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Many-photon coherence of Bose-condensed excitons:
Luminescence and related nonlinear optical phenomena

Yu. E. Lozovik* and I. V. Ovchinnikov
Institute of Spectroscopy RAN, Moscow Region, Troitsk, Russia, 142190

~Received 25 April 2002; published 30 August 2002!

We consider many-photon coherent emission governed by coherent recombination of many excitons from
Bose condensate. Momentum conservation makes photons simultaneously created in the coherent recombina-
tion of several excitons from the condensate have zero sum momentum. Many-photon correlations in the
processes of simultaneous many-photon production~photons squeezing! could be detected by photon counting
experiments with several detectors spatially arranged in an appropriate way, i.e., by Hanbury-Brown-Twiss-like
experiments. We analyze the stimulated processes ofN-exciton coherent recombination from the condensate
resonantly induced byN21 external laser beams with momentak1 ,k2 , . . . ,kN21. Such stimulated processes
must reveal themselves through a unidirectional beam with recoil momentumkN52( i 51

N21k i . In particular,
two-exciton coherent recombination from the condensate stimulated by a laser beam effectively acts in a
three-dimensional~3D! exciton system as a laser beam backscattering from exciton Bose condensate. For 2D
coherent exciton systems besides the backscattering stimulated two-exciton coherent recombination has an
additional manifestation—anomalous beam transmission with the only change in the sign of in-plane momen-
tum component of inducing laser beam. We estimate the rates of many-photon coherent emission from a 3D
system of Cu2O excitons and from a 2D exciton system in GaAs/AlGaAs coupled quantum wells. The esti-
mations show that these nonlinear optical effects are experimentally observable.

DOI: 10.1103/PhysRevB.66.075124 PACS number~s!: 71.35.Lk, 78.45.1h
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I. INTRODUCTION

The detection of exciton Bose-Einstein condensation1,2 is
one of the most desirable goals in modern solid state phys
Promising experimental results3–10 have been obtained in th
study of coherent phase of two-dimensional~2D! excitons in
coupled quantum wells.11–26As to the other recently studie
exciton system, 3D excitons in Cu2O, interesting
achievements1,2,27–34have been extensively discussed in t
literature~see Ref. 35, and references therein!, which makes
the search for new qualitative effects that can serve as c
and undoubtable evidence of exciton Bose-condensate
mation, a vital problem.

Any exciton system inherently has a finite lifetime sin
excitons can recombine producing photons. During its li
time exciton system luminesce and therefore the natural
to explore the system is to study exciton luminescence.
also understood that the photons emitted by exciton sys
should reflect the properties of their emitter. Specifically,
coherence of recombining excitons must be in some w
transmitted to the photons.

With the appearance of the condensate a system of bo
acquires many-particle coherent correlations. Exciton lu
nescence reflecting the coherence of Bose-condensed ex
system should possess many-photon correlations as
Many-photon correlations cannot be revealed in inten
measurements with one photon detector, which are usu
used to study exciton systems, as they measure only
photon properties of exciton luminescence~correspondingly
one-exciton properties! such as spectral shape or spat
coherence.33

We argue that many-exciton correlations can be trans
ted to exciton luminescence by coherent many-exciton
0163-1829/2002/66~7!/075124~10!/$20.00 66 0751
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combination processes where several excitons simu
neously recombine producing several correlated photons
diagramatic language such processes can be represent
connected diagrams with several entering excitons and w
the same number of photons leaving the diagram~see Fig. 1!.
Coherent many-exciton recombination processes determ
nonlinear optical properties of an exciton system. In this
per we show that an exciton system with appearance of B
condensate qualitatively changes its nonlinear optical pr
erties in such a way that there arise a family of nonline
optical effects with a mechanism of laser beam backsca
ing from condensed excitons. The detection of these effe
could serve as a signature of exciton condensation.

Before we proceed with the presentation of the mate
let us confine ourselves on general remarks at this stage.
most popular semiconductors for studying a coherent ph
of exciton systems are Cu2O and GaAs. In bulk GaAs

FIG. 1. ~a! A generic diagram of many-exciton coherent reco
bination ~b! a diagram of many-exciton coherent recombinati
from the condensate.
©2002 The American Physical Society24-1
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samples, 3D excitons do not form Bose condensate
rather, gather in electron-hole droplets. Recently, GaAs e
tons and their coherent properties are mainly studied in
dimensions—in coupled quantum wells~CQW! ~see Ref.
3–26, and references therein!. In CQW spatially indirect ex-
citons have electric dipoles and their interaction has stron
repulsive character, so that they can form stable Bo
condensate atT50 ~or superfluid phase with quasi-long
range nondiagonal order and local quasicondensate at
peratures smaller than the temperature of Kosterlitz-Thou
transition!.11

In this paper we are going to consider both the system
3D exciton in Cu2O and the system of quasi-2D excitons
GaAs/AlGaAs CQW. The idea of the paper in described
Sec. II. Section III is devoted to the system of 3D Bos
condensed Cu2O excitons, which model is outlined in
Sec.III A. CoherentN-exciton recombination from the con
densate in this system is discussed in Secs. III B, III C, a
III D for the casesN52, 3, and 4, respectively. The proce
of two-exciton coherent recombination, laser beam ba
scattering, and anomalous laser beam transmission in
system of quasi-2D excitons in GaAs/AlGaAs CQW a
studied in Sec. IV. Section V concludes with several note
the results of the paper.

