUIECKOM KOHTPACTe, KOorja [ny —ng| < n, nomydaem

3aIPEIeHHYI0 30HY, JIeKAILYI0 MeK 1y dactotamu W[l £ (|na — np|/mn4)].
B 1ymmHHOBOTHOBOM ITPUOJIMKEHUN CBEPXPEIIETKY MOKHO PACCMATPUBATH

KaK OJHOPOJIHYIO Cpery ¢ 3 PeKTUBHON IU3ICKTPUIECKO TPOHAIIAEMOCTLIO

caa+ epb a b\~
(eff) _ A% T =BV (eff) _ [ @ , Y b 2.30

DT (HOPMYJIBI MOKHO BBIBECTU U 00JI€€ TPSMBIM CIIOCODOM, YIUTHIBAS, ITO
B TOHKHUX CJIOAX MOYKHO TpeHeOpedb m3menenuneM nosid E u cmemenus D
BHYTPH OTJEIBHOTO CJIOS:
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s-nonsipusanus (£, HenpepsiBHa). Dy =4 €, , Dp =€ &, ,

aDas+bDp  acy+bep

D= —
a+b a-+b

£,.

p-nonspusanus (D, menpepsiBua). E4, = D,/ea , Ep. = D,/ep ,

E— a€as+bEp: _aey +bep D..
a-+b a-+b

Cnyuaait p-nongpusanuu ¢ ¢ > (w/c)|\/Eap| MOXKHO paccMOTpeTh OTIEb-
HO, IIpeHebperas 3ana3/bIBAHUEM, T.e. BBIXPEBOIl cocrapJstomeii mos (dbop-
MaJIbHO YCTPEMEB CKOPOCTh CBETa ¢ K OECKOHEYHOCTH ).

E=-Vy,divD=0,cAp=0,

0
gz:_£7gx:_iQI307 kz:iiQI7Dz‘A:Dz|BvN:6£'
0z €A

JlucriepcnoHHoe ypaBHeHHe Jj1si nHTepdeiiCHBIX (DOHOHOB

1
cos Kd = cosh g,a cosh ¢,b + = (iB + zA) sinh k,a sinh kb . (2.31)
A B

2

B npesnenpaOoM caydae |g:|a, |g.|b — 00 oHO TepexoauT B

0=+ L (24 22) - Caren)

€A €B EAEB

mwm ey + g =0.
Hosepxrocmnas soana na epanuye d8yx nosybeckorewnovix cped. Ha rpa-
uute cpej; A /B 1oJist onpeiesisirorcst BhIpayKeHUsIMU:
npu z < 0 moreHnman ¢ = @oexp(iqer + qz2), Ex = —iqep, D, = — 4G
(BbIOUpaeM ¢, > 0),
npu z > 0 moreHIman ¢ = o exp(iq.T — Gz2), Ex = —iqup, D, = €pq.p.
N3 nenpepoiBHOCTH D, TONyYaeM €4G,p = —Epq:p, T.e. €4 +ep = 0 B
COTJIACUHU C TIOJIyUYeHHBIM BbIIIE pe3yabraToM. IlycTs
02 — w?

8,4:6009% EB — & -

— w2’

. _ 2 2
Torya yacToTa OBEPXHOCTHON BOJHBI Wy = 4/ (27 + Q%) /2.
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[Ipu g.b — 00, HO KOHEYHOM (,.a TIOJIy9aeM YpaBHEHHE JIjI YACTOThI JIBYX

CMEIIaHHbIX ITOBEPXHOCTHBLIX BOJIH:

1 /e €
0 = coshq.a + = <B + A) sinh g,a ,
2\eq  €p

i €% (g4 +ep)? = e g4 —ep)? u, okonuaresbHo, w? = w2+ (1/2)(w? —

2 —qza
wf)e %=,
JLnist He3aTyXAIMMX OJIOXOBCKUX PEIIeHUi

Ke(—n/d,m/d] u |cosKd| <1.
[TosTomy tipm
ea 0 —uw?
B N Q%—wQ

HEe3aTYXAIINe PENeHns IMEIOTCSA TOJBKO BHYTPH 001acTH 9acToT 27 < w <
()1, TJ1e OTHOIIIEHNE € 4 / €p OTPUIATEJBHO; B IPDOTUBHOM CJIy4dae IIpaBas 9aCThb

(2.31) npu ¢, # 0 HpeBbIIIAET €UHUILY.

"CnoxenHnble"akyctudeckue (MOHOHBI (IIPOJIOJIbHBIE (DOHOHBI, Pac-

POCTPAHSIIOIINECST BJIOb OCH Z)

2 ? Uy y Opp = )\zzzzuzz

ABkB
Aaka

uzA:uzB7Uzz|A:O-zz‘B7CA:)\A7CB:/\BuN:

PBSB
WZSkaSZ\/)\/Pa)\:PSQa N:PASA

Jlucniepcnonnoe ypaBHenue yJ100HO TTPEJICTABUTH B BUJIE

1
cos Kd = cos (kaa + kpb) — B sinkqasinkgbe?,

rue
c— PBSB — PASA

\/PAPBSASB '

B npeneOpesKeHnn CaraeMbIM, TPOIOPIHOHAILHBIM £2, TIOTYIaeM

Kd=kya+kpb=——d, ss;, =d (CLSZl + 531_31>_1
SSL

(2.32)

(2.33)
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B cxeMe npuBeIEHHBIX 30H 9aCTOThl W = Sgr,(27l/d) ¢l = 1,2, ... npuBojsTCst
B IIeHTP 30HBI bpummosna K = 0.

ITpu ydere 3TOro cjaaraeMoro B CIEKTPe aKyCTUYeCKUX (DOHOHOB IOSIB-
JISTIOTCS pa3pelleHHble U 3allpellleHHble MUHU3OHLI. 1Ipn MaJjbIX &€ HMIMpuHa,
epBOii 3alPeneHHoil MIHN30HbI Aw HAXOINTCS U3 YCJIOBUS

1 21
0=—— (wd—Qﬂ') — —sinkqasin kgb 2
SSI 2

win Aw = 2(sgr,/d)|e sin kaa|. 3necs yareno, aro sin kpb ~ sin (2m — kaa) =
—sinka.

2.4 IlpumecHble HEHTPHI U SKCUTOHBLI B TeTepo-
CTPYKTypax

Jlekrmsa 8

IIpumecHbIe EeHTPhI B KBAHTOBBIX SIMax

Tosicrbie simbl (a > ap), GECKOHEYHO BbICOKHE Oapbepbl. IIprmMecHbIit
IIEHTD B CepeJIMHE CJIOSI SIMBbI:

e? etm* h*e
2¢ag  2e2h e’m
NPUMECHBIN eHTp Ha rereporpanurie: £ = —FEp/4, Tak Kak 2p,-opouraiib

yJIoBJIeTBOpAeT 1 ypapHeHuio [llpequnrepa B fiMe, 1 TPaHUYHBIM YCJIOBUSIM.
Toukue sivbl (ap < a), GECKOHEUHO BBICOKHE Oapbephbl, IIPUMECh BHYTPH
SIMBI:

2
60 = () ale) s o) = |2 e (~L) aap = 2 B = 4y

Toukne simbl, 6apbepbl KOHEYHON BBICOTHI.

