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0 PACCESHUM MEAAEHHBIX HEUTPOHOB HA CAOMNHBIX
MATHUTHBIX CTPYKTYPAX

C. B. Maxees, B. I'. Bapvsaxmap w P. A. Cypuc

PacemaTpusaeresn YHpyroe paccefAnne MCAACHHDIX ECHTPOHOB Ha MarHeTWKax, obaa-
LAIOULH R CAOMHCH IIEPHOAHUECKOH MarIUTHOH CTPYyRTYpPOi. l}ljo,\chuo abLiEE BblpAKeNne
i CCUCHES E TNOAAPHBEUEA [pH TakoM PacCesHiH, NpHueM Najawiine HEHTPORBI CHH-
orest TEKKE MOAIPHIOBEHHBIME. [1poarainanposan Bonpoc o BOCCTAKOBAGHHN MATrHETHONM
qpYKTYPH TO BRCTEPHMEHTAABHBIM ABHHBIM. B kouue pabore npupesenm Gopmyim zAm
ek St W VOASPH3AURA B CAYHAE PAAA KOHKDETHHIX CTPYKTYP.

HeaaBHO GHIAM O0GHAPY:KE€Hb HOBbIE MATHUTHHIE CTPYKTYPBl pSia BeleCTB
Dy, Er u ap.), xapakrepnoii 0COGCHHOCTDIO KOTOPLIX ABAASTCA TO, HTO
;¥ MEPEXOAE OT OAHOrO aTOMA K ADYrOMy ODHEHTAHA ATOMHHX CIUHOB
EpHOANTCCKA W3MEHAeTCA, NPHYeM [EepHOd DTOTC H3IMEHEHHA He COBNAAaeT
. MepHOAOM KPHCTAAAHIECKOH pPEIIETKH W HE ABAAETCA LEABM KpPATHBIM
;or0 TIEPEOZA W GOAEE TOrO 3aBUCHUT OT TeMmepaTypw {(CM., Eampumep,
wborsr Mumwmypw [Y], Kanaana[>?], Daruora[*] n Buaxuncona u ap.[>¢)).
3 pacTosed craTbe NoApob6HO PaccMOTPEHO YUPYroe paccesrde HEHTPOHOB
g CTOYKTYPaX Takoro Tuma. [loAyuenbl BBIPAKEHHS AAA CEUSHHS M MOAS-



SOVIET PHYSICS JETP VOLUME 26, NUMBER 2 FEBRUARY, 1968

OPTICAL PROPERTIES OF AN EXCITON CONDENSATE IN A SEMICONDUCTOR

V. A. GERGEL’, R. F. KAZARINOV, and R. A. SURIS

Submitted August 17, 1966; resubmitted February 10, 1967
Zh. Eksp. Teor. Fiz. 53, 544—555 (August, 1967)

A gas of bound electrons and holes (excitons) in a semiconductor is considered. It is demonstrated
that such a system is capable of forming a Bose condensate, and the conditions for such a formation
are determined. The interaction between light and an exciton condensate is studied. The real and
imaginary parts of the dielectric polarizability of a semiconductor near the exciton absorption line
are determined. It is shown that negative light absorption should occur at a frequency somewhat
lower than that of exciton absorption. '
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Fiz. 45, 1159 (1963) [Sov. Phys.-JETP 18, 799 (1964) ].

*L. V. Keldysh and A. N. Kozlov, ZhETF Pis. Red.
5, 238 (1967) [JETP Lett. 5, 190 (1967) ].
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HANOMUHAHWE: BO3E-QUHLUTEUH KOHOEHCAT B
CNABO HEUOAEANBbHbLIA BO3E-TA3E
HU3KOW NNOTHOCTMU

H.H. Boronto6os.. K Teopu cBepxTteKyuect // U3B. A CCCP, cep. dus3., 1947, 1. 11, Ne 1, c. 77-90
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NONAPU3YEMOCTb
BO3E-QUHLUTEMHOBCKOIO KOHOEHCATA

HU3KOU NNOTHOCTMU
POJIb NPOCTPAHCTBEHHOW ANUCIEPCUM
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YCUINIEHUE CBETA
BO3E-QUHWTEMNHOBCKUM KOHOEHCATOM 9KCUTOHOB
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BO3E-QUHLWTEUMHOBCKAA KOHOEHCALMUA 3KCUTOHOB B
NBYMEPHOW CUCTEME OUNONAPHbIX 3KCUTOHOB ??

H

—

BOMNPOCHI:

Q B ABYMEPHOWU WOEANBHOU CUCTEME HET B3K. BEPHO N 3TO ANA CUCTEMbI C BECNOPAAKOM?