II. COHERENT MANY-EXCITON RECOMBINATION
FROM BOSE CONDENSATE

To describe the idea of the paper let us consider the
tem of 3D excitons. The main process of exciton recombi
tion is the one-exciton recombination where excitons in
pendently recombine. This process determines such~one-
photon! properties of exciton luminescence as a spectr
shape33 or spatial coherence. Among the other recombinat
processes this process has the greatest rate since it is o
lowest order on relatively weak exciton-photon interactio
Consequently, exciton lifetime is mainly defined by on
exciton recombination. Let us denote the rate of this proc
as W1. One exciton recombination is of the first order o
exciton density so thatW1}r, wherer is the spatial density
of excitons.

One-exciton recombination is not the only process
which excitons transform into photons. Consider the follo
ing possibility~see Fig. 1!: several~sayN) excitons interact-
ing with each other simultaneously recombine and prod
several~N! photons~and no other particles are produced!.
These are the processes of our interest and throughou
paper we will refer them to as coherent many (N-! exciton
recombination. The processes are of higher order on exci
photon interaction and consequently their rates, which
denote asWN , are smaller than the rate of one-exciton r
combination,WN!W1 andWN}rN.

When the exciton system is Bose condensed a ma
scopic number of particles populate lowest one-part
quantum state of zero momentump50 with energy equal to
exciton chemical potentialm. Chemical potential of excitons
m reckoned from the upper edge of valence band can
given asEg2Eex1m̃, whereEg is the gap,Eex is the exciton
binding energy, andm̃ is the chemical potential of excitons
07512
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arising from interexciton repulsion. In fact,m̃,Eex!Eg , so
that m'Eg .

In the coherent phase of exciton systems there arise
considerable possibility~dependent on the density of th
condensate! that in the processes of coherent many-exci
recombination all the recombining excitons belong to Bo
condensate. To picture the diagram representing such a
cess we simply ‘‘sink’’ entering exciton lines in the diagra
given in Fig. 1~a! into the condensate@Fig. 1~b!#. Each con-
densate exciton line brings into the matrix element of t
process a Bose factorAN0, whereN0 is the number of con-
densate excitons, so that the rate of this processWN}rcond

N ,
wherercond is the condensate spatial density. From now
we will consider only the part of luminescence which com
from the condensate excitons. This can also be viewed
low exciton density and low temperature limit where almo
all the excitons are in the condensater'rcond.

In the process ofN-exciton recombination from the con
densate momentum and energy conservation laws dictate
following requirements

(
i 51

N

k i50, (
i 51

N

cki5Nm, ~1!

wherek i is the momentum ofi th created photon36 and c is
the speed of light in the medium. For the sake of brevity,
will measure photon energies from chemical potentialm so
that the photon dispersion law isvk5ck2m[c(k2k0),
where k0 is momentum of a photon with energym. This
photon energy scale is used throughout the paper unless
erwise specified. Such form of photon dispersion fixes
energy scales for both photons and excitons, so that the
citons in the condensate have ‘‘zero’’ energy. The requi
ment for photon energies~1! now reads(v i50, v i[vki

.

For N52, the requirement~1! is sufficient to fix relative
orientation of momenta of two photons created in coher
two-exciton recombination. Namely, the photons have op
site momentak152k2 and the same energies equal excit
chemical potential. ForN.2 cases, this requirement itself
insufficient to fix relative orientation ofN created photons
Nevertheless, as it will be shown below the rate of the p
cess is maximal when photon energies equal some va
around chemical potentialm so that the magnitude of photo
momenta with a great accuracy equalk0. This fact along with
requirement~1! fixes relative orientation of photon momen
in case ofN53 so that the angles between them equal 2p/3.

