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Many-photon coherence of Bose-condensed excitons:
Luminescence and related nonlinear optical phenomena
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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 produdpbiotons squeezingould 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 processéd¢-@fciton coherent recombination from the condensate
resonantly induced b —1 external laser beams with momettak,, . . . Ky_;. Such stimulated processes
must reveal themselves through a unidirectional beam with recoil momelq{;mn—ii’\';fki . In particular,
two-exciton coherent recombination from the condensate stimulated by a laser beam effectively acts in a
three-dimensional3D) 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 CyO 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.
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[. INTRODUCTION combination processes where several excitons simulta-
neously recombine producing several correlated photons. In
The detection of exciton Bose-Einstein condensatfds  diagramatic language such processes can be represented by
one of the most desirable goals in modern solid state physicsonnected diagrams with several entering excitons and with
Promising experimental results® have been obtained in the the same number of photons leaving the diag(see Fig. 1
study of coherent phase of two-dimensiof@D) excitons in ~ Coherent many-exciton recombination processes determine

coupled quantum wells:"2%As to the other recently studied nonlinear optical properties of an exciton system. In this pa-

exciton system, 3D excitons in @O, interesting Perwe show that an exciton system with appearance of Bose
achievement£2’~*have been extensively discussed in theCONdensate qualitatively changes its nonlinear optical prop-
erties in such a way that there arise a family of nonlinear

literature(see Ref. 35, and references theyeimhich makes tical effects with han £l b backscatt

the search for new qualitative effects that can serve as clegPlical effects with a mechanism of laser beéam backscatter-
and undoubtable evidence of exciton Bose-condensate fo'rr-]g from condense_d excitons. Th? detection of these effects
mation, a vital problem could serve as a signature of exciton condensation.

A i e inh v h finite lifeti . Before we proceed with the presentation of the material
\ny exciton systeém inhereéntly has a finite IEUMe SINCE ot 5 confine ourselves on general remarks at this stage. The
excitons can recombine producing photons. During its life-

most popular semiconductors for studying a coherent phase

time exciton system luminesce and therefore the natural ways oyciton systems are GO and GaAs. In bulk GaAs
to explore the system is to study exciton luminescence. It is

also understood that the photons emitted by exciton system N correlated photons N cortelated photons
should reflect the properties of their emitter. Specifically, the | k  k ﬂb\"*f
coherence of recombining excitons must be in some way S e L
transmitted to the photons.

With the appearance of the condensate a system of bosons

acquires many-particle coherent correlations. Exciton lumi- M, M,

nescence reflecting the coherence of Bose-condensed exciton

system should possess many-photon correlations as well. L‘L‘

Many-photon correlations cannot be revealed in intensity
measurements with one photon detector, which are usually — Ncond;:;mns

used to study exciton systems, as they measure only one- N excitons

photon properties of exciton luminescenecerrespondingly a) b)

one-exciton propertigssuch as spectral shape or spatial

coherencé? FIG. 1. (a) A generic diagram of many-exciton coherent recom-

We argue that many-exciton correlations can be transmitbination (b) a diagram of many-exciton coherent recombination
ted to exciton luminescence by coherent many-exciton refrom the condensate.
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samples, 3D _excitons do not form Bose condensate b“}irising from interexciton repulsion. In fa&lﬂEex<E
rather, gather in electron-hole droplets. Recently, GaAs exc'fhat,u,~E
g-

tons and their coherent properties are mainly studied in tWo |, the coherent phase of exciton systems there arises a

dimensions—in coupled qgantum Wel(ﬁ_QW).(S?e Ref.  considerable possibilityfdependent on the density of the
3-26, and references thergiin CQW spatially indirect ex-  -ondensatethat in the processes of coherent many-exciton
citons have electric dipoles and their interaction has stronglyaombination all the recombining excitons belong to Bose
repulsive charafter, so that they can form stable BoS€syngensate. To picture the diagram representing such a pro-
condensate af =0 (or superfluid phase with quasi-long- cess we simply “sink” entering exciton lines in the diagram

range nondiagonal order and local quasicondensate at teral-ven in Fig. 1a) into the condensatéFig. 1(b)]. Each con-

peratp_re; smaller than the temperature of Kosterlitz-Thoulesgensate exciton line brings into the matrix element of this
transition.