Q WMEET N1 MECTO B3K ANA 6O30HOB, BPEMSA XWU3HU KOTOPbIX KOHEYHO?

O KAKOBA PONb OTTANKUBAHUA MEXOY YACTULAMU B @OPMUPOBAHUU UX COCTOAHUA B CUCTEME C
BECMOPAOKOM?

O KAKOBA PONb ®NIOKTYALUU HAKAYKU B BIK KONb CKOPO Mbl UMEEM AIENO C HEPABHOBECHOW
CUCTEMOW 3KCUTOHOB

O KAK PACNPOCTPAHAETCA NOKANbHOE BO3MYLLEHUE B TAKOWU CUCTEME?

OTBETbI: M. M. Mnasoe*, P. A. Cypuc, KOH[EHCALUS1 3KCUTOHOB B JBYMEPHON CUCTEME C GECITOPSIAKOM
X3T®, 2018, mom 153, ebin. 6, cmp. 1001-1011 ¢ 2018



YTO TAKOE BO3E-OUHLLUTEMHOBCKAA KOHAEHCALMA? (HamommHAHuME)
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UMCTOUYHUK U BECNOPAAKA U NNOTHOCTb
COCTOAHUM

_L, :bJ:ANDOMLY DISTRIBUTED CHARGES

:I QW WIDTH
FLUCTUATIONS IN BARRIER LAYERS

1] T

We consider the situation when the energy spectrum is bounded

from below.
We set the low boundary of spectrum E=0
exp|— |, E >0, — =N/
DOS(E) = { E? E E, TN, /m
0, E <. In the model of lateral potential

I. M. LIFSHITZ, THEORY OF FLUCTUATION LEVELS IN DISORDERED s N is th ' .
SYSTEMS, Zh. Eksp. Teor. Fiz. 53, 743-758 (August, 1967) wells, IV, 1s the well concentration



53K B BYMEPUU C BECMOPALKOM

EQUILIBRIUM DISTRIBUIION FUNCTION  BEC OCCURES AT ZERO CHEMICAL POTENTIAL

fE;T, p) = (E’—,ﬂ-) I“‘:O
exp 7 — 1
THE INTERRELATION OF THE CRITICAL TEMPERATURE, T ., AND CRITICAL CONCENTRATION, N .,
IS GIVEN BY THE EQUATION:
o0 Ta
, , | Nye Fdx
N. = ] f(E;T.,0)DOS(E)E = / .
exp (E, [2T,.) — 1
(0 0
03 T N 1 .
03 S~ 2 — 1 Tag~ N./m
T,-_-f fll'l'lc 2 ( e 4.'“"&" P ) -0 ,l:
0 Qfmaef e 111 i n -
T. /E N,
----- v / In a disordered 2D system,
- A the BEC critical temperature T profoundly exceeds the
o temperature T ; corresponding to the de Broglie wave

1x10°8  1x10°®  1x107* o001

N length close to the average distance between particles!
Cc

N, This is due to filling in of deep fluctuation potential wells.



A ECTb JIK BIK HACTUL, C KOHEYHbIM
BPEMEHEM XWU3HWU?

MAIN PROCESSES Probability of hopping between levels E
and E’'of 2 wells on distance r per unit of

incoming excitons ) o “
time (u is inverse tunnel length):

A

w(E — E',r) = wgexp(—23r) x

% 1, E'< E,
% . EK]::(E_E), E'>FE.

T

annihilation tunneling h | excitati We call the wells as TRAPS, if the time

radiative & t ermta excll.tatlon] of annihilation of particles in them,
.. + tunnelin . . .

nonradlatlve) g Ty, is less than the time of their

hopping into neighboring wells

THE ENERGY DISTRIBUTION FUNCTION OF EXCITONS IN TRAPS (G is generation rate):
ftr{E] — GT{}Pzr[E}-

- , , THE PROBABILITY
Py (E) = exp| — dE'dr2nrDOS(E’) | oF A WELL BEING A TRAP
W(E-E'r)T0>1



YCNNOBUA BIK

THRESHOLD ENERGY LEVEL, E - : THE WELLS WITH ENERGY E > E - ARE NOT THE TRAPS
P, (E;) = exp (— Lok oms ryeo s dE’ernrDOS(E’)) <1

For long enough lifetimes where the exciton hopping between the wells is

-

T I %/

H H L 3 .
effective, i.e. f In? (wyrp) > 1
4 3c<
r_ E, condencation is feasible
o o [ 7Ne 12 0 ' under the condition
n P n HL-{}J{}} T> EC

T/E,
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0.4F . _
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| 0.05 ] Horizontal lines are BEC temperature at 7y =
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POJ1b 9KCUTOH-9KCUTOHHOIO OTTAIKUBAHUA

In a lateral potential well of 2D system, the particle energy shift due to pair

collisions in low density approximation is

2 1

E=Ep—-FEgp=TN, T = — 111{E{}fgﬂ]l.