The photons created in the process ofN-exciton recombi-
nation are ‘‘squeezed’’ among different modes of phot
field (N-mode squeezing!. Such many-photon coherence ca
be studied by a classic method—photon counting exp
ments withN detectors~Hanbury-Brown-Twiss-like experi-
ments!. The specificity of our case is that the detectors a
the exciton system must have such a relative position that
momentum conservation requirement~1! fulfills. Such ex-
periments are of a distinct interest but in the present pa
we focus on new nonlinear optical effects, which are go
erned byN-exciton coherent recombination from the conde
sate.
4-2
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Imagine one induces the process of coherentN-exciton
recombination from the condensate byN21 laser beams
with momentak1 , . . . ,kN21, respectively. Provided that th
energy constraint~1! is fulfilled, the stimulated process mu
manifest itself as a beam coming out of exciton system w
recoil momentum and energy

kN52 (
i 51

N21

k i , vN52 (
i 51

N21

v i . ~2!

Let us refer to this effect asstimulated N-exciton coherent
recombination and to the arising beam~2! as a recoil beam
For instance, in case ofN52, the process of coherent two
exciton recombination stimulated by a laser beam with m
mentumk must result in appearance of a recoil beam w
momentum2k. In other words stimulated two-exciton co
herent recombination acts as a laser beam backscatt
from exciton condensate.

Being stimulated, the rate of theN-exciton coherent re-
combination in direction~2! increases~compared with spon-
taneousN-exciton coherent recombination rate in this dire
tion! by a factor of

)
i 51

N21

~Ni11!,

whereNi is the average number of quanta per mode in
ducing laser beam with momentumk i . Contrary to
N-exciton recombination, one-exciton recombination in t
directionkN @see Eq.~2!# is not stimulated by laser beams,
the photons created in stimulated one-exciton recombina
processes belong to laser beams modes only, i.e., such
tons have momentak iÞkN . Therefore, spontaneous on
exciton recombination can be viewed as a background
which stimulated many-exciton coherent recombination is
be recognized.

A laser beam has a great number of quanta per mode.
concreteness, let this parameter be equal 103. The recoil
beam intensity can exceed the background intensity~one-
exciton spontaneous recombination intensity in the direc
kN) if the following inequality is fulfilled:

103(N21)WN.W1 ~3!

This inequality is a condition of that the process of stim
latedN-exciton coherent recombination is experimentally d
tectable. Thus what we are to do now is to estimate
spontaneous ratesWN in comparison withW1.

III. THE SYSTEM OF BOSE-CONDENSED CUPROUS
OXIDE EXCITONS

A. The model

We consider 3D Bose-condensed exciton system in C2O
at zero temperature. In Cu2O, there are two types of exci
tons: paraexcitons (S51) and orthoexcitons (S50) ~inter-
conversion rate between the branches being very low,
e.g., Ref. 29!. The type of the excitons, however, does n
play any role for the effects to be discussed, so that when
refer to excitons we deal with a specific exciton branch.
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The exciton system is assumed to be in a quasiequilibr
state with respect to exciton-exciton interactions. The in
actions of the excitons with electromagnetic and phon
fields are weak and considered as perturbations. The no
and anomalous exciton Green functions are taken in lad
~Beliaev! approximation

Gk~v!5
v1A«k

21m̃2

@v2~«k2 ihk!#@v1~«k2 ihk!#
,

Fk~v!52
m̃

@v2~«k2 ihk!#@v1~«k2 ihk!#
, ~4!

m̃5rcondU0 , «k5Am̃k2

m
1S k2

2mD 2

.

HereU0 is zero Fourier-component of exciton-exciton inte
action potential andm is exciton mass. In the following, we
use for Cu2O the estimatesm'2.7me , m̃'0.5 meV (0.8
31012 s21), rcond51019 cm23, andh'0.1m̃. In Cu2O, di-
electric susceptibilitye'9 and c5c0 /Ae'1010 cm/s, Eg
'2 eV so thatk0'33105 cm21.

In Cu2O, direct recombination of an electron and a hole
very weak and an exciton decays mainly with production
a photon as well as of an optical phonon. The operator tak
into account radiative decay of excitons is

V̂(1)~ t !5 (
p2k2q50

Lk,q

AV
ĉp1q

† e2 ivp1qtâp~ t !f̂q~ t !1H.c. ,

f̂q~ t !5~ b̂qe
2 iVt1b̂2q

† eiVt!,

wherea’s, b’s, andc’s are exciton, optical phonon, and pho
ton destruction operators, respectively;V is the optical pho-
non energy~for simplicity we assume energy of optical pho
non being momentum independent!; L is effective interaction
constant andV is the volume of the system.

Phonon Green function has the following form:

Gq~v![G~v!5
2V

@v2~V2 ig!#@~v1~V2 ig!#
.

In Cu2O, energy of the optical phononV'1022 eV. For the
estimates we takeg5109 s21 which corresponds to that th
optical phonon lifetime is approximately 1029 s.