X . . rocess a Bose factafN,, whereN, is the number of con-
In this paper we are going to consider both the system og 0

. : N
3D exciton in CyO and the system of quasi-2D excitons in Wir;s;gte exci:;t(?tﬂz, csc())n;[jheitstgtz ?tgti(;fl tglesng)i;oﬁﬁkg rf] C%”g\’N on
GaAs/AlGaAs CQW. The idea of the paper in described in Pcond P Y-

Sec. II. Section Il is devoted to the system of 3D Bose- V€ will consider only the part of Iu_mlnescence whlph comes
. : : X -~ from the condensate excitons. This can also be viewed as a
condensed GO excitons, which model is outlined in

Sec Il A. CohereniN-exciton recombination from the con- low exciton density and low temperature limit where almost

densate in this system is discussed in Secs. Il B, 1l C, an(?” the excitons are in the:- condensatepc9nd.
I D for the casesN=2 3 and 4. respectivelv. The process In the process oN-exciton recombination from the con-
. P » Fesp Y- P densate momentum and energy conservation laws dictate the

of two-exciton coherent recombination, laser beam back: . :

. . = following requirements
scattering, and anomalous laser beam transmission in the
system of quasi-2D excitons in GaAs/AlGaAs CQW are N N
studied in Sec. IV. Section V concludes with several notes to El k=0, > ck=Npg, 1)

=

the results of the paper. i=1

gr SO

Il. COHERENT MANY-EXCITON RECOMBINATION wherek; is the momentum ofth created phOthﬁ andc is
FROM BOSE CONDENSATE the speed of light in the medium. For the sake of brevity, we

will measure photon energies from chemical potentiaso
To describe the idea of the paper let us consider the syshat the photon dispersion law i®,=ck—u=c(k—ko),

tem of 3D excitons. The main process of exciton recombinayhere k, is momentum of a photon with energy. This
tion is the one-exciton recombination where excitons indePhoton energy scale is used throughout the paper unless oth-
pendently recombine. This process determines datte-  erwise specified. Such form of photon dispersion fixes the
photon) properties of exciton luminescence as a spectrungnergy scales for both photons and excitons, so that the ex-
Shapé3 or Spatial coherence. Among the other recombinatiorbitons in the condensate have “zero” energy. The require_
processes this process has the greatest rate since it is of thRant for photon energied) now readsS w;=0, ;= wy.
lowest order on relatively weak exciton-photon interaction. For N=2, the requirementl) is sufficient to fix relaltive

C)?r;tsenqtjentlmy,biixi:tonn I{'f?“med 'f] Tzagrr:lyrdtefln]??hiby rone'orientation of momenta of two photons created in coherent
exciton reco ation. Let us denote the rate of thiS Procesg,,_ayciton recombination. Namely, the photons have oppo-

as V.Yl' (d)ne fixcno?h;(tavcc;mbmﬁtlon IS ?:1 the f[[rstl grdefton site moment&; = —k, and the same energies equal exciton
excrion density so 17p, Wherep IS the spatial densily  chemical potential. FON>2 cases, this requirement itself is

of %xcnons._t bination i t th | ._insufficient to fix relative orientation oN created photons.
hi Ee—ex? on treco;‘n ina |ton r'ls tno Ce ondy [zrr]oc]?s;ls InNevertheless, as it will be shown below the rate of the pro-
which excitons transtorm Into pnotons. Lonsider € 10l0W".qqq is maximal when photon energies equal some values

ing possibility (see Fig. 1 severasayN) excitons interact- around chemical potential so that the magnitude of photon

ing with each other simultaneously rec_:ombine and pmducﬁwomenta with a great accuracy eqlg! This fact along with
several(N) photons(and no other particles are produged requiremen{1) fixes relative orientation of photon momenta

These are the processes of our interest and throughout ti case ofN=3 so that the angles between them equal®

paper we Wi” refer them to as cohere_nt mar- exciton . The photons created in the procesf\eéxciton recombi-
recombination. The processes are of higher order on exc'torﬁation are “squeezed” among different modes of photon
photon interaction and consequently their rates, which w