With logarithmic accuracy
2N 1
m In(mEy/2rN)

Ep =

T - the scattering amplitude

E R = 1;f -m.RE

Eo ~ (1/ma?)exp(2nT/m)
ad — characteristic radius of the

interaction potential
[ - the bare interaction constant

Repulsion of particles results in a limitation of their number in each of the wells

and screening of potential fluctuations

O




CNEKTP BO3BYXAEHUN 63K C KOHEYHbIM
BPEMEHEM U3HU BO30OHOB

Elementary excitation spectrum and the correlation function might be obtained using
ideal liquid hydrodynamic equations* supplemented with the terms describing

particle generation and annihilation
*An introduction to the theory of superfluidity by I.M. Khalatnikov ; Cambridge, Mass., 2000

aon o on .
—— +V-(Nv)+— =dg, a7
ot To g,
v 1 £
—_— —?5 — D-. f':: 1
ot m P 2 P
i\ TN, g e
Wl lw+—| = —A 00 05 10 15 20 25 30
0, m Wavevector (arb. units)
w = Sk, k > 1/51'0 5§ = \bf‘}'_f‘l.,"fm Sound velocity

w=—iDk* k « 1/51-0 D = SZTO Diffusion coefficient



https://trove.nla.gov.au/work/12814187?q&sort=holdings+desc&_=1527093294421&versionId=38792757

KOPPENAUUNOHHAA ®YHKLUUA BIK

o(ri,r2) = (¥ (ry)Y(rz) = Nexp [-®(r; — r3,0)/2]
The damping of the correlation is due to the particle generation fluctuations

(P k' w') = ook, —kO(w + w')

Atr = |r; — 13| >

. Tm r
O30 (p t) = erf ( ) -0 i
3D GAS (r,t) p— Wi LONG-RANGE ORDER

o(ry,r9)#0

- Dt
2D GAS O(r,t) = —% (4’:5 + In —2)
T r

Tm
lm NO LONG-RANGE ORDER
o(ry,r)-»0 as (Dt /r?) s

Naturally, thermal fluctuations also result in destruction of the long-range order



PACIMPOCTPAHEHUE NOKAZIbHOIO
BO3SMYLLWEHUE NNOTHOCTU BIK 9KCUTOHOB

t\ [dkk .
on(r,t) = dgexp (——) /F-—ﬁ){kﬂ exp(—krg) [EDS (Qpt) — = {ﬂkt}]

2To F4 ETEJQF:
Simple approximation 1 f R ro — ist
neglecting diffusion - i _E ¢ { [r2 4 (ro —ist)2]3/2 }
3 o |
2 i,/tf_:U” - 20 =2 »  Development of the
g 2 g 04 '\ % __concentration perturbation
> ,/t =1 2 g profile in 2D system
'g 1 : A/f Y E o \J | 1 We use the system of units:
“‘; _ 0 i 3 3 4 s=1, 9= 10, ky= 10.
= A k COdeiﬂﬁe (arb. units) | The profiles calculated with
> O = I ~J _ the “exact” equation (dot
o F—5 t =10 Z line) and the analytical
_ 1'.\‘ .............................. I equation (solid line) att =2
0 2 4 6 8§ 10 12 14 are presented in the

Coordinate (arb. units) insertion.



UTAK:

Q B OTIIUYME OT UAEANBHOWU ABYMEPHOWU CUCTEMbI B BYMEPHOU
CUCTEME C BECINMOPAOKOM B3K BO3MOXHA

O KOHEYHOE BPEMA XXU3HU BO3OHOB NPUBOAMUT K
HU3KOTEMMNEPATYPHOU NPAHULEE OBNACTU B3K HA OUATPAMME
COCTOSAHUN

d BO30OH-BO3OHHOE OTTANKUBAHUE NPUBOAUT K OTPAHUYEHUIO
YUCIA HYACTUL B NATEPAJIbHbIX AMAX 1 SKPAHUPOBAHUIO
OJIIOKTYALUUMOHHOI'O NOTEHLUUANA