1

Y(r) = e/ F=FEP _ Ep—4F,

3
Tay
e BB - B En -
ne By - mosoxkeHne JiHa 30HBI IPOBOJIMMOCTH B MaTepuasie B, ap u Ep
OOPOBCKMIT PaJInyC U SHEPTHUS CBI3W SKCUTOHA B Marepuaje B, 0 F - mobaBka

K SHEPIUU CBA3M W3-3a Hajmdus sMbl: 0F ~ —V (a/2ap).
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JleficTBUTEIBHO, TTOJIyYaeM I0CJIe/I0BATETHHO

2
_Llﬁ pﬁ _ 12 e~Ple2p — Fe—pP/a2p
2m* pdp \' dp ep ’

2 2
Ll <1 _ p) _ e e~Pl@2p — Fe—r/azp
2m*asp p ’

aap ep
h? e? hle ap
_—— = a2D = — =
2m*asp € 2e2m* 27
n? n?
2m*a3p, ’ 2m*a%

OKCUTOHBbI B KBAHTOBBIX sIMaX

Bomopomonomobubie cocrosinust 3KcuToHa Banabe-MoTTa OIMCHIBAIOTCS
JByxX9acTudHO# orubatomeit dbyukiuen Weo,.(re, ry,). B obbemuOM mostympo-
BOOJHUKE C IIPOCTBIMH 30HaAMM JIJIfI S9KCUTOHA 18 nMmeemM

Vealrom) = S olo)  plr) = S0

Tay

ToJscTble sMBI. B 3TOM CJIydae 9KCUTOH KBaAaHTYETCdA KaK €IUHOE IIeJI0€:

Voo = F(R) p(r), F(R) = jg e KIR) B(Z) (2.34)
D K2 5 T\ 2
B=F,-Ef+ [KH 4 (a) 1 , (2.35)

rie M = m. + my - TpaHcadnuonnas 3p@eKTuBHasg Macca KCUTOHA, I' =
r.—ry, R = (mere+myry)/(me+my,) - nentp mace skcurona, R - mosozkenne
IIEHTPA MacC B IJIOCKOCTU MHTeP(dEicoB, pa3MepHOe KBAaHTOBAHUE IKCUTOHA
BJIOJIb OCH 2 omuckiBaeTcst dbyukiweit ¢(7), a - mmpuna simbl. st HuzKHEr0
YPOBHSI pa3MEPHOI0 KBaAaHTOBaHUs SKCUTOHA P(Z) = \/%COS (rZ]a).

Toukwme ambl. B npocreiinem BapuammoHHOM I10/IX0JI€ BOJHOBas (DyHK-
st Jjist OCHOBHOT'O (1S) COCTOSIHYSI 9KCUTOHA 3aIUCHIBACTCS B BHJIE

e = jg KR o, 20 20) s @(p. 7en ) = F(9) Per(ze) P (zn)  (2.36)
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¢ IpoOHOIT (PyHKITHETT

2 -
— —p/as

XapaKTepu3yeMOoil e TMHCTBEHHBIM BapUAIMOHHBIM TIAPAMETPOM d.
B 2D-upenene:

hQKﬁ

E=E,+FE,+ Ey — EY ST

a .
aBzf,EgD=4EgD.

2.5 Pe3onaHCHOE TYHHEJINPOBAHUE 3JIEKTPOHA 4Y€-
pe3 ,ZLByXGapbepHYIO CTPYKTYPY

JL1st CMMMETPUYHON CTPYKTYPHI 38/1a49a O pacdeTe aMILITUTYTHBIX KO3hduru-
eHTOB OTParKeHUs U MPOITyCKaHusl (7 U ¢) MOXKeT ObITh CBeJIeHa K JIByM OoJiee
IIPOCTBIM 3a/1a9aM HaXoK/leHusI KOI(MMOUINEHTOB OTPaKEHNsI, COOTBETCTBY-
IOIUM YETHBIM ¥ HEYETHBIM PEITeHHIIM:

=l br) b= - ). (2:87)

3/1eCb yUITEHO, UTO P OITHOBPEMEHHOM Ma/ICHUN HA CUMMETPUIHYIO CTPYK-
TYPY BOJIH C OJMHAKOBBIMU aMILIUTY/IAMUA WU aMILTUTYIaMU, OTIUIAIOIIH-
MHUCS 3HAKAMU, aMILUIATY/bI OTPayKeHHBIX BIPABO U BJIEBO BOJIH TaKKe COB-
[AJIAI0T WK OTJIMYAIOTCH 3HAKAMU.

PaccMoTpuM cuMMeTpuUHYIO IBYXOApbhepHYIO CTPYKTYPY, B KOTOPOii Ipa-
HUIBI KBAHTOBOM sIMBI 3a/1af0TCsl KOODJMHATAME 2 = +a/2, a BHEIIHIE I'pa-
HUIBl IPABOTO U JIEBOIO 0apbepoB - KoopjamHatamu a/2 +b , —a/2 — b co-
orBercTBeHHO. Perenue B sive wuimercst B Buje C coskz (deTHOe perenue)
win C'sin kz (HeyeTHOe pellienne), pelleHne B IpaBoM bapbepe 3aluchlBaeT-
cst B Bugie Die®(E0/2) 4 Dye®(2=9/2)  perrenne B paBoil HOTYIIOCKOCTH - B
e e F(2=a/278) 4, @h(2=a/2-0) I3 rpapmuneix yenosnii Ha nHTEpdeiicax
z=a/2,a/2+b noayyaem cucreMy JIMHEHHBIX ypaBHEHU JJI HAXOXK JTCHUST
ko3bdurmentos C, Dy, Dy u 4. B acTHOCTH, [JIS 9€THBIX PENIEHN NMeeM

k k
C’cos?a:DleDg, C’sin?a:n(Dl—Dg),

Dleiaeb + D2€ &b — 1+ Ty, iT}(-DleizEb + DQQ%b) =1~ r.
1-— T . E+ — eiZEEb D2 n— tg ¢

= 1nN— ===
1+T+ TIZ_A,_"_G_%Eb ’ Dl T]"‘tg¢

4+ =
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Pemrag sTy cucremy ypaBHeHUI W aHAJOTHYHYIO JIJI HEYETHBIX PEITIEeHMU,

HOHy‘{aeM
o e 2 (1 +in) + B (1 — in) (2.38)
BT e 2(1 —ip) + 3. (1 + i) '

rie
n+ctg ¢ ka
y = 1TO8e M (2.39)
n —ctg ¢ 2
[IpoanammusupyeM Terepb IpeesIbHbIH Crydail TONCTHIX (HO KOHEUHBIX TI0
tosmune) Gapbepos (e 2*? < 1) npu E ~ E.; (E.— ypoBeHb pa3zMepHOro
KBAHTOBAHUS 3JEKTPOHA B KBAHTOBOW siMe ¢ GECKOHEYHO TOJICTBIMU Oaphbe-
pami).
[Ipu E = E.; pasHoctb n—tg¢ pasHa Hyio, cM. (2.6). [Tosromy B obiactu
E =~ E.; »ra pasaoctsh Maja u B dhopmysie (2.38) s ry HY:KHO OCTaBJISITh
0ba caraeMbIX KakK B YHCIATENC, TaK U B 3HaMeHarese. IIpu 3ToM pasHocThb
1 — tg¢ MOXKHO pa3IoXKuUTh B psaj Teitopa o pasuocru F — E., y4ecThb, 910
YJIeH HYJIEBOIO MOPsIJIKA PaBEH HyJIIO, U IpeHebpedb cIaraéMbIMU BTOPOTO U
OoJiee BBICOKOTO TOPSIKOB: 1) — tgp o« ' — F.1. B pesynbrare nosydaem

—
v, ~ 18 pE_p,).
2n
1 —
p_ 1 [dn—tgd)
2n dE

E=F¢1
MozkHO TIOKa3aTh, 9TO JjId HUKHEro ypoBHs el koadduiment P orpurare-
JIEH.

