
s.'f;~~-u 

• 
~.MHxa~aKe, B.K.~e~HHHH 

OfibBAMHBHHbiM 
MIICTMTYT 
RABPHbl X 

MCCJ18AOB8HMM 

AYfiHa 

Pl7 -81-498 

P-OO~HPH30BAHH~E HE~HHEMHME 

OOBEPXHOCTH~E OO]HPHTOHM 
8 C~OHCTMX CTPYKTYPAX 

HanpaeneHo e 11 Z. fur Physik'' 

1981 

e._ 

+ 



nocneAHee BpeMR HHTeHCHBHO HCCne,qy~TCR H TeopeTH4eCK~ H 
3KcnepHMeHTanbHO nHHeHH~e noBepxHocTH~e no~~PHTOH~ lcM., 
Hanp. / 1•21 I. 

noaepxHOCTHble nO!lRPHTOH~ CYTb nOilRPHTOHbl, KOTOpble pacnpo
CTpaHR~TCR BAO!lb rpaHH4bl ,qeyx npHMbiKa~~Hx cpeA. OnHcblea~TCR 

OHH TeMH peWeHHRMH ypaeHeHHH MaKCBe!l!la, aMnilHTYAbl KOTOPbiX 
3KCnOHeH4Ha!lbHO cna,qa~T C yee!lH4eHHeM paCCTORHHR OT rpaHH4bl 
pa3Aena. Xopowo H3BeCTHO, 4TO !lHHeHHble noeepxHOCTHble nonRpH
TOHbl MO~HO TpaKTOBaTb KaK CBR3aHHble COCTORHHR OnTH4eCKHX $0-
HOHOB H $OTOHOB, H OHH, nOA06HO 06DeMHbiM nO!lRpHTOHaM, xapaK
TepH3Y~TCR CH!lbHOH AHCnepcHeH B AI1HHH08011HOBOH o6naCTH cneKT
pa181. 3KcnepHMeHTaJ1.bH0 noaepXHOCTHble non~pHTOHbl C 4aCTOTaMH 
B HH¢paKpaCHOH o6naCTH cneKTpa Ha6!1~AanHCb C nOMO~b~ MeTOAa 
HapyweHHOrO OOJlHOrO BHyTpeHHero OTpa>KeHHR, MeToAoM AHcJ>paKU.HH 
MeA!leHHbiX 3JleKTpOHOB, a TaK>Ke MeTOAOM KOM6HHa4HOHHOrO pacceR
H(.offl- CBeTa. 

8 ,qaHHoH pa6oTe M~ HCCJle,qyeM P-nonRpHaoaaHHble HenHHeHHbte 
nonRpHTOHbt AJIR ,qayx nonRpHbiX cny1.1aea: 1 I nn.eHK.3 noaepxHo'cTHo
aKT~BHoro ae~ecTea rpaHH4HT co cpeAoH, AH3IleKTP(.14ecKHe ceoH
cTea KOTopoH OOHCbiBa~TCR TeH30pOM 
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3,qeCb HH,qeKCbl l ,2,3 COOTBeTCTBYIOT X-, y- H z-HanpaeneHHRM 
,qeKapTOBbiX KOOPAHHaT; 21 nneHKa, AH3!1eKTpH4eCKHe CBOHCTBa KO
TOpoH OnHCbiBa~TCR TeH30POM 111-, rpaHI-141o1T co· cpe,qoH C AH3JleKT
p~oot4eCKOH npOHH4aeMOCTb~ £ 8 (cu). 