. field (N-mode squeezing Such many-photon coherence can

den%t_e Et_sNNV,Va:V\jmallg(A}hzn'}he rate of one-exciton re-. gy gieq by a classic method—photon counting experi-

cor\T/1w:na I?hn’ N i 1 an " NP B q q ments withN detectors(Hanbury-Brown-Twiss-like experi-
en the exciton system 1S bose condensed a macrorhents). The specificity of our case is that the detectors and

SCOp'tC nu;n?er fOf particles {:)opucl)ate_thlowest one-pfltrtlcle[he exciton system must have such a relative position that the
quantum state of zero momentypr=0 with energy equalto .\, mneanim conservation requiremeidy fulfills. Such ex-

excnoE chedmflcal por:entlak. Ch%mlcalfpottlantlal 0; ex(;:ltons b eriments are of a distinct interest but in the present paper
w reckoned from the upper edge of valence band can bge ocus on new nonlinear optical effects, which are gov-

given asEg—Ee,+ ZLL whereE, is the gapEe is the exciton  erned byN-exciton coherent recombination from the conden-
binding energy, and is the chemical potential of excitons, sate.
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Imagine one induces the process of cohemgrgxciton The exciton system is assumed to be in a quasiequilibrium
recombination from the condensate bi~1 laser beams state with respect to exciton-exciton interactions. The inter-
with momentak, ... ky_1, respectively. Provided that the actions of the excitons with electromagnetic and phonon
energy constraintl) is fulfilled, the stimulated process must fields are weak and considered as perturbations. The normal
manifest itself as a beam coming out of exciton system wittand anomalous exciton Green functions are taken in ladder

recoil momentum and energy (Beliaey approximation
N-1 N—-1 w+ \/W
k== ki, oy=—2 o. @ Gi(w)= : —
=1 =1 [o—(ex—im)][o+(ex—in)]

Let us refer to this effect astimulated Nexciton coherent ~

recombination and to the arising bed® as a recoil beam. Fu(w)=— It 4)
For instance, in case di=2, the process of coherent two- K [o—(ex—inp)[o+(e—in)]’
exciton recombination stimulated by a laser beam with mo-

mentumk must result in appearance of a recoil beam with ~ k? k2 \2
momentum—K. In other words stimulated two-exciton co- H=peonddo:  Ek= m (ﬁ) :

herent recombination acts as a laser beam backscattering

from exciton condensate. HereU, is zero Fourier-component of exciton-exciton inter-

Being stimulated, the rate of thid-exciton coherent re- action potential andan is exciton mass. In the following, we
combination in directior2) increasescompared with spon- yse for CyO the estimatesn~2.7m,, ©~0.5 meV (0.8
taneoudN-exciton coherent recombination rate in this d'rec'xlolz S, peons= 10 cm3, and 7]%0_];1_ In Cw,O, di-

tion) by a factor of electric susceptibilitye~9 and c=c,/\e~10" cm/s, E,

N-1 ~2 eV so thaky~3x10° cm 1.

H (Nj+1), In Cu,O, direct recombination of an electron and a hole is

i=1 very weak and an exciton decays mainly with production of
whereN; is the average number of quanta per mode in in-2 photon as welllasf of an optical phpnon._The operator taking
ducing laser beam with momenturk;. Contrary to into account radiative decay of excitons is
N-exciton recombination, one-exciton recombination in the

directionky, [see Eq(2)] is not stimulated by laser beams, as VO ()= ﬁ&*r e 19 ata (1) (1) +H.c
the photons created in stimulated one-exciton recombination ® p—qu:o Jv P plD) do(t) HH.C..
processes belong to laser beams modes only, i.e., such pho-

tons have moment&;#ky. Therefore, spontaneous one- (Q)q(t):(ﬁqe—iﬂtJrtheint),

exciton recombination can be viewed as a background on

which stimulated many-exciton coherent recombination is tovherea’s, b's, andc’s are exciton, optical phonon, and pho-

be recognized. ton destruction operators, respectively;is the optical pho-
A laser beam has a great number of quanta per mode. F&on energy(for simplicity we assume energy of optical pho-

concreteness, let this parameter be equa?’I_ The recoil hon being momentum independgrit is effective interaction

beam intensity can exceed the background inten@itye- ~ constant and/ is the volume of the system.