B ormnmmume ot umcsuTesisi B BbIpayKEHUM JJIt ., UUCJIUTE]b B Y_ HE
obpamaercsd B HyIb 1pu E = FE.; n MmoxHo npu E ~ FE.; uciojib30BaTh
NpUOIMZKEeHNEe
o+l
R 1
DTO OTHOIIIEHHE He UMeeT MaJIOCTU U ITO9TOMY B UHC/IHATE]IEC U 3HaMeHaTe e
BBIPasKEHUs JIJIsi 7 MOXKHO IPpEHeOpedDb C/laraeMbIME, ITIPOIOPIINOHAIHLHBIME

sxcronenTe e 2* B pesyabraTe mosrydaen

3

-1
" T 1+4ip
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OTKY/Ia CJEJyeT, 4TO

1 1 (e_%eb(l—i—in) +X,(1—-ip) 1 —in)

ta(ry —r) == -
=) =\ i — )y o) 14

e 20 (1 +in)* — (1 —in)®
21 +in)?2 By + e 28 (1 —in)/(1 +1in)

N 2i,'76720"@b672i9 P Eel N 672%b 1— 772 o 2177 -1 |
P(1+n?) P 1472
YTO MOKHO IIPUBECTH K BUILY
; nl'.
t~ —ie 20 i , 0 =arctgn, (2.40)
E— Eel + thel
rae
27,] e—22Eb ~ 1— 772
hl'ey = ——, B =E. Il , 241
S 1 2 P 1 1+ o 1 (2.41)
hlep)?
T =t = (A1) (2.42)

(E — Eq)?+ (hley)?

[Ipu HaKIOHHOM TajieHUU moJiydaeM (mpu my = mpg = m*)

2 21.2 B
T(k) = (hrel) ~ hfeﬁr 0 (h kz — Ed) (243)

(Zi’;g - ~61)2 + (Ale1)? 2m’

2.6 Pe3oHaHCHBIII TYHHEJIbHBIII TOK B 3JIEKTPU-
9YEeCKOM I10JI€e

Jlekmua 9

PacemoTrpuM cuMMeTprIHYIO JABYXOApbepHYIO T'€TEePOCTPYKTYPY, BIOJIb
IJIABHOM OCH KOTOPOH IPHJIOXKEHO 3JIeKTpudeckoe 1ose. IlaorHOCTH 371eK-
TPUIECKOIO TOKA Uepe3 TYHHEJIbHYIO CTPYKTYPY OIHUCHIBAETCA (POPMYIIOit

Ik,
m*

jz =e2 (TrlF} - ET‘F’F) s (244)

k(k.>0)
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rie Fp, - GyHKIUA pacipeiesenns 3JeKTPOHOB B JIEBOM U IPaBOM KOHTaKTaX
coorBeTcTBeHHO. /lasmee mmeem

. h © 27Tk‘Hdk‘|| © d/{iz
= — T(k)F; 2.4
e el [ s
I‘ * e’} 00
= S [ [ ABdEL (B, — B + €U)0(Er — By - E)
2nh“ Jo Jo
el'm* o
- am / dE|0(E.y — £U) 0(Ep — By — Eo + €U)
2mh® Jo
eTrm* Er—(Ee1—¢U)
- / dE| 0(Ew — EU)|Ep — (Ew — €U)]
T 0

_ | 555 (Bp = Ba +&U) , ecmu 0 < Eq — €U < Er,
0 BHE 3TO# obJiacTu.

MaxcumaIbHOe 3HaYeHue TIOTHOCTH ToKa pasio el'm* Fp/(27h?).

2.7 Pe3oHaHCHOe OoTpakeHue CBeTa OT KBaHTO-
BOI1 SIMBI

Bonmosoe ypasnenue
W 2
“AE+V(V-E) = <> D. (2.46)
c
s morepedHoit cBeTOBOM BOJIHBI, PACIPOCTPAHSIONIEHCS BIIOJIL HAIIpaBJIe-
HU¢ POCTa, 3TO BEKTOPHOE YPaBHEHUE CBOJUTCA K OJJHOMEPHOMY yPaBHEHUIO

) w2 w\?
ﬁ - _ <C> D=— <c> [ébE + 47TPexc(Z)]
I LE
o+ KB = —kAnPeae(2) (247)

rje kg = w/c, k* = eyk?, Py - BKJIaJ1 5KCUTOHA, BO30YKIA€MOT0 B KBAHTOBOI
gMe, B JM3JIEKTPUHIECKYT0 MOAAPU3aIMio (pasamaneM (hOHOBBIX THTCKTPH-
YeCKUX TIOCTOAHHBIX €, B MaTepuaiax aMbl 1 Gapbepa npeHedperaercs):

AnPyye(2) = G ®(2) / o (") E(2") d2" (2.48)
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3
TagEyWrT
O(2) = ¢(0,2,2), P*(2) =P(2), G = P
JIUIsl OCHOBHOT'O COCTOSIHUSI 9KCUTOHA B CUMMeTpHUHOl siMe (ynkius P(z)
SIBJISIETCsT 9eTHOM (byHKIHel 2z mpu BeIOOpe 1eHTpa 2 = 0 B cepe/inHe siMbl.

OpHomepHast (byHKHHS[QFpI/IHaZ
Ob1mee perenne ypaBHEHNS 3712’ + k?y = —F(z) umeer Bu

y(z) = Bre™ o+ Be = 4 o [z o P2, (2.49)

[Tosromy BostHOBOE nHTErpo-auddepeHnnaabaoe ypapaerne st F(z) MOXK-
HO IIpeoOpas3oBaTh K MHTErPAILHOMY YPaBHEHUIO

. k2 4 /
E(z) = Ege™ +i i G/dz/ B (2 )etl—= |/<I>(z”)E(z”) dz".
DTO MHTErpasbHOE yPABHEHUE CBOIUTCA K AJre0pantieckoMy yPaBHEHUIO

A= Ao—i—z—OG A//dzdz’e““'z “1o(2)D(2)

A= /(I)(z)E 2) dz

Buech Ay = Ey [ dze**®(2) = Ey [ dz cos kz®(z) (yurena uerHocTb DyHK-
mn P(2)). AMumryaabie Ko3GQUIUEHTB! OTPaZKEHIs U IPOITYCKAHIA CBSI-
3aHBI C A COOTHOIIEHUAMNI

JJId BEJIMYIMHDBI

A . k% / / /
-, 9 6} =14+r. 2.
r ) i 5k G(w) /dz coskz'®(Z) ¢ r (2.50)

YV4auTbIBas, 4TO

y — ! . . . . . .
M= = cos k(2 — 2)+isink(z — 2') = cos kz cos kz'+sin kz sin k2'+i sin k|z — 2|,

IIOJIydaeM IIOCJIE pAla HpeO6paSOBaHI/II71
iro (:}0 —w — 1

_ f— 2.51
T G —w—i(l+T) @ —w—iT Ty’ (2.51)

e
2

/@(z) coskzdz| (2.52)

FO = 5 kCULT Wa%
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1
o = wp + 3 kwrr Wa?jg//dz dz sink|z — 2/|®(2)P(2) .

BJ1ech @y - epeHopMUpOBaHHAs Pe30HAHCHAS YacToTa 3KcuToHa, T = (20) ™!
- €ro paJuaIMoOHHOe BPeMs YKUZH.