Cny1.1aH 1. reoMeTpHR HaweH cHcTeM~ a 3TOM cny4ae cne,qy~~aR: 
cpe,qa 1 (- oc < z < 0) RBilReTcR H30TponHbiM A1-1311eKTPH4ecKHM Kpi-1-
CTannoM, A1-13!1eKTPH4eCKaR npOHI-14aeMOCTb KOTOporo f!(cu); cpe,qa 
II (0 S z '£,d) - waoTponHaR nneHKa c A143IleKTPH4eCKOI-I npoHI-1LJ.ae
MOCTb-~ f 2 (cu); cpe,qa III (z > d) - 0AH00CHb1H KPHCTalln, TeH30P 
AH3neKTPH4ecKoH npoHHu.aeMoCTH KOToporo ,qaeTCR Ill. PaccMoTpHM 
OC06eHHOCT\11 pacnpOCTpaHeHHR 3JleKTpOMarHHTHbiX noeepXHOCTHbiX 
eonH a TaKoH TpexcnoHHoH CTPYKType. OrpaHH4HMCR cny4aeM TpaHc
eepcanbHbiX MarH~t~THbiX P -nonRpHaoeaHHbiX noaepxHoCTHbiX nonRp\11-
TOHOB, KOTOpble xapaKTepH3Y~TCR TeM, 4TO E 2 = 0, H l = H 3 = 0 , 

I. 



T.e. 80JlHaMH, pacnpocTpaHR~HMHCR 8 X-Hanpa8neHHH, BeKTOp 
3neKTPH4eCKOH HanpR~eHHOCTH KOTOp~x~nemHT~B nnocKOCTH XZ 
I TM -sonHbl/. )leKapTOBbl KOMnoHeHTbl E H H AaiOTCR <t>opMynaMH 

E 1 =J1;1 (z) .-i«>t + ikx 

Es = :tl;s(z) e -twt + ikx .. 
H2 = R 2(z) e -iwt + ikx 

MaKcsennoscKHe ypa8HeHHR 
paaoM: 

citl; 1 . "' 
-- -iktl; = i-R , dz 3 c 2 

d}(2 . "' 
-- = 1-D 1 , 
dz c 

Ha /3/ cneAyeT, 4TO 

d2:(1;: 2·c1 
--- - k .1$ = o. 

dz 2 1 1 

d2tl;y 

dz 2 

d2.(l;l[I 

dz 2 

2dl 
-k21$1 = o. 

.,2 --· c 2 2 

.,2 _, 
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/4/ 

PaccMOTPHM peweHHR, noKanH3o8aHH~e 8 ot<pecTHOCTH nosepx
HOCTH nneHKH H C HyJle8m1 aCJ.1t-tnTOTJ.1KO~ npJ.II. \z\-+ ooa .TaKHe peweHHR 
/4/ HMeiOT BHA 

2 

k z 
:& : (z) = A e 1 , 

·c II 
"1 (z) 

2< \! :li 111 (z) = (--'--) 
1 ial 

/51 

'-'-{cosh[k3 (-) 
< II 
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A , ·B 1 , B 2 , z 0 - napaMeTpbl, onpe,qenReMble HH)I(e. AnR TM
BOJlH rpaHH4Hble YC110BI-1R npH Z =- 0 H Z = d npi-1BOART K 4eTblpeM 

ypasHeHHRM Ail~ .A , ·B 1 , B 2 11 z 0 , 4To o6ycnoaneHo rpe6oaaHJ.1eM 
HenpepbiBHOCTI-1 -~ 1 H D 3 Ha noaepxHocTH z =0. H z =d. B Hrore 
Mbl npHXOAMM K cneAy~et1 ca-tcTeMe ypaBHeHHH A11R A, B 1 , ·B 2 H 

·em() z 0 , rAe z 0 eCTb TO 3Ha4eHHe Z, npH KOTOPOM .~l Z AOCTHraeT 
. Ill 2<.1. 14 

MaKCHMaJlbHOrO 3H84eHHR: .~l ma:r. = (--) : 
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2<.1. 14 E.J. % ) 
u = (-) (cosh[k (-) (z

0
-d) l 

lal 8 
<II 

£ ~ E 1ft . 
v =(...±...) tanh[k

8 
(--"'.) (z 0 -d)l • 

£II l II 

CHcTeMa ypaaHeHHH /6/ HMeer HeTpHBHallbHoe 
H TOJlbKO TOrAa, KOrAa 

peweHHe rorpa 

£ ( ( E -2k...dEt E2 £2 £11 
(.:L+J...)(...L--'-1 v)+e "(---)(-+-V)=O. 