As it will be seen later, the process of three-exciton c
herent recombination requires the vertex of exciton-phon
interaction as well. Operator of exciton-phonon
interaction can be taken in the following form:

V̂(2)~ t !5 (
p2k2q50

gk,q

AV
âp1q

† ~ t !âp~ t !f̂q~ t !1H.c.

For simplicity, we consider both interaction constantsg and
L being independent of momentak,q, i.e., gk,q[g andLk,q
[L. We assumeg5102L for the following estimates.37

The radiative lifetime of an excitont, which is deter-
mined mainly by one-exciton recombination, equals
4-3
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t215
L2k0

2

pc
~5!

In Cu2O, exciton radiative lifetimet'10 ms, that corre-
sponds toL'2,53102 s21 cm3/2. The spontaneous rate o
one-photon recombination per unit volume is

W15
rcond

t
.

One-exciton recombination spectrum has a peak at the
quencym2V, since in the process of one-exciton recom
nation exciton energy is distributed between a photon and
optical phonon.

The rate of the photon emission in spontaneousN-exciton
coherent recombination per unit volume can be given as

WN5NE 2pdS (
i 51

N

v i D uM Nu2VN )
i 51

N21
d3k i

~2p!3
, ~6!

whereMN is the matrix element of the process and the f
tor N accounts for the fact that at any elementary act
N-exciton coherent recombinationN photons are created. I
fact, the matrix elementMN implicitly has N factorsV21/2

but the volume of the systemV drops out of the final resul
for WN , so that one can setV51.

B. Stimulated coherent two-photon emission and light
backscattering from exciton Bose condensate

In the lowest order of exciton-photon interaction the m
trix element of coherent two-exciton recombination from t
condensate is given in Fig. 2~a!. Two condensate exciton
coherently recombine through interchange of a virtual opt
phonon. Two photons created in the process have oppo
momentak152k2 and consequently they have the same
ergies equal exciton chemical potential@see Eq.~1!#. Analyti-
cal expression for the matrix element is

M2~k1 ,2k1!5G~v1!L2rcond. ~7!

FIG. 2. ~a! The diagram of two-exciton coherent recombinati
from the condensate in the lowest order on interparticle interact
The broken arrows represent condensate excitons and the da
line is a virtual optical phonon.~b! Stimulated two-exciton coheren
recombination or laser beam backscattering, double wiggly line
resents inducing laser beam.
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Using Eqs.~7!, ~6!, and~5!, one obtains the total rate of th
photon emission in spontaneous two-exciton recombina
process in the following form:

W25
4k0

2L4rcond
2

pcV2
5

4L2rcond

V2
3W1 .

For the parameters adopted~see previous section!, the rate of
spontaneous photon emission in the process of interes
estimated as

W2'0.6310223W1 .

According to the condition~3!, the process is experimentall
detectable.

Stimulated two-exciton coherent recombination from t
condensate effectively acts as a laser beam backscatte
Indeed, at any elementary act of the stimulated process, t
is created not only the photon propagating along induc
beam direction but also the photon propagating in the op
site direction@see Fig. 2~b!#.

The position of the spectral peak of two-exciton coher
recombination is higher by an optical phonon energyV than
the one-exciton recombination peak, since in the processe
two-exciton coherent recombination no phonons are p
duced. This fact is an additional advantage allowing to d
tinguish between laser beam backscattering and the b
ground radiation~spontaneous one-exciton recombination!.

C. Stimulated coherent three-photon emission

In the lowest order on interparticle interactions the mat
element of three-exciton coherent recombination from
condensate is the sum over photon permutations in the
trix element given in the following:

M3~k1 ,k2 ,k3!5gL3rcond
3/2 (

iÞ j
G~v i !G~v j !G2k j

~v j !,

~8!

where the subscriptsi and j, enumerating the photons, tak
on the values 1,2,3. The main contribution to the rate of
process comes from the~resonant! regions where the Gree
functions in the matrix element are mostly close to th
poles. In these regions, energies of photons differ from
chemical potential of excitons relatively slightly. Indeed, t
difference has the order of phonon energy or the energy
elementary excitation in exciton system@see Eq.~10!#. These
differences, in turn, are negligibly small in comparison to t
semiconductor gap and/or the chemical potential of exci
systemm. Consequently, photon wave vectors magnitud
differ from k0 negligibly. In Eq.~8!, the momentum2k j can
be substituted byk0 so that the matrix element~8! is the
function of photon energies only. Such approximation can
called fixed-photon-momenta-magnitude approximation.

Assumingg!V andh!«k0
, it is possible to use the reso

nant approximation~pole approximation! and in uMu2 leave
only six resonant terms which after integration over pho
energies give the same contributions to the rate of the p
cess. Now we can write

n.
hed

p-
4-4
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uM3~v1 ,v2 ,v3!u256g2L6rcond
3 uG~v2!G~v1!Gk0

~v1!u2.