Jlexmuga 10

2.8 BuusgHue 3/1eKTprUYecKOro MoJid Ha 3JIeKTPOH-
Hbl€ COCTOSIHISA B KBAHTOBBIX AMaX U CBEPX-
pelieTKax

KBanrtoBo-pa3smepnsblii 3 ekt Illtapka

Bmsaue nponossaoro (F||z) u monepeunoro (F_Lz) snekrputdeckoro mo-
JIS HA HOCHUTEM TOKa B T€TePOCTPYKTYPAX HOCUT MPHUHIUIUAILHO Pa3/Ind-
HBbI XapakKTep II0 OYEeBUIHONW IIPUYMHE - B CTPYKTYpe C OAUHOYHOI KBaHTO-
BON AMOM 3JIEKTPOHHBIA TPAHCIIOPT BO3MOXKEH JIMIIb B IIJIOCKOCTH CJOEB, a B
[EPUOJINIECKOl CTPYKTYpPe ¢ KBAHTOBBIME sIMAMU, Pa3J/IeJIeHHbIMUA HE OY€Hb
TOHKUMU OapbepaMiu, TPAHCIOPT 110 HOPMAJIU K CJIOAM HOCHUT IPBIKKOBBIi
xapakrep u 3arpyiHes. [Ipoanajmsupyem, Kak BIUIET JIEKTPUUECKOE TI0JIE
Ha COCTOSIHEE 9KCHTOHA B KBaHTOBOIT sime. B nosie F' ||z L 2 |, kak u B 00bem-
HOM TIOJTYITPOBOJTHUKE, COCTOSTHIE SKCUTOHA CTAHOBUTCST KBA3UCTAITHOHAPHBIM
13-3a BO3MOXKHOCTH JTI000M W3 9acTull (B MEPBYIO OYePeb YACTHUIIBI ¢ MEHb-
mreif Maccoit) TYHHeJIMPOBATD [0J1 IOTEHIUAIBHBIN Oapbep. s 1s-skcurona
B MaJIbIX TOJISIX BBICOTa Oapbepa ~ Ep | ero mmpuna Ax ~ (Eg/el’). Ilo-
9TOMY JIJIE €r0 IPO3padHOCTH 1" ¥ J1JIst TIOJIYIIUPUHBI SKCUTOHHOTO YPOBHs [
CIIPABEJIJINBO COOTHOIIEHIE

In7T, In'x — — ~ —

PasmbiTie nuka SKCHTOHHOIO MHOIJIONIeHUs (ompejesisemoe BegundnHoil 1)
IIPOUCXO/IUT B yMepeHHbIX nojistx F ~ Eg/e ag (103 - 10* B/cm). IIpu sTom
3aMETHO CJBUHYTBHCS UK MOIVIOIIEHUST HE YCIIeBAeT.
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CoBceMm mHave SKCUTOH BeJIET cebsi B 1M0JIe, HAIIPABJIEHHOM IIOMEPEK Te-
TepociosM. Breicora Oapbepa iisi TYHHEJIBHOI'O PACHa/Ia IKCHTOHA B ITOM
clydae paBHa BbicoTe Oapbepa V' B IeTepoCTpPyKTYype W SKCHUTOHHBIH ypo-
BeHb XOPOIIO ollpejiesien jazxe B mojiax ~ 10° B/cM, B KOTOPBIX ypoBHH
Pa3sMEepHOro KBaHTOBaHUA CBO6OZ[HBIX HOCHUTeJen CABUI'alOTCA Ha BCJINYIUHY,
IIPEBBIIIAIONILYIO SKCUTOHHBIN puadepr. B obyractu MasbIx 1moJieil, TaKuxX 9To
eFa < (hr/a)?/2m* | nug KBaHTOBOI MBI ¢ GECKOHEYHO BBLICOKHMHU Gaphe-
paMu CJIBUT HUZKHEH TTOJI30HBI OIIPEJIEISIETCsT BRIPAYKEHUEM

15 ) 1 (eFa)® (2.53)

B =—(2_1
O ( 48 [,

T2

DTOT OTBET C BHICOKOI TOYHOCTHIO MOXKHO TIOJIYIUTh 110 TEOPUU BO3MYIIICHUIA,
VUIUTBIBAA WHAYIUPOBAHHOE 3JICKTPUUCCKUM IIOJIEM CMEIINBAHUE HUZKHETO
YPOBHS CO BTOPBIM YPOBHEM Pa3MEPHOTO KBAHTOBAHUS

oy = o) (LY P (10 YILRa
E2 - E1 97T2 E2 — E1 97T2 3 E1

IJIe MATPUIHBIN 9JIEMEHT 231 PACCUUTAH JIJId 0apbepOB OECKOHEYHON BBICOTHI:

3m2h?
291 = \/78111 — 2z \/7cos —dz, By — B, = : ;
a2\ a 2a2m

h? 2 /a/2 . 2wz d "z 16a
_— sin os—dz=—.

m(Ey — Ey) a J-a/2 a dz a 972

Mg crpykrypot GaAs/Alg 35GaggsAs ¢ kBaHTOBO# simoit mmpuner a = 100
A (u Gapbepamu KOHEYHOII BBICOTBHI) B 3jieKTpuueckoM mosie F = 5 B/cm

OI€HKU IIPUBOAAT K 3HAYCHUAM 6 1 15 M3B coorBeTcTBEHHO JJId 9JIEKTPOHOB
1 TAXKEJIbIX JbIPOK.

221 = —

B obiiem ciydae nmpon3BOJILHOIO T0JIA HY2KHO pemaTh ypasaenue I[Ipe-

JIIHTEpa
R

R +eFz—E)e(z)=0, (2.55)

rJie 3apsiji 9JIEKTPOHa BBIOpaH B Buje —e, nmosromy e > (. Obiiee perenue

9TOr0 ypaBHEHUA

o(2) = CLAI(X) + CBi(X), X — (%;ifF)l/g (Z _ j;) C (256)
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e, HAIPUMeED,
1 oo 3
Ai(X) = —/ cos <uX + u)du.
T Jo 3
B kaure KBAHTOBAA MEXAHUKA (JI.. Jlangay, E.M. Jludimmn) Bee-
nena dynxusa ®(X) | koropas B /7 pas Gosbire dynximun Ai(X). [Tpuse-
JIEM aCUMIITOTHKY 3Toi dyHKImn npu X — 400:

B(X) 1 2
Ve~ ayax o (38

B Gosbiiom moJie HE2KHIE YPOBHU PA3MEPHOTO KBAaHTOBAaHUs B sAMe ¢ OECKO-
HEYHO BBICOKMME DapbepaMu OIPEJIEISIOTCS U3 YpaBHEHUsT

Ai(X) =

om*eF\'? FE
A [_ sy F] o, (2.57)
NJINn 2/3
Fh
E, = (cF'h) 11y, 2.34;4.09; 5.52...

(Qm*)l/S ’

JByXbsIMHAsi CTPYKTYpPa B ONPUOJINKEHUN CUJIBHON CBSA3U

o =Crp1 + Copa, i = (2 — %) . (2.58)
Ypasuenue jjid sueprun E u kosdpdunmuenton C;
Ey—F I Cy |
A o

e [ - mHTerpaJ mepeHoca, KOTODPBIN /il HUXKHETO yPOBHSI OTPUIIATEJIEH.
st mpocToThl npenedpexkeM pazymareM 3DMEKTUBHON Macchl m* B MaTe-
puajiax siMbl U Oapbepa. Torma nmeem

I=-V dzp(z—21)p(z—Z9) = =V dzp(z—7z1)p(z—Z2). (2.60)
QW1 QW2
s BeiBoga ypasuenus (2.59) yarem, uaro oneparop ['aMuibToHa MOXKHO
npeacrasuts B Buge H = T4V, + Vs, rne T = —(h%/2m*)d?/dz? — oneparop
KHHeTnveckoil sueprun, a V; = —V0;, 6, = 1 B cioe j-oit amel u (0 BHE 3TOrO
CJI0s1. 3aMeTuM, YITO

(T+ V1) o1 = Eppr, (T +V2) pa = Egps .
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CuietoBaTeIbHO,

Hyp = Ci1(Eopr + Vapr) + Co(Vigs + Egp2)

(p1|H — E|p) = C1(Ey — E = V) + Cy[l + (Ey — E)S], (2.61)
(02| H — E|p) = Ci[I + (Ey — E)S] + Co(By — E- V).