k 1 k 2 k 2 kg k 1 k 2 k 2 k 3 
< .l. 14 

3aMen1M, 4TO eCJ1H £ < 0 H a_. 0, TO z
0

-+- 00 H V-+- (-) 
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/9/ 

8 3TOM CI1y4ae COOTHOWeHHe /9/ nepeXOAHT B A1-1CnepCHOHHOe COOT
HOWeHHe Afl.R IlHHeHH~X noBepXHOCTH~~ nonRp~TOHOB, nony4eHHOe 
MHnncoM H HapaAY,qHH~M/3/. Ecn~ B3RTb e Ka4ecTee He3aBHC~MoYI 
aMnnHTYAbl ~l (0) =·~0 , To HMeeM AJ1A A , B 1 , B 2 cneAYIOtllHe Bblpa-

1 ·c k2 < 1 < 2 
A= :~o' 8 t~ -·"o -(- +-)' 

2 '2 k1 k2 

B = -.!..~ ~(~ -l). 
2 2 . 0 < 2 k1 k 2 

YpaeHeHHe ,qnR z0 e~rnR,qHT Tenepb TaK: 

2-2(2<.1.) 14 (cosh[k 3 (~)% (z 
0
-d)ll-

1 

k2 Ia I <n 

/10/ 
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YpaBHeHHA /9/ H /11/ 8 COBOKynHOCTH H onpe,qenA~T nonomeH~e 
H ,QHCnepCHOHHble COOTHOWeHH~ .Q.fi.R ABYX nosepXHO'CTHblX MO,Q 
w1 -w 1 (k,:€ 0) " <v2 - <v 2 (k,:€ 0). B cny4ae <1-< 2 " d~O Mbl, 
ecTecTseHHo, npHXOAHM K peaynbTaTaM~ nony4eHHbiM ArpaHoB~4eM 
H AP· a141

: 

/12/ 

E M! -1 
{cosh[k 3 (-~-) z 0ll 

' . /13/ 

0TMeTHM, 8 3TO~ CBA3H, 4TO HeAaBHO Mapa,qy,QHH nony~Hfl T04HOe 
peweHHe ypaaHeHH~ MaKcaenna Afl.A S -nonApHaosaHHbiX Henlo1Hei:1Hblx 
nosepxHoCTHblx nonRplo1TOHOB Ha noaepxHOCT~ pa3Aena ,qsyx cpe,q, 
O~Ha H3 KOTOPbiX H30TpOnHa~ a ,qpyraA ABflAeTCA OnTH4eCKH O,QHo
OCHO~! TeH30P AH3l1eKTpH4eCKO~ npOHH~aeMOCTH ee AaeTCA /1/ 
/eM. TaKme 161 /. H OTMeTHM, HaKoHe4, 4TO~ pa3BHBaR' HAe~ pa6o
Tbl141, M~ nony4HflH T04HOe peweHHe ypasHeHHH MaKcsenna ,qnA P -
nOfiAPH30BaHHbiX CHflbHO HefiHHeHHbiX nosepXHOCTHbiX OOJlAPHTOHOB/ 7/ 
8 3TOM cny4ae H30TponHaA AH3neKTPH4ecKaR cpe,qa rpaHH4HT c OAHO
ocHbiM _,qH31leKTPHKOM ~ TeH30P ,QH3fleKTPH4eCKO~ npOHH4aeMOCTH KOTO-
poro HMeeT B11A 

..... 2 """'2 2 2 4 4 
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22
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1
1 +IE21 ), 