O KAK ®NIOKTYALUU HAKAYKU, TAK U TEMNJIOBbIE ®INIOKTYALIUAU
PA3PYLLUAIOT OANbHUA NOPAOOK U B OTNUYUE OT TPEXMEPHOU
CUCTEMbI KOPPENAUUOHHBLIE ®YHKLUU B CUCTEME BYMEPHOU
CNAOAKOT C PACCTOAHUEM r KAK 1/r«

d NOKAJIbHOE BO3MYLWWEHUE NNOTHOCTU KOHAEHCATA
PACTNMPOCTPAHAETCA CO CKOPOCTbIO KOHAEHCATHOIO 3BYKA, CNAA
XU3HUAA NO AMIIIUTYAE U3-3A KOHEYHOIO 3HAYEHUA BPEMEHU
XKU3HU SKCUTOHOB



A TETIEPb PO «...1 HE TO/IbKO...»

dPa30BbIN Nepexon
A3 — «KKPUCTAI»
B CUCTEME NPOCTPAHCTBEHHO-HENPAMbIX
39KCUTOHOB



O 3HEPIrUa CBA3U 3KCUTOHA B ABYCNOWHOWU CUCTEME C
NMPOCTPAHCTBEHHbLIM PA3QENEHWUEM 3NEKTPOHOB U ObIPOK

Q B3AMMOLEWNCTBUE MEXLY 9KCUTOHAM

Q TEPMOAWHAMMUKA TPEYIONbHOW PELLETKA 3KCUTOHOB

Q TEPMOAWHAMMUKA 3KCUTOHHOIO FA3A CO B3AUMOJEWCTBUEM

Q TEMOAWHAMWUYECKOE PABHOBECUE 3KCUTOHHbIW A3 - KPUCTANN
O NPOABNEHUE ®OPMUPOBAHUA KPUCTANITUYECKOIO NMNOPALKA

O 3AKIOYEHE

R.A. Suris, ISSN 1063-7761, Journal of Experimental and Theoretical Physics, 2016, Vol. 122, No. 3,
pp. 602—-607. © Pleiades Publishing, Inc., 2016.

Original Russian Text © R.A. Suris, 2016, published in Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki,
2016, Vol. 149, No. 3, pp. 695-701.0ecb Bawl TEKCT
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3KCUTOH, MOJIO}KUTEJILHO U OTPULIATE/ILHO
3APAYKEHHBIE TPUOHbI U BUSKCUTOH B
JABYXCJIOWHOY CUCTEME
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R. A. Sergeev and R. A. Suris, Semiconductors, Vol. 37, No. 10, 2003, pp. 1205-1210;

R. A. Sergeev and R. A. Suris, in “Optical Properties of 2D Systems with Interacting Electrons”, Ed. by W. Ossau and R.
Suris, NATO Scientific Series, Kluwer Academic Publishers, 2003, pp. 279-288
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9T0 NpocToe BbipaxXeHne BEPHO, ECNN TONbKO pacCTOsiHUE Mexay
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O6MeHHOe B3auMoaenCcTBUE MOXKET NPUBECTU K MEXKIKCUTOHHOMY
NPUTSXKEHUIO M 06Pa30BaHUI0 IKCUTOHHOW MONEKY b

OpHako npu H > ag, 3Heprus cBA3U MONEKyNbl MHOrO MeHbLLe
aKTyanbHOW TemnepaTypbl
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PRI ENE:

O lNMpoaeMoHCTpUpoBaHa BO3MOXHOCTbL CyLleCTBOBaHUSA
TPeyronbHOU peleTKn 3KCUTOHOB B ABYXCINOUHOMN CTPYKType C
NPOCTPaAHCTBEHHO pa3AerieHHbIMU ANeKTPOHaAMU U AblPKaMu

Q MokasaHa BO3MOXHOCTb COCyllecTBOBaHUA ABYyXc¢a3HOro
COCTOSIHUSA ra3 — «KpUcTanm»

O HanpeHb! KynoHOBCKMEe CABUMM JIMUHUX NTIOMUHECLeHL MU
3KCUTOHHOIO rasa u Kpucranna

O B obnactu cocywecTtBOBaHUA pPeLUETKU U ra3a 3KCUTOHOB
NIUHUA NTIOMUHECUEeHUUN pacLlennaeTca Ha ABe NIUHUM,
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YTO XE OANBbLUE??

W. Shakespeare, Hamlet

Hamlet
There are more things in heaven and earth, Horatio,

Than are dreamt of in your philosophy.

EcTb MHOroe Ha cBete, gpyr Nopauuo,

YTO M He CHMNOCHL HaWuM Myapeuam

[lepesol (1828) Muxauna lNaenosu4a BpoH4yeHKo.

Flopauuo, - Ha HeOe n 3emne EcTb MHOroe, YTo U He CHUNOCH Aaxe
Hayke.

[Heduy Nemp