Baech I — unrerpas nepenoca (2.60), S — uHTErpas MepeKpbITHSI:

S = /dz p(z — 21)p(z — 22)

V= [d:vagt = [avigh.

[IpupaBuuBas 3TU JBa MATPUYHBIX dJIEMEHTA HYJIIO, IOJIyYaeM CHCTEMY
ypaBHEHU

l Ey—E-V I+(E0—E)5H01]:o_ (2.62)

I+(Ey—E)S FE,—E-V Cy

13 cexynsproro ypasuerns (Ey — E — V)2 — [[ + (Ey — E)S]? = 0 maxomuu
nBa pemennst F — Eog +V = +[(E — Ey)S — I] wm
I-V I

IIpn foctaTodHo ToacTOM Gaphepe, Korma e & < 1, mmeem V oc e=2%0,
I,S o« e=® u cnenoparennio, |V|/V < |I|/V < 1 u |S| < 1. TTosromy
B (2.63), a 3mauuT u B (2.62), MozkHO nOTOKHUTH V = 0,5 = 0 U ocTaBUTH
TOJIBKO 1.

B 9/IeKTPUIECKOM M0JI€ K JIMArOHAJTBHBIM 3JIEMEHTAM FaMUJIBTOHUAHA CHIIb-
HOIT cBsA3H JM0baBIsIOTCs caraembie eF'd/2 n —eF'd/2 | BeiencTBue wero st
IIOJIOZKEHUsI JIByX HUZKHUX YPOBHe(l B JIByX'bsIMHOH CTPYKTYpPe HOJLYIaeM

CocTosiHus 3JIeKTPOHA B CBepxXpelieTKe B IMPUOJINKEHUUN CUJIb-
HOI1 CBA3U

IC, 1+ EyC, +1C,41 = EC, . (2.65)
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C,=Cef" E=F,+2I cosKd.

CresoBaTeIbHO, B IPHOJIZKEHIN CHIBHON CBA3H IINPHUHA MIUHU30HBI A paB-
Ha 4/1].

Pacuem 3onmnoti cmpyxmypol epagena memodom cusvholi c6A3u. ATOMBI
yIJIepojia B IIOCKOCTH rpadeHa 00pa3yioT reKCaroHaJIbHYIO PEIIETKY C JIBY-
Ms aTOMaMU B 3JIEMEHTAPHON sS4eiiKe, TeM CaMbIM COCTOLAIILYIO U3 JIBYX IeKCa-
ronajbHBIX moapenterok A u B. B kadecTBe 1ByMepHBIX 6a3MCHBIX BEKTOPOB,
COBMeIAINX rpadeH ¢ caMuM OO0 MOYKHO B3dTh BEKTOPBI

1 V3

- 2.66
272 )7 ( )

a; = CLO<1,0) , A2 = Qg

e Gy — HOCTOSIHHAS PEIIETKH, paBHast v/3d, d — MEKATOMHOE PACCTOSIIHE
(1.44 A), a KoopMHATHAsST CHCTEMa X,y BbIOpaHa Tak, 9ToObl x || a1, ¥y L a4
u ag, > 0. OGpaTHOil pemeTKoil ABIAeTCA TaKyKe TeKcaroHaJbHas PEIeTKa
¢ Ga3UCHBLIMU BEKTOPaMU

27 27
b1:6a2xc,bgzﬁcxa1,
r7e ¢ — eJMHUIHBIN BEKTOP B HAIPABJIEHUN OCU z, {) — ILJIOMA/ b JIEMEH-
TapHOU A4YelKU, paBHad \/§a(2) /2. Bona BpuiuitosHa uMeeT BUJL PABIJILHOTO
[IECTUYTOJIbHUKA, J[BE BEPIIUHBI KOTOPOTo (U3 IMIECTH) PaBHbI

47 47
K=—(-1,0), K =—(1,0). 2.67
T (-1,0), K= 5 (1,0) (2:67)
Bribepem oiun u3 y3i10B nojperterku B B kadectse Havasa (0,0) cucrembr
KoopauHaT. Ero Tpu O/mKaimmnx coceqa U3 MoApeneTKn A JToKaan30BaHbI B
TOYKaX
(O 1) Qo \/§ 1 Qo \/g 1 (2 68)
— To — —F—=\| —,—= r{s=—4—4\|——,—-| . .
; y 12 \/g 9 ) 9 » 13 \/g 2 ; 2
B MOJeJIn CHJIBHOH CBSI3U BOJIHOBAasd beHKH‘I/Iﬂ QJIEKTPOHa B COCTOAHUUN C BOJI-
HOBBIM BEKTOPOM k 3allUCbIBaCTCdA B BUJE

Y(r) = Z Coj O(r —a —T;), Cqj = Cj(k)exp[ik - (a + T5)] (2.69)
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nJIm

Ve(r) =Y Cr ¢(r — R), Cr = Cj(k)exp (ik - R) .
R

3/1ecb @ — BEKTOPa JIBYMEPHBIX TPUBHAJIbHBIX TPAHC/IAINN, HYMepYIOIe
9JIEMEHTAPHBIE sTUefiKU, UHJEKC j HYMEpPYeT JIBa aToMa yIJIepojia B JIEMEH-
TapHOIl ddveiike, IpUHAJIeXKaImue nogpenterkaM A u B, 7; — mosiorkenue
aToMa j BHYTDH SJIeMeHTapHOil saueiiku, R = a + 7; u ¢(r) — aromuas 7
opbutasib. Ypasuenue [llpenunarepa cBojguTcd K cucreMe ypaBHEHUit

EyCq; + Z,’Y(aﬁ a'j')Coyy = ECq; ,

a/j/

U
/ ’ . /
EoC;+> (R R)explik - (R — R)|Cy = EC; ,
R/

e Fy — aumaroHasbHasi SHEPIHs, KOTopas jaJjee MMoJIaraeTcsi paBHOI HYJIIO,
v(R; R') = v(aj;a’j') — uarerpassr nepenoca.

Kosdbdunmentor Ca (k) n Cp(k), sanucanibie B Bujie JIBYXKOMIOHEHTHO-
ro crosbra C'(k), ynosrersopsitor marpuanomy ypashenuio HC = EC, e,
9 HEKTUBHBIN raMUJIBTOHUAH, UMEIONIUN BUJI MATPUIILI 2X 2, B IPUOJIHKE-
HHUU B3aMMOJIEHCTBHU OJIMKAMIINIX coceneil MMeeT BUIT

0 h* & .
H= oo | h(k) =0 exp(ik-r,), (2.70)

n=1

Yo — HHTepraJI nepenoca Mex 1y omrkaitmmmn coceamu. [loacrasnaa r, us
(2.68) B OKa3aTE/IM IKCIOHEHT, TIOJIYIaeM

. . k,
h = | e Fva/V3 1 9eihua/2V3 (g 7@ . (2.71)

OTcioza ciie/ryeT, 4To KpuBast SHEPIeTUYECKOil JINCIIEPCUH SJIEKTPOHOB COCTO-
UT U3 JABYX BeTBeil:

Ey(k) = £|h(k)| . (2.72)

B menermpoBanHOM coBepiieHHOM I'padeHe IpU HYJIEBOI TeMIlepaType HUK-
Hsisl BETBb 3allOJTHEHA 3JIEKTPOHAMU, 9TO BaJIeHTHas 30HA, a BEPXHAA BETBb
He3aIloJIHeHA, 9TO 30Ha MpoBoauMocTH. [lyTem mpsimoro pacuer Mo:KHO yOe-
JIIThCSA, 9TO B BepimHaxX 30HbI Bpuumosna K n K’ sueprus (2.72) obpa-
IMAeTCs B HY/Ib. DTO O3HAYAET, UTO B ITHX TOYKAX 30HA MPOBOIUMOCTHU U



I'maBa 2. Hwuzkopa3mepHbIe CTPYKTYDBI 50

BaJICHTHAsI 30HBI CMBIKAIOTCH, T.e. Tpader — OeciesieBoil ByMepHbIil MaTe-
puaJ.