The fixed-photon-momenta-magnitude approximation ma
it possible to reduce the expression~6! for the rate of spon-
taneous photon emission in case ofN53 to the following
~see Appendix 1!:

W3518
g2L6rcond

3 k0
3

pc3 E uG~v1!Gk0
~v1!u2

3
dv1

2p E uG~v2!u2
dv2

2p
.

The energy of optical phononV'1022 eV is much greater
than the energy of elementary excitation of exciton syst
«k0

'1024 eV and the result simplifies as

W3518
g2L6rcond

3 k0
3

pc3

1

V2g F 1

g
1

1

h S 11
m̃2

2«k0

2 D G
518

g2L4rcond
2 k0

c2V2g F 1

g
1

1

h S 11
m̃2

2«k0

2 D GW1 . ~9!

For the parameters adopted~see Sec. III! the rate at which
the photons are emitted due to the three-exciton cohe
recombination can be estimated as

W3'10223W1 ,

i.e., every hundredth exciton decays in such a way.
The experiment where three-photon coherent emiss

can be detected is to expose the condensate to two be
directed with respect to each other at angle (2p)/3 @see Fig.
3~b!#. The process under consideration should result in
pearance of a recoil beam with momentum~2! directed at the
angle (2p)/3 with respect to the both inducing laser beam

The main contribution to the rate of the process~9! comes
from the regions on the photon energy scale where the G

FIG. 3. ~a! The diagram of three-exciton coherent recombinat
from the condensate in the lowest order on interparticle interact
Straight line represents normal exciton Green function.~b! The sys-
tem is exposed to two laser beams~double wiggly lines! directed to
each other at the angle 2p/3. Stimulated three-exciton cohere
recombination should reveal itself by a recoil beam~single wiggly
line!.
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functions are mostly close to their resonance. One of
virtual phonons can always be made resonant~real! by
choosingv356V @see Fig. 3~a!#. As to the virtual exciton
elementary excitation and the other virtual phonon, they
not be resonant simultaneously since they share the s
arguments. Therefore, there are two possibilities~i! the other
virtual phonon@the right one in the Fig. 3~a!# is resonant or
~ii ! the virtual elementary exciton excitation is resonant.
the Fig. 3~a! the cases~i! and ~ii ! correspond tov156V
and v156«k0

, respectively. The possibility~i! is respon-
sible for the first term in the parenthesis in Eq.~9! whereas
case~ii ! is responsible for the second. Two cases corresp
to three sets of energy values of photons:38

~m1V,m2V,m!, ~m1V,m6«k0
,m2V7«k0

!

and

~m2V,m7«k0
,m1V6«k0

!. ~10!

The first set is case~i! whereas the second and the third s
are case~ii !.

To resonantly increase the efficiency of stimulated thr
exciton coherent recombination the energies of two stimu
ing laser beams must be equal to any two values of any
the sets~10!. As is seen from Eq.~10! the energies of pho-
tons slightly differ from exciton chemical potentialm@V
@«k0

. The greatest difference is of order of optical phon

energyV. Consequently, photon momenta magnitudes
not equalk0 exactly. The relative difference is of order o
V/m'531022. This is the order of a value by which actu
angles between photon momenta can differ from 2p/3—the
magnitude obtained within fixed-photon-moment
magnitude approximation.

D. Four-exciton coherent recombination

In the lowest order on interparticle interactions the mat
element of four-exciton coherent recombination has the
lowing form:

M4~k1•••k4!5rcondL
4 (

lÞm,mÞn,nÞ l
F2(kl1km)@2~v l1vm!#

3G~2v l !G~2vn!, l ,m,n51•••4.

It consists of 12 diagrams similar to the one given in F
4~a!. The diagram explicitly has only two entering lines
condensate excitons. The other two lines are implicitly co
tained in anomalous exciton Green function.

In resonant approximation~pole approximation! one can
leave only resonant terms inuM 4u2 so that

uM 4u2512rcond
2 L8uF uk11k2u~v11v2!G~v1!G~v3!u2.

~11!

In fixed-photon-momenta-magnitudes approximation~see
Appendix 2! the rate of photon emission~6! for N54 can be
reduced to

n.
4-5
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W4548rcond
2 L8

k0
4

2p2c4E du

~2p!
E

0

2k0
dkuFk~u!u2

3E dv1

~2p!
uG~v1!u2E dv3

~2p!
uG~v3!u2,

where we made the substitutionsu5v11v2 , k5uk11k2u.
In the approximation ofk independent and smallh (h
!«k0

) the first integral simplifies as

E du

~2p!
E

0

2k0
dkuFk~u!u25

pm̃2

8h2cv

,

wherecv is the speed of exciton system elementary exc

tion at the linear part of exciton spectrumcv5Am̃/m'0.5
3106 cm/s. Finally, the rate of photon emission in spon
neous four-exciton coherent recombination is

W45
3rcond

2 L8m̃2k0
4

pcvc4g2h2
5

3rcondL
6m̃2k0

2

cvc2g2h2
3W1 . ~12!