exciton spontaneous recombination intensity in the direction Phonon Green function has the following form:

ky) if the following inequality is fulfilled: 20

160 D> W, ® Gl ) =) = L =Ty (e (@ =iy

This inequality is a condition of that the process of stimu-in Cu,O, energy of the optical phondd~10"2 eV. For the
latedN-exciton coherent recombination is experimentally de-estimates we takg=10° s ! which corresponds to that the
tectable. Thus what we are to do now is to estimate thgptical phonon lifetime is approximately 18 s.

spontaneous ratéd/y in comparison withW;. As it will be seen later, the process of three-exciton co-
herent recombination requires the vertex of exciton-phonon
[ll. THE SYSTEM OF BOSE-CONDENSED CUPROUS interaction as well. Operator of exciton-phonon
OXIDE EXCITONS interaction can be taken in the following form:
A. The model
. . . @)1y = Gazt a4
We consider 3D Bose-condensed exciton system iOCu v (t)_pszq=0 \/vamq(t)ap(t)‘f’q(tH H.c.

at zero temperature. In G0, there are two types of exci-

tons: paraexcitons§=1) and orthoexcitons§=0) (inter-  For simplicity, we consider both interaction constagtand
conversion rate between the branches being very low, seg,being independent of momenkaq, i.e., gy =g andL, 4
e.g., Ref. 29. The type of the excitons, however, does not=L. We assumg= 10°L for the following estimates’
play any role for the effects to be discussed, so that when we The radiative lifetime of an excitorr, which is deter-
refer to excitons we deal with a specific exciton branch.  mined mainly by one-exciton recombination, equals
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(@,k) (0.k) Using Eqgs.(7), (6), and(5), one obtains the total rate of the
--- photon emission in spontaneous two-exciton recombination
a) process in the following form:

_ 4kg|—4pgond: 4szcond
wcQ? 0?

k W, XWj.

For the parameters adoptézbe previous sectignthe rate of
b) spontaneous photon emission in the process of interest is
N estimated as
W2%06>< 1072><W1 .
FIG. 2. (a) The diagram of two-exciton coherent recombination

from the condensate in the lowest order on interparticle interactionAccording to the conditiori3), the process is experimentally
The broken arrows represent condensate excitons and the dashéetectable.
line is a virtual optical phonor(b) Stimulated two-exciton coherent Stimulated two-exciton coherent recombination from the
recombination or laser beam backscattering, double wiggly line repeondensate effectively acts as a laser beam backscattering.

resents inducing laser beam. Indeed, at any elementary act of the stimulated process, there
is created not only the photon propagating along inducing
szé beam direction but also the photon propagating in the oppo-
7712? (5)  site direction[see Fig. 20)].

The position of the spectral peak of two-exciton coherent

In Cu,0, exciton radiative lifetimer~10 us, that corre- recombination is higher by an optical phonon enefyhan

sponds toL~2,5x 10 s 1 cmP2 The spontaneous rate of the one-exciton recombination peak, since in the processes of
one-photon recombination per unit volume is two-exciton coherent recombination no phonons are pro-

duced. This fact is an additional advantage allowing to dis-
tinguish between laser beam backscattering and the back-

Pcond . . .
W, = o ground radiatior{spontaneous one-exciton recombination
One-exciton recombination spectrum has a peak at the fre- C. Stimulated coherent three-photon emission

quencyu—{), since in the process of one-exciton recombi- | the Jowest order on interparticle interactions the matrix
nation exciton energy is distributed between a photon and agjement of three-exciton coherent recombination from the

optical phonon. o , condensate is the sum over photon permutations in the ma-
The rate of the photon emission in spontanelitesxciton  rix element given in the following:

coherent recombination per unit volume can be given as

> o [[MyPNT] (6)

=1 <1 (2m)3

®

: - where the subscriptsandj, enumerating the photons, take
where My is the matrix element of the process and the fac n the values 1,2,3. The main contribution to the rate of the

tor N accounts for the fact that at any elementary act of? f tH At regi h the G
N-exciton coherent recombinatidw photons are created. In Process comes from trigesonant regions where the toreen

fact, the matrix element,, implicitly has N factorsV/~ Y2 functions in the matrix element are mostly close to their
’ N

but the volume of the systeM drops out of the final result poles: In these .regions, gnergies c_)f phot_ons differ from the
for Wx.. so that one can saft=1 chemical potential of excitons relatively slightly. Indeed, the
N — 1.