Bwmecro obosnavuenus BOJIHOBOrO BeKTOpa Kk, OTCIMTAHHOTO OT I'-TOUKM
BBejsieM obosHaudenust k, k' 111 BOJIHOBOrO BEKTOpa, OTCIMTAHHOI'O OT TOYKN
K u K', coorBeTcTBeHHO. DTO O3HAYaeT 3aMeny k, u ky, B (2.71) na K,+k,, k,
uw K, + ki, k;, B okpecrnoctn Touek K u K.

Bo Bropom nopsijike 1o kag < 1w k'ag < 1 HemaroHabHbI MaTpud-
HBII 91eMenT (2.71) B raMubToHrane H NpUHUMAET BUJ

Qo

Wik, K) =~ |k, — ik, +
(kK = b =ity + 2

(ko + iky)2] (2.73)

BOsi3u K-touku u

a 2
hk K') =~ l—k; — ik, + 4\% (k:; — ik;) 1 (2.74)
B6msu K'-touku. Bnech v = (v/3/2)Y0a0. Bomsn Touex K u K’ kBajpa-
TUIHBIME CJIAraeMbIMI MOYKHO TTpeHeOpedb W JUCIepChs JIMHEeHHaA, KaK JIJIst
JIMPAKOBCKUX 3JIEKTPOHOB 1 MO3UTPOHOB ¢ GecteieBbiM criektpom: By (k, K) =
tyk u EL(k, K') = £~k

IIITapkoBcKkas JieCTHUIIA B CBEpPXPeEIIEeTKe

[(Cn,1 + Cn+1) + (EO —F— eFdn)Cn =0 s (275)
—271 Ey—E
eFd(On—1+Cn+1)——2(n— oFd >Ona

2(Cpoy + Crpr) = =2(n —v)C,y,

e v = —21/(eFd) , v = (Ey— E)/eFd. ®yukuun Beccesisi yioBIeTBOpSIOT
PEKYPPEHTHOMY COOTHOIIEHHIO

21 (2) + Yura(2)] = 2y, (@) (2.76)
[TosTomy pertenne st C),, MOKHO IIPEJICTABUTH B BUJIE
Cn = (=1)"[D1Jp_p(x) + D3N, _,(2)] . (2.77)

Tak xax ¢yuxuus Heitmana N, (x) — oo mpu p — 00, To Dy = 0. Oynkius
Beccens J,,—, (¢) KoHeuna nmpu n — —00 , €CIH V €CTh 1EJIOe YUCII0, KOTOPOEe
obozraumM B Buje ng. Takum obpazom, Cp, o< (—1)"J,_,, (2|I|/eFd) n E,, =
Ey — eFdnyg.
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Jlekmna 11
ToHkasi cTPyKTypa 3KCUTOHHBIX ypPOBHeEI

PacemorpuMm sxcuTon, 06pa30BaHHBIN U3 JIEKTPOHA B 30HE MPOBOIUMOCTU
cummMeTpun D, 1 JILIDKK B BaJIEHTHOI 30He cuMMeTpun [,,. Bosnosbie hyHK-
s 1s-9KCUTOHA MTpeodpas3yIoTcs 1o npejcrasiennio D, x D,. B obiiem ciy-
yae 9TO MpeJICTaBJIeHNe TPUBOIMMO U MOXKET OBITh PA3JIOXKEHO Ha HEIPUBO-
JuMble TpejictaBienHus. OOMeHHOe B3auMOJIEHCTBHE MEXKY JIEKTPOHOM U
JIBIPKOI, BO3HUKAIOIEE B TEOPUHU SKCUTOHOB Banbe-MoTrTa ipu yuere norpa-
BOK K TTPUOJTNKEHUIO 3((DEKTUBHON MACCHI, IPUBOJIUT K YACTUIHOMY CHATUIO
BBIPOXKJIEHUS OCHOBHOI'O COCTOAHHS SKCHUTOHA M PACIHICILIAET €ro Ha COOT-
BETCTBYIOIINE HEIPUBOJUMBIE TIPejicTaB/ieHns. B 00beMHOM MOy IIPOBOINKE
CO CTPYKTYPOU ITMHKOBOII OOMaHKU OCHOBHOE cOCTOsHUS KcuToHa ['g x I'g
BOCBMUKPATHO BbIPO2KieHO. CHUHOBBIE WHJIEKCHI ILIABHON orubarorieil BoJI-
HOBO#1 (yHKIMK mpoberator 3Hadenns s = +1/2 u m = £3/2,4+1/2. O6-
MEHHOEe B3aMMOJIECTBHE PACIIEILIAET 3TO COCTOgHUE Ha Tpu TepMma: ['g X
s = I'g + T'i5 + Tas. B cxeme citokenuss momentoB s = 1/2 u j = 3/2
TPUILIETHBII YypPOBeHDb ['15 COOTBETCTBYET MOJTHOMY yIJIOBOMY MOMeHTY J = 1
¢ npoekruamu M = 1,0, —1. Tepmbr '3 u I'y5 cooTBeTCTBYIOT yTyIOBOMY
MOMeHTY J = 2 W CJABUHYTBI HA HEKOTOPYIO BeIUYIUHY /) 10 OTHOIIEHUIO
K Tepmy ['15. Pacmerienne mexay tepmamu ['1o u ['95 oTiinaHO OoT HyJIA B
Mepy HecepUIHOCTH BaJeHTHOI 30HBI ['s.