For the parameters adopted~see Sec. III!, the corresponding
rate can be estimated as

W450.5310223W1 .

This result shows that approximately every two-hundre
exciton decays due to this process and consequently
stimulated process is experimentally observable.

The momenta of four photons created in the process
be directed as shown in Fig. 4~b!. A consequence of the
relation~1! is that the sum momenta of any two photons h
the same magnitude and opposite direction with that of
other photon pair. The angle between momenta of any
photons equals the angle between momenta of the other
photons. Relative orientation of the two planes where m

FIG. 4. ~a! The diagram of four-exciton coherent recombinati
from the condensate in the lowest order on interparticle interact
Double arrowed line represents anomalous exciton Green func
~b! The system is exposed to three laser beams~double wiggly
lines! relatively directed in such a way that momentum conser
tion requirement fulfills@see Eq.~1!#. Stimulated four-exciton co-
herent recombination should reveal itself by a recoil beam~single
wiggly line!.
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menta of each pair lie is not fixed however, i.e., the mome
of the photons are generally not complanar.

An experiment for detection of the process of four-excit
coherent recombination is to expose the exciton system
three laser beams@see Fig. 4~b!#. The process reveals itself a
a recoil beam with momentum~2!.

As in the previous section, we note that the main con
bution to the rate~12! comes from the regions on photo
energies scales where the Green functions are mostly clo
their poles. As it can be seen from Fig. 4~a! all the virtual
particles can be made ‘‘real’’ by appropriate choice of phot
energies. In the resonant process the energies of pho
must be equal to39

~m1V,m2V,m2V6«k0
,m1V7«k0

!.

To increase the efficiency of stimulated four-photon coher
emission the energies of laser beams must be equal any
values of the set.

IV. LASER BEAM BACKSCATTERING
AND ANOMALOUS TRANSMISSION

IN QUASI-2D EXCITON SYSTEM IN CQW

GaAs is a direct gap semiconductor with allowed dipo
interband transition. Excitons in quantum wells are qua
two-dimensional contrary to the photons which are thr
dimensional. In this system only 2D in-plane momentum
conserved. The operator of exciton-photon interaction can
given as

V̂~ t !5\(
k

g

AL
@ âki

~ t !ĉk
†e2 ivkt1H.c.#, ~13!

where â and ĉ are exciton and photon operators, respe
tively; g is the interaction constant; in-plane vectorski are
2D; L is the width of the system in normal to CQW directio

In the lowest order on exciton-photon interaction the m
trix element of spontaneous two-exciton coherent recom
nation with production of two photons with in-plane wav
vector components6ki @see Fig. 5~a!# is:

M2~ki!5g2F~v1 ,ki!

so that the rate of the process is

W2~ki!5E ~2p!d~v11v2!g4uF~v1 ,ki!u2
dk',1dk',2

~2p!2
,

whereF is anomalous Green function of exciton subsyste
The anomalous Green function has the form given in Eq.~4!,
with different parameters, however, corresponding to Ga
For simplicity, we consider that elementary excitation dec
parameterh is independent on exciton elementary excitati
momentum. In the resonant~pole! approximation we make
the substitution

n.
n.

-
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uF~v,ki!u2→
m̃2p@d~v2«ki

!1d~v1«ki
!#

@~2«ki
!21h2#h

. ~14!

This substitution corresponds to that we take into consid
ation only resonant processes where two created pho
have the energies6«ki

@on the scale accepted, i.e.,c(k

2k0)56«ki
]. Using Eq.~14! one obtains

W2~ki!'

m̃2 )
i 51,2

H E 2pg2d@v i1~21! i«ki
#
dk',i

~2p!J
@~2«ki

!21h2#h
.

The energy of elementary excitation«ki
!m and conse-

quently the approximation of fixed-photon-momenta mag
tudes is applicable. In the arguments ofd functions we can
omit the terms«ki

. In result, the magnitudes in the parenth
sis become the radiative lifetime reciprocal of an excit
with momentumki :

FIG. 5. Light backscattering and anomalous transition in coh
ent 2D exciton system in GaAs/AlGaAs coupled quantum wells~a!
The diagram of two-exciton coherent recombination with prod
tion of two photons.~b! Spatial orientation of photon momenta
stimulated two-exciton coherent recombination. Besides the b
with momentum 2ki ,2k' , which corresponds to laser bea
backscattering, the beam with momentum2ki ,k' arises. The latter
corresponds to anomalous light transmission. In resonant proce
the anglesu between photon momenta and wells plane are alm
the same.~c! In nonresonant processes, where the photons w
energiesv1 and v2 ~reckoned from exciton chemical potentialm
5k0c) are created, these angles are different and obey the rel
(v21ck0)/(v11ck0)5sinu1 /sinu2.
07512
r-
ns
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-

W2~ki!'
m̃2

@~2«ki
!21h2#htki

2
. ~15!