difference has the order of phonon energy or the energy of

elementary excitation in exciton systésee Eq(10)]. These

B. Stimulated coherent two-photon emission and light differences, in turn, are negligibly small in comparison to the
backscattering from exciton Bose condensate semiconductor gap and/or the chemical potential of exciton

In the lowest order of exciton-photon interaction the ma-systemu. Consequently, photon wave vectors magnitudes
trix element of coherent two-exciton recombination from thediffer from k, negligibly. In Eq.(8), the momentum-Kk; can
condensate is given in Fig.(@. Two condensate excitons be substituted by, so that the matrix elemer) is the
coherently recombine through interchange of a virtual opticafunction of photon energies only. Such approximation can be
phonon. Two photons created in the process have opposif@lled fixed-photon-momenta-magnitude approximation.
momentak, = —k, and consequently they have the same en- Assumingy<(Q) andn<gy, itis possible to use the reso-

N N1 g3y Ma(ky ks ka)=gL%35e, G(w)G(0)G (),
WN=Nf 2775( ) e

ergies equal exciton chemical potenfisée Eq(1)]. Analyti-  nant approximatioripole approximationand in| M|? leave
cal expression for the matrix element is only six resonant terms which after integration over photon
energies give the same contributions to the rate of the pro-
My(Ky,—kq)=G(w1)L%peong- (7) cess. Now we can write
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(ok,) functions are mostly close to their resonance. One of the
virtual phonons can always be made resonaefl) by
choosingw;= =) [see Fig. 8a)]. As to the virtual exciton
elementary excitation and the other virtual phonon, they can
not be resonant simultaneously since they share the same
arguments. Therefore, there are two possibiliigshe other
virtual phonon(the right one in the Fig. @)] is resonant or

(i) the virtual elementary exciton excitation is resonant. In
the Fig. 3a) the casedi) and (ii) correspond taw;= *=

and w,= * ¢y, respectively. The possibilityi) is respon-
sible for the first term in the parenthesis in Ef) whereas
case(ii) is responsible for the second. Two cases correspond

_ _ ~ to three sets of energy values of photdfs:
FIG. 3. (a) The diagram of three-exciton coherent recombination

from the condensate in the lowest order on interparticle interaction. (ut+ Q= Q0
Straight line represents normal exciton Green functibpThe sys- ' S
tem is exposed to two laser beafa®uble wiggly lineg directed to d
each other at the anglen23. Stimulated three-exciton coherent
recombination should reveal itself by a recoil beésingle wiggly

line).

(ntQ,uxeg,u—QFe)

(M_Q,MISKO,IL‘FQiSkO). (10)

The first set is casé) whereas the second and the third sets

| Ms(@1,02,09)|?= 607Lpond O 02)G(01) G w1)|? ° &
0 are caseii).

The fixed-photon-momenta-magnitude approximation makes T0 resonantly increase the efficiency of stimulated three-

it possible to reduce the expressit) for the rate of spon-  €xciton coherent recombination the energies of two stimulat-

taneous photon emission in caseMf3 to the following N laser beams must be equal to any two values of any of
(see Appendix &t the setg(10). As is seen from Eq(10) the energies of pho-

tons slightly differ from exciton chemical potentigi> ()
92L6P§om}<g >ey, The greatest difference is of order of optical phonon

W3=18—"" f|g(“’1)Gko(wl)|2 energy (). Consequently, photon momenta magnitudes are
mC R . .
not equalk, exactly. The relative difference is of order of
dw; ,dw, Q/u~5x10"2. This is the order of a value by which actual
XEJ’ |G(w,) o angles between photon momenta can differ from/2—the
magnitude  obtained  within  fixed-photon-momenta-
The energy of optical phonoft~10 2 eV is much greater magnitude approximation.
than the energy of elementary excitation of exciton system

~10°4 imolifi . i
ex,~10"" eV and the result simplifies as D. Four-exciton coherent recombination