OcuoBroe coctosinme 1s-sxcntoHa B KBanToBoil sime GaAs/AlAs(001) we-
TBIPEXKPATHO BBIPOXKIEHO. B 0003HaUEHNAX HENIPUBOAMMBIX IIPE/ICTABICHUN
TouedHOil rpymmbl Doy nmeem: I'g x I's = A1 + Ay + E. CiaegoBaTebHoO, ¢
y9IeTOM OOMEHHOTO B3aUMOJECUCTBUSA 9TO COCTOAHHIE PacIlellideTcd Ha Pai-
anoHHbIi 1ybsner E ¢ npoeknuamu M = £1 yriaoBoro MoMeHTa Ha OChb 2
u TepMbl Ay, Ay. Tlociiennne ABISIOTCA CHUMMETPU30BAHHON U aHTUCHMMET-
PU30BaHHON JINHEWHON KOMOWHAIMEH COCTOIHUN ¢ TTPOeKIeil MoMenTa +2.
Pacmerienne Mexxry HUIMU MaJjio, OOBIMHO UM ITPEHEOPEraloT M MCIOJIL3YIOT
6asuc | + 2 >. B ceepxpermerke GaAs/AlAs tuna 11 skenton, o6pasoBaHHbI
u3 X-snekrpona (cumu s = £1/2) u I'-gpipru (m = £3/2), npussasan K orpe-
JleJIeHHOMY nHTepdelicy U TodedHasd CUMMETPHUS CHCTEMBI NOHUKAETCS [0
Cyy. B sToMm citydae pajguanuonHslii gybser £ paciienisercs Ha COCTOSHUSI,
ONTHYECKN aKTUBHBIE COOTBETCTBEHHO B101b [110] u [110]. Do pacmenienue
MOKHO U3MEPHUTH IPSAMO C IIOMOIIBIO SKCIIEPUMEHTA 110 KBAHTOBBIM OUEHHAM
(cM. HEXKE).
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Jlokanm3oBaHHbIEe 3KCUTOHBI. BKiasl B HOTOTIOMUHECIIEHITUIO TIOJTY-
[IPOBOJIHUKOB MOTYT BHOCUTH PA3JINIHbIC MEXAHU3MbI H3/Ty 9aTeTbHON PEKOM-
OuHAIMH: “30Ha-30Ha “30Ha~-IIPUMECH JOHOP-AKIIEITOP, ¢ ydacTrueM (POHOHA,
U3JIydeHre CBOOOHBIX, CBIBAHHBIX W JIOKAJTM30BAHHBIX IKCUTOHOB, SKCUTOH-
MOJIAPUTOHHAS, OMIKCUTOHHAT. POTOFOMIHECTIEHIINST CTPYKTYP C KBAHTOBBI-
MU SIMaMHU MMeeT CBOU XapaKTepHbIe 0COOEHHOCTU. B dacTHoCTH, HU3KOTEM-
nepaTypHas JIIOMUHECIICHIIAsT HeJIETUPOBAHHBIX KBAHTOBBIX SIM OOBITHO CBSI-
3BIBACTCH C U3JIydaTe/IbHON PEKOMOMHAIINEN SKCUTOHOB, JIOKATM30BAaHHBIX Ha,
IIEPOXOBATOCTAX MHTEPdEiicoB u (uryKTyanusax cocrasa. /lemo B ToM, 4T0 B
peasibHOCTH WHTEPGERChl MeXKJIy MaTepuajaMyu sMbl U Oapbepa, COOTBET-
cTBeHHO A m B, HUKOT/Ia He sIBJIAIOTCA UJIeATbHO IVIQJIKIMI B AaTOMHOM Mac-
mrrabe. Jlazke mpu BeIpalluBaHun 0Opasia ¢ UCIOIb30BAHIHEM TEXHOJIOTHYe-
cKU HamnboJiee PA3BUTOIO METOJIA MOJIEKY/ISPHO-IIY YKOBOM SIMUTAKCUU THTEP-
deiic xapaKTepu3yeTcss OCTPOBKOBOII CTPYKTYPOI ¢ BBICOTOI B OJIMH MOHO-
MOJIEKYJIAPHBIH c1oit. HecoBepiencTsa nnrepdeiicoB MouUImupyoT mI0T-
HOCTBH 9KCUTOHHBIX COCTOSHUI W MPUBOJAT K (DOPMUPOBAHUIO TAK HA3bIBAE-
MOI'0 XBOCTa JIOKAJIM30BAHHBIX COCTOsiHMI. Ecim 1o KpaitHeit Mmepe oauH 13
KOMITO3UITHOHHBIX MATEPUAJIOB SABJIETCS TBEP/IBIM PACTBOPOM, (hJIyKTyarum
COCTaBa TaKXKe BHOCAT BKJIAJ B OECIOPSIOK, & 3HAYUT U B (DOPMUPOBAHUE
JIOKAJTM30BAHHBIX SKCUTOHHBIX COCTOSHUN. K/ NphKKA MEXK/Ty JIOKAJIN30-
BAHHBIMU COCTOSHUAME Hed(PDHEKTUBHBI, (hopMa MOJIOCHI (POTOTIOMIHECIICH-
IUU OIPEJIE/IeTCs TIOTHOCTBIO 9TUX COCTOSHMIT. B peknme MHOTOKPATHBIX
MPBRKKOB 3aCEJICHHOCTh XBOCTA SKCUTOHHBIX COCTOSHUN, a 3HAYUT U CIIEKTP
doromomunectiennun, GopMupyercs B pe3ysabTare KOHKYPEHITHH ME¥K/Ty K-
CUTOHHON peKoMOWHAIe!l U WHIYIUPOBAHHBIM aKyCTUICCKUMU (DOHOHAMMU
[IEPEXO0JIOM C BEPXHUX HA HUXKHIE JIOKAJN30BAHHBIE YPOBHIU.

[Ipu srokam3anuu SKCUTOHA HA AHM30TPOIHOM OCTPOBE WM B aHH30-
TPOITHO# KBAHTOBON TOYKE CUMMETPHUSI CUCTEMbI TIOHUKACTCS W PAJINAIOH-
HBII JTyOJIeT JIOJIKeH PACHICIUIATHLCS Ha JIBa MOJLyPOBHS, OJISIPU30BAHHDBIX
JINHEHHO B JIBYX OPTOTOHAJILHBIX HAIPABJIEHUSX, OPUEHTAIINS KOTOPBIX 3a-
JaeTcs (hopMOil JIOKAM3YIOIIEro moTeHuaa. JleficrBureibHo, HEJaBHO TIPU
MCCTIeJOBAaHUU CIIEKTPOB (POTOTIOMUHECIIEHITNN JIOKAJIN30BAHHBIX YKCUTOHOB
B KBaHTOBBIX siMax GaAs/AlGaAs(001) B pexkume Gimkuero nosist (optical
near-field regime) 610 06HApYKEHO OOMEHHOE paciierienue jyosera el-
hh1(1s) Ha JBe KOMIOHEHTBI, MOJAPU30BaHHBIE BJOJL oceit [110] u [110].
Ksanrosbie Toukn tuna InAs/GaAs, BbIpallieHHbIE B TIPOIECCE CAMOOPIaHU-
3anuu, UMeroT (GopMy MUpaMuibl (BO3MOKHO, YCEUEHHOIT), BBICOTa KOTOPO
napajuienbia ocu z || [001], a mpsiMOyroJibHOE OCHOBAHME OPUEHTHPOBAHO
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Bousb oceit [100] u [010]. Toukn ¢ KBajpaTHBHIM OCHOBAHHEM XapaKTEPH3Y-
forcst Todevdnoil cummerpueii Co,, IPU KOTOPOi KOMIIOHEHTHI J1y0JieTa moJisi-
pusoBaHbl 110 ocam x || [110] u y || [110].

AHTI/IHepeCQ‘{eHI/Ie 9KCUTOHHBbIX ypOBHeI';I B MAaromTHOM IIOJI€e

CnuH-raMmJIbTOHNAH S9KCUTOHA B CTPYKTYPe ¢ JIOKaIbHOI cummeTrpueit Coy, B

npogoabaoM MarautHOM mosie (B || Cy) B 6asuce |1),| — 1),]2), | — 2) umeer
BUJL
RS2 AJ2 0 0
AJ2 —hQ2 0 0
0 0 —Ag+h2 A2 . 278)
0 0 A')2 —Ag — hQY'/2

re hQy = (g — o) o By, ey = (94 + 9o By, gl gh - mpososbHLIe Sdhcbex-

TUBHBIE §-(paKTOPBI 3JIEKTPOHA U JIBIPKH, (1o - MarHeToH bopa. [I1g skcuTon-
HBIX TIOyPOBHEN MOTyvdaeM

1 1 /
Eyp =4 \/A2 + (12, Byg = —Do & o (/A2 + (h V)2

B Toukax mepeceuenusi ypoBHeil jiaxke cjiaboe BO3MYIIEHHE, MOHUKAIOIIEe
CUMMETPHUIO U CMENINBAIOIee pa3/ndyHble YPOBHU, MOXKET IIPUBOAUTL K II0-
SIBJICHUIO 3aMETHOMN IUPKYJIAPHON MMOJIsipu3auu (hOTOJIOMUHECIIEHITNH JIOKa-
JIM30BAHHBIX 3KCUTOHOB B CTPYKTYpax ¢ KBAHTOBBLIMU sIMaMU.

OcHoBHas naesi KBAHTOBBIX OueHmMii

[TycTh B HAUAJIBHBIA MOMeHT BpeMeru t = () BojiHOBast (DYHKIUS KBAHTOBOMN
CUCTEMBI TIPEJICTaB/IAeT COOOM JIMHEHHYIO CYIIEepPIIO3UIIUIO JIBYX COCTOSAHUIA:
Y(t =0) = C1]1)+C3|2). C Teuennem BpeMeHN BOTHOBasT (DYHKIINS MEHIETCS
KaK

Y(t) = exp (—iExt/h)Ci[1) + exp (—iEat/h)Ch(2) .