For spatially indirect excitons in GaAs/AlGaAs CQW radi
tive lifetime t approximately equals 1028 s. Assuming that
tki

is independent ofki , i.e.,tki
[t, and that entire radiative

zone corresponds to linear part of elementary excitat

spectrum«ki
'Am̃/mki for ki,k0, one can integrateW2(ki)

over radiative zone what yields total spontaneous rate
photon production in the process per unit area of CQW in
following form:

W25E
ki,k0

W2~ki!
d2ki

~2p!2
5

m̃m

16pht2
lnS 11

4m̃k0
2

mh2 D
In GaAs, Eg'1.5 eV and e'12 so that k0'2.8
3105 cm21. Taking for estimationrcond51010 cm22, m̃

50.5 meV,h50.1m̃, we have

W2'231023W1 ,

where W1 is the rate of one-exciton recombinationW1
5rcondt

21. This result shows that the effect of stimulate
coherent two-exciton recombination can be detected in
system of quasi-2D excitons in GaAs/AlGaAs CQW@see Eq.
~3!#.

Two created photons have approximately the same m
nitudes of their momentak06«ki

/c'k0 and exactly the
same magnitudes of in-plane momenta components. Th
fore, the angles of their propagationu @see Fig. 5~b!# are
almost the same.40

In two dimensions the third component of photon mome
tum is not fixed and is set only by energy conservation la
Consequently, the rateW2(ki) corresponds tofour processes
in which the pairs of photons with momenta (ki ,6k') and
(2ki ,6k') are created. Therefore, stimulating laser be
with in-plane momentum componentki induces~contrary to
the 3D case! two processesin which the recoil beams are
emitted in two directions (2ki ,6k'). Thus stimulated two-
exciton coherent recombination in 2D coherent exciton s
tem manifests itself via two effects: stimulated laser be
backscattering as well as stimulated anomalous laser b
transmission. In the latter process only in-plane compon
of laser beam momentum changes its sign@see Fig. 5~b!#.

Furthermore, in the process of interest it is not necess
for the photons to be ‘‘resonant,’’ i.e., the photons can ha
energiesv1,2 different from6«ki

@on the scale accepted, i.e

v1,2[c(k1,22k0)56«ki
]. However, the rate of such non

resonant process is weak and forv@«ki
its rate is propor-

tional tov24. The photons created in nonresonant proces
with different energiesv1 andv2 (v11v250) have differ-
ent normal wave components as well. The angles of th
propagation obey the relation sin(u1)/sin(u2)5(v21ck0)/(v1
1ck0) @see Fig. 5~c!#.
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V. CONCLUSION

In conclusion, we considered many-exciton coherent
combination processes in a system of Bose-condensed
tons. It is shown thatN-exciton coherent recombination pro
cesses, being resonantly induced byN21 external laser
beams, must result in that Bose-condensed exciton sys
irradiates a unidirectional beam with recoil momentu
~2!.These effects are nonlinear optical properties of exci
Bose-condensed systems and can serve as signatures
citon Bose condensation.

For the effects under consideration the momentum con
vation plays a crucial role. However, the inevitable prese
of impurities, interface roughness, etc., leads to the smea
of exciton momentum. This should result in the angular u
certainty of the recoil beam propagation direction of order
1/(k0l ), wherel is a mean free path of an exciton.

The part of spontaneous luminescence correspondin
N-exciton coherent recombination is squeezed among
modes of created photons (N-mode squeezing!. Disregard
the weakness of these processes, another way to detect
is photon counting experiments withN detectors, e.g., the
Hanbury-Brown-Twiss method~see Refs. 41,42! for two-
exciton coherent recombination. In such experiments, de
tors must be positioned relatively to exciton system in suc
way that momentum conservation requirement inN-exciton
recombination fulfills, e.g., for two-exciton coherent reco
bination the two detectors must be placed diagonally w
respect to exciton system.

We would also like to emphasize that by now in phys
there are two known backscattering mechanisms: the l
backscattering from disordered media, connected with w
Anderson localization of light and Andreev reflection of qu
siparticles ~quasielectrons or quasiholes! on the boundary
normal-metal–superconductor. The stimulated two-exci
coherent recombination discussed in the present paper
pears to be a mechanism of backscattering.