Cny4aH 2. reoMeTpHA CHCTeMbl a 3TOM cny4ae cne.AYIOW.a.R: o6-
nacTbl (-oo < Z < 0) RB11ReTC.R J.130TpOnHbiM .Q.Yl3l1eKTpHKOM C AH-
3fleKTpH4eCKOill -npOHH4aeMOCTbto E 1(lU) /HanpHMep, BaKyyM/; o6-
naCTb II (0::;: z 'S_ d) ecTb ,qHane·KTPI-1~ecKa.A nneHKa H3 OAHOOCHoro 
KPHCTanna, TeH30p ,QH3l1eKTPH4eCKO~ npOHH4aeMOCTH KOTOpOro ,qa
eTCR cJ>opMyno~ /1/; o6nacTb III (z> d) - lo130TponHb1H AH3neKTpHK 
c AH3l1eKTPH4eCKO~ npOHH4aeMOCTbiO Ea((U). anR aMnl1HTYA c 3Kcno
HeH4Hal1bHO y6blsa~~e~ aCHMnTOTHKO~ npH jzj-+ 00 Ha OCHOBe /3/ 
HMeeM cne,qy~~YIO CHCTeMy ypaBHeHHH; 

d 2(i i' 
dz2 

d2/i \" 

dz 2 
-k 2 1i 111 -o. 3 I 

2 2 w
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k 1 = k - ~( 1' 
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nepsoe ~ TPeTbe ypaBHeH~~ C~CTeM~ /14/ nerKO ~HTerp~py~TC~, 

\11 M~ ~MeeM 

c
11 4 06o3Ha4aR <s 1 (z) -y(z),nony4aeM H3 aTOporo ypasHeHHR /1 I 

. k2 
y'2 _ __g_(E.ly2+~y4)= C • 

! II 2 
/15/ 

3tta4eH~e .Kcir.cTaHTbl e /15/ onpe.QenAeTc~ H3 Tpe6osaHHH Henpe

pbiBHocn1 ~ 1 (z) ~ D 3 (z) np~ Z=O. HenpepbiBHOCTb D 3 np~ z=O 

H Z = d OPHBOAI-1T K cneAYIO~eH CHCTeMe ypasHeHHH: 

cili'l .@II 
_l_ <II d < 1 __ 1 I 

- "k"2 -I k2 dz z=D dz z = 0, 
1 2 /16/ 

.lln .@ III 
_J_ d<1 -~ 

d < 1 
-I -I 

k2 dz z= d k2 dz z=d 

2 3 

H3 nepsoro ypasHeH~~tA /16/ HMeeM 

@II 2 
~I - y'(O) - ~ 2&(0) 

dz z=O k 1 E II 
/17/ 

H AflA KOHCTSHTbl C nony4aeM CJleAYIO~ee ypasHeHHe: 

2 
·2 !lk22 2 

c- .li' (0) [ (--) + lblli' (O) -a], 
! II k 1 

lal k~ -----. 2 ! II 
b = .!:. 

2 ! II 

' a- -~-k 2 
E: II 2 

/18/ 

Mbl nonaraeM, 4TO a< 0 ( b < 0) H a> 0. ¥1HTerpi-1PYA I 15/, non,y4aeM 

u -%: 
J(c+ay2.+by 4) dy-z-z 0 • /19/ 

• 

Cny4a~ c > 0 H c < 0 AO.fl)t(Hbl 6b1Tb I-13Y4eHbl oTAeJlbHo: i) c> 0. a> 0 , 

b --I b I < 0. .llenaR nOACTaHOBKY y - v-1, npHBOAHM /19/ K BHAY 

/201 

PeWeHHe /20/ MO~€T 6b1Tb BblpameHO B TepMHHaX 3J1J1HOTH4eCKHX ~YHK

LtHill HKo6H 181
• ¥1MeeM 

5 



m= 
a+ (a2+ 4lbl c) \l 

2(a2 +4lbl c) I> 

"' -\l u = f (1-msin 2 e) d6, cn(u/m) =cos¢, 
0 \l sn (u/m) =sin¢, dn(u/m) =(1-m sin2¢) 

nc(u/m) = [cn(u/m)]-1 , nd(u/m) = [dn(u/m)l-1 

/21/ 

RBnR~TCR 3flnHnTH4eCKHMH ~YHK~HRMH RKo6H. nonHoe peweHHe BTQ
poro ypaBHeHHR H3 /14/ AaeTcR ¢opMynoM 