TIpe/ToToAIM, 9TO JleTeKTop pearupyer Ha coctogrue |D) = Cy[1) + Cy[2).
CraJispHOE MTPOU3BEICHIE

<D|t> = eXp (—zElt/h){CfCl + O;CQ exXp [Z(El — Eg)t/h]} .

[TosTomy curnaJsi, perucTpupyeMblil 1eTEKTOPOM, ITPOTIOPITNOHATIEH KBAIPaTy
MOJTYJIS

(D)2 = |CLC1 % + [CoCal? + 2 Re{CLCEC5Co exp [i( Ey — Es)t/H]} .
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Ipumep: C; = Cy = 1/v/2, C, = +Cy = 1/v/2, [(D|t)]? = 0.5{1 +
cos [(Ey — Ey)t/h]}.

[IpomnmocTpupyeM nieo KBAHTOBLIX OHEHHI Ha IpPUMepe HeCTalnoHap-
Horo s¢dekra Xanmie. [Iyctb B pesynbrare MMITYJIbCHOTO BO30YXKIEHUSA B
30HE IIPOBOUMOCTH POXKAIOTCS CIINH-TIOJISIPU30BaHHbIE (hOTO1eKTPOHBL. O60-
3HAYMM WX HAYaJIbHYIO KoHIeHTpamumio B Buje n' = n(t = 0), a HavaabHBII
cymmapnbiit crmu B Buge s° = (0,0, %), e s? = &Pn%/2, P? - crenenn
[UPKYJISPHO mosapusaiuu (GOTOHOB, & - KOHCTAHTA. BpeMeHnHds 3aBucu-
moctb n(t) u s(t) upu t > 0 BO BHelIHEM MarHUTHOM mosie B ommcbiBaercs
yDABHEHUSIMI

dn n ds 1 1
—l—zO,—i—(—l—)s—l—stL:O, (2.79)
dt 19 dt To Ts
rze £, - 4acToTa JJAapMOPOBOIl IIPEIECCUN FJIEKTPOHHOIO CIIMHA, B MArHUTHOM
noste B. DTu ypaBHeHUsT BBIBOJSTCS W3 yPaBHEHUS JIJIsT CIUHOBON MaTPHUITHI
IJIOTHOCTH 3JIEKTPOHOB
p_ (9

1 g A
o ot + ﬁ[Hva] - Ga

spin rel.

n .
51+ 8: Sz — sy
Set1iSy, 4§ —S;

@ L] pi = pa 2p12

ot o 27, 2p21 P22 — P11

3ameTum, 4TO P13 = P11, P12 = P1_1 U T.JI. 37€Ch HUCIOJb30BAHBI 000-
27 27 2

sHavennsa: Hp = guoaBz/Q - omeparop (3eeMaHOBCKOIO) B3auMOJIeiiCcTBIs
9JIEKTPOHHOIO cimHa ¢ mojeM B, pg - marmeron Bopa, o; (i = z,y,2) -
marpuiiel [laymu, g - apdexkruBnbiii dpakrop Jlanaé, nim s3pdekTuBHbIN ¢
dbakTop, 3/1eKTpoHA. 3aMeTHM, 9TO B OOINEM CIydae HY:KHO BBOJIUTDL TEH-
30p g-(baKTOpOB g;; U 3amUCHIBATL Hp B Buie CyMMbl (1o/2) > 05i;B;. B
JaCTHOM CJIydae U30TPOIHOro ¢ (hakTopa 4acToTa JapMOPOBOIl Ipereccun
HarpasyeHa 1o Bektopy B u pasua guoB/h. llpu B || © permenus mis n u
s, sterko Haxonares: n(t) = n’exp (—t/7), s, = 0. U0 Kacaercs JABYX JApy-
I'MX KOMIIOHEHT BEKTOPa S, TO YJOOHO Hapy BEIECTBEHHBIX yPABHEHWUH JIst
Sy, S, EPENUCATh B BHJE OJHOIO KOMIIIEKCHOTO yDABHEHUS [[JIst KOMOMHAIHN
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S4 = S, + 1Sy, KOTOPOE UMEET BU/I

d3+ 1
(2 10 ) ~0 2.80
a T <T TR ) sy (2.80)
npu HavasbHoM yeaoun Sy (t = 0) = sV, Ero pemenue TakzKe JIerko HaXo-
JIATCH:

1
s.(t) = s%exp {—t (T + ZQL>:| :
OTKYy/Ia
s.(t) = % T cos Qpt, s,(t) = —s%e /T sinQt .

[To ompenesnennto mapamerpa Ctokca P, MHTEHCUBHOCTH MUPKYJISAPHO TOJIsI-
pusoBanHbIx KoMmmoneHnt [, = [(1 £ P.)/2. VunrteBag, uro P, = 2a&s,/n,
HoJIy9aeM JIjis HecTarmoHapHoro 3¢ dexra Xamse

Iy oce”t/m (1 + e Y@ PY cos QLt) : (2.81)

s anasmsa dbopmysibt (2.81) Ha A3bIKe KBAHTOBBIX OMEHUI BBEJIEM CIIU-
HOBYIO BOJIHOBYIO (DYHKIHUIO (DOTOIEKTPOHA ) (f) U Pa3IoKUM ee 10 COb-
CTBEHHBIM CITHHOBBIM COCTOSIHUSIM B MarHuTHOM mose B || z, T.e. cobcrBen-
HBIMM COCTOAHUAM MATPUIIBI 04!

1 1 1 1
]_ = — 5 2 = ——
| > \/§ [ 1 ] l > \/§ l —1
Paccvorpum cityuait &2 = —1, KOTOPBIi peajiu3yeTrcd i MeXKTy30HHbBIX IT1e-

pexomoB hhl — el B crpykType ¢ KBaHTOBOI smoii. Torma, mpenedbperas
KOHEYHOCTBIO BPEMEHU »KU3HU U BPEMEHU CITMHOBON pesakcarun poTo3IeK-
TpoHa, numeeM pu P, = —1:

1

W(t) = NG (e7xt2)1) + 1 1/2]2) ) (2.82)

IIpu komdurypamm aHajIn3aTopa Ha PErHCTPAINIO UPKY/IAPHO MO
PHU30BAHHON KOMIIOHEHTBI 0, W 0_ UMeeM cooTBercTBenHo D) = (|1) F
12))/+/2. Taknum 06pa3oM, B PACCMATPHBAEMOM HACTHOM CTyHdae Jisd Kodbdu-
mentoB C;, C; umeem: C) = Oy = 1/\/5, C, =FCy = 1/\/§ B pesyibrare
nomygaem (D|t) = e *%/2(1 Fe*t) /2 wm I o< [(D|t)|> = (1F cos Qt)/2.
V4eT KOHETHOCTH BPEeMeHN YKIU3HI CBOMTCA K yMHOKeHmo |(D|[t)|? ma e~/
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a KOHEYHOCTH BPEMEHH CIIMHOBOW DesIaKCallid - K YMHOMKEHHIO cos ()t Ha
e~*/7sp cormacuu ¢ dopmyoit (2.81).

AHAJIOrIYHO TOJIYyIAIOTCS KBAHTOBbIE OMEHMs [IPU M3JIy9€HNH SKCUTOHA,
y KOTOPOT'O Pa/IHAIlIOHHLI Ay0sIeT paciielieH Ha COCTOSHNUS, TOJISIPA30BAIl-
upie o ocam [110] u [110], 1 KoTOpBIA BO3OYKIAETCA PE3OHAHCHO CBETOM,
HOJIApU30BaHHbIM 110 ocu [100].