In a light of the effects discussed in this paper, the pr
ence of normal magnetic field would influence 2D-excit
system in CQW only quantitatively, i.e., by changing excit
mass, condensate density, etc. Therefore, the results of
IV are directly applicable to magnetoexciton problem.17,26,43

The method of studying nonlinear properties of excit
system, which is alternative to the proposed in this pape
four-wave-mixing experiments.44–46 It must be noted, tha
four-wave-mixing experiments have essentially differe
physical background from that of many-exciton coherent
combination. Particularly, in four-wave-mixing experimen
exciton matter waves are generated by pumping laser be
whereas in many-exciton coherent recombination it is
sumed that there is already a condensed exciton system
laser beams only induce process of their coherent recom
nation.

We would also like to note that effects described can
generalized to other systems of Bose particles, e.g., for B
condensed atoms.47 At this, however, the Bose particles mu
be able to disappear producing photons or in other words
metastable.
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APPENDIX: APPROXIMATION OF FIXED-PHOTON-
MOMENTA-MAGNITUDES

The integration over photon momenta in Eq.~6! is per-
formed over 3D momenta ofN21 photons whereas in fixed
photon-momentum-magnitudes approximation the matrix
ements of three- and four-photon coherent emission dep
on less number of variables. It is possible to integrate out
idle variables in the integral~6!, i.e., in the expression

E •••2pdS (
i 51

N

c~ki2k0!D )
i 51

N21 ki
2dv id cosu idf i

c~2p!3
,

~A1!

where we use spherical coordinates for photon momenta

k i5ki~cosu i ;sinu icosf i ;sinu isinf i !. ~A2!

The approximation of fixed-photon-momenta-magnitudes
to assumeki5k0 ,i 51•••N21. The momentum space dif
ferentials take the form

k0
2dv id cosu idf i

c~2p!3

and the energyd function takes the following form:

c21dS U (
i 51

N21

k iU2k0D . ~A3!

In the approximation of fixed-photon-momenta magnitud
the energy conservation law serves to ensure that ph
momentak i ,i 51•••N21 have such a relative spatial orien
tation that the recoil momentum of theNth photon, which
equals the magnitude~2!, has the magnitudek0.

1. The case of three photons

The matrix element of the three-photon coherent emiss
depends only on the energies of the photons and we
integrate out the spatial angles variables. With no loss
generality we can choose the azimuth axis of the sec
photon being directed along the first photon momentum
that uk11k2u5k0A2(11cosu2) @see Fig. 6~a!#. The energyd
function ~A3! takes the form

~ck0!21d@A2~11cosu2!21#5~ck0!21d~cosu211/2!.

Integration over spherical angles of the photons simplify
expression~A1! in the case of three-photon coherent em
sion as
4-8
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k0
3

pc3E •••)
i 51

2
dv i

~2p!
. ~A4!

The fact that cosu2521/2 implies that the angles betwee
the three created photons momenta equal 2p/3, as they
should@see Fig. 3~b!#.

FIG. 6. Photon momenta orientation in fixed-photon-momen
magnitudes approximation~Appendix!. ~a! The case of three pho
tons. The magnitudes of momentak1 andk2 equalk0 whereas the
magnitude of the third photon momentum depends on relative
entation of vectorsk1 and k2. ~b! The case of four photons. Th
magnitudes of momentak1 , k2, andk3 equalk0 whereas the mag-
nitude of the fourth photon momentum depends on relative or
tation of vectorsk1 , k2, andk3.-
e,

i-
c

0751
2. The case of four photons

For four-photon coherent emission the matrix elem
M4 is a function of photon energies and the magnitudeuk1
1k2u. To reduce the number of variables in Eq.~6! we first
choose the azimuth axis of the third photon being direc
along the vectork11k2 so that

U (
i 51

N21

k iU5Auk11k2u21k0
212k0uk11k2ucosu3.

The d function in Eq.~A3! transforms as

c21d~Auk11k2u21k0
212k0uk11k2ucosu32k0!

5~cuk11k2u!21d~cosu32X!,

X52~2k0!21uk11k2uP@21,0#.

Integration over the spherical angles of the third photon s
plifies the expression~A1! as

E •••

k0
2

c2uk11k2u

dv3

~2p!)i 51

2 k0
2dv i

c~2p!3
d cosu idf i .

Now we choose azimuth axis of the second photon be
directed along the first photon momentum so thatuk11k2u
5k0A2(11cosu2) @see Fig. 6~b!#. The integration over
cosu2 transforms into integration overuk11k2u as

d cosu2

uk11k2u
5k0

22d~ uk11k2u!, uk11k2uP~0,2k0!.

Finally, for four-photon coherent emission we can rewrite
expression~A1! as

k0
4

2p2c4E •••duk11k2u)
i 51

3
dv i

~2p!
.
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