/22/ 

"/2 . -1> Cl>yHK4HR cn(u/m) HMeeT nepHOA 4K(m). rAe K(m) = f (1-m sin26) de 
0 ecrb nonH~H 3nnHnTH4eCKHH HHTerpan nepaoro POAa. Ha /22/ M~ 

BHAI-1M, LITO y [Q~1 (z)) 2 
MaKCHMYMbl pacnonmKeHbl B T04Kax Z =Z 0+nf l 

(n = 9,1,2, ••. ). PacCTORHHe MelKAY ABYMR M8KCHMyMaMH ecTb e 1= _g_K(m) 
H :q~ maf 8. YcnoBHR HenpepblaHoCTH 1i 1 H 0 3 Ha rpaHHI.laX nn~CTI-1H-
Kio1 (z = 0. z = d) AilA TM -eonH npHBOART K 4eTblpeM ypaaHeHHRM, 
pewaR ~oropble, nony4aeM 

li(O) = 8 cn(yz 
0
) , 

k d 
A:B•s cn[y(d-z 0 )l 

2 
'1 ke - -- = ysn(y z0)dn(yz 0) nc(yz 0). 
€ II .k 1 

• k2 
~ ~ =ysn[y(d-z 0)]dn[y(d-z 0)l~c[y(d-z 0)] 
E II kS 

/23/ 

COBOKYnHOCTb 3THX ypaaHeHHH H onpe,qenReT_ ~ H AHCnepCHOHHble 
cOOTHoweHHR AnR ABYX eeTBei'1 noaepxHOCTHbiX MOA 0> 1= "'1 (k, ·li(O)), 
O>z= 0>

2(k, :/i (0)), OTHOCRU!HXCR K rpaHH4aM J-11 H 11- Ill, COOTBeT
CTBeHHO. 
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ii) c< 0 t a > 0 t b =-lbj < 0 o npHHHMaR BO SHHMaHHe, 4TO 

]-71 nd-1{[ a+(a2-4\b\\c\) 71 l 71 u/pl, 

2\b\ 
/24/ 

p-

HMeeM 

2(a2 -4\b\\c\) 
71 

a+(a2-4\b\\ c \) \{ 

ii~1 (z) -pdn[/l(z-z 0)], /25/ 

p- [ 
a+(a2-4\b\ lei) 71 l 71 

2\ b\ 
il -[ a+ (a2- 4\b\ \c/) 71 l 71, 

2 

KaK ~3BeCTHo/8/, <I>YHK~~R dn(u/p) "MeeT ner~OA 2K(p). Ha ypas-

HeH~R /25/ C!leAyeT, 4TO B 3TOM C!ly4ae (:/i11 (z)J 2 HMeeT MaKC"My-

Mbl s T04Kax z- z0 +nf 2 (n-0,1,2, ... ),rAe 12 -2/il K(p) ecTb paccToR

HHe Me)f(AY COCeAHHMH MaKCHMyMaMH, H :6: l~~ax=P• fpaHH4Hble YCilQ

SHR npH Z = 0 H Z = d npHBOA.RT HaC K CileAYIOI&HM ypasHeHHRM .AJl.R 

z 0 " "'t-"'l(k;li(O)), "'2 -., 2 (k,:/i(0))- K A"Cnepc~OHHbiM COOTHo

~eHHRM AflR ABYX nosepXHOCTHbiX MOA, OTSe4aiOutHX rpaHH~SM pa3Ae-

11S I-ll H 11-Ifi, COOTBeTCTBeHHO, -

li(O) -pdn(!lz 0), 

/26/ 

HaM npH.RTHO no6naroAapHTb npo~eccopa BoM.ArpaHOBH4a H 

8 o 6 o.npHea>t<eaa, o6CY>KAeHHe c KOTOPbiMH HaweH pa6oTbl /7/ np1-1aeno 

HSC K HAee ASHHOrO HCCileAOBSHHRo Mbl 6narOASPHbl AOKTopy HoAH

reileCKY aa ~eHH~e o6cy>t<AeHHR AeTaneH ASHHO~ pa60Tblo 
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