2063 13 1 [1 1 ~5 In the lowest order on interparticle interactions the matrix
3:189 Pcond‘o il (I element of four-exciton coherent recombination has the fol-
mc®  Q%y|Y 7 Zsﬁo lowing form:
21 4.2 ~2
gL"p 1
=18— Czon &) i 1+M—2 W, (9 Maky- '|<4)=Pcond—4I > | Forkpl — (01t om)]
cQcy Y M &k, #m,m#n,n+
For the parameters adoptésee Sec. I)l the rate at which XG(—w)G(—wy), .mn=1--.4.

the photons are emitted due to the three-exciton cohere

S . ' consists of 12 diagrams similar to the one given in Fig.
recombination can be estimated as

4(a). The diagram explicitly has only two entering lines of

condensate excitons. The other two lines are implicitly con-

tained in anomalous exciton Green function.

i.e., every hundredth exciton decays in such a way:. In resonant approximatiofpole approximationone can
The experiment where three-photon coherent emissioteave only resonant terms jiM 4% so that

can be detected is to expose the condensate to two beams

directed with respect to each other at angler8 [see Fig. | M 4)%= 12p<2:0n(}_8||:‘k1+k2|(w1+ w3)G(01)G(w3)|?.

3(b)]. The process under consideration should result in ap- (11)

pearance of a recoil beam with moment(@hdirected at the

angle (2r)/3 with respect to the both inducing laser beams.In fixed-photon-momenta-magnitudes approximatitsee
The main contribution to the rate of the procé@scomes  Appendix 2 the rate of photon emissiq) for N=4 can be

from the regions on the photon energy scale where the Greaeduced to

W3% 1072><W1,
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(o,k)

(w,k) menta of each pair lie is not fixed however, i.e., the momenta
of the photons are generally not complanar.

An experiment for detection of the process of four-exciton
coherent recombination is to expose the exciton system to
three laser beanjsee Fig. 4b)]. The process reveals itself as
a recoil beam with momenturt®).

As in the previous section, we note that the main contri-
bution to the rateg(12) comes from the regions on photon
energies scales where the Green functions are mostly close to
their poles. As it can be seen from Figiaxall the virtual
particles can be made “real” by appropriate choice of photon
energies. In the resonant process the energies of photons
must be equal 8

FIG. 4. (a) The diagram of four-exciton coherent recombination
from the condensate in the lowest order on interparticle interaction. (n+tQu=Qu=0Fe,utQxey).
Double arrowed line represents anomalous exciton Green function.

(b) The system is exposed to three laser beddwmible wiggly
lineg) relatively directed in such a way that momentum conserva:
tion requirement fulfills[see Eq.(1)]. Stimulated four-exciton co-
herent recombination should reveal itself by a recoil beamgle

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

wiggly line).
IV. LASER BEAM BACKSCATTERING
4 du (2K AND ANOMALOUS TRANSMISSION
W, =48p2, L8 —— | dk|F(u)]? IN QUASI-2D EXCITON SYSTEM IN CQW
2m2ct) (2m) Jo

GaAs is a direct gap semiconductor with allowed dipole

Xfﬂw(w )|2f dog 1G(w3)2 interband transition. Excitons in quantum wells are quasi-
(27) ! (27) s two-dimensional contrary to the photons which are three-
dimensional. In this system only 2D in-plane momentum is

where we made the substitutions= w; +w,, k=|ki+ko|.  conserved. The operator of exciton-photon interaction can be
In the approximation ofk independent and smaly (7  given as

<sko) the first integral simplifies as

~, & 9 atasiog
f(g—:)f:kod'qﬂ(“”ZZSZ | V(t)_ﬁ; \/E[ak”(t)cke K4 H.cl, (13)

wherec, is the speed of exciton system elementary excitawherea and ¢ are exciton and photon operators, respec-

tion at the linear part of exciton spectruep= /ﬁ/m~0.5 tively;_g is th_e interaction constant; in-plane vectdx_rHsare
x10° cm/s. Finally, the rate of photon emission in sponta-2D; L iS the width of the system in normal to CQW direction.
neous four-exciton coherent recombination is In the lowest order on exciton-photon interaction the ma-
trix element of spontaneous two-exciton coherent recombi-
2, 8~ 2.4 6~ 2.2 nation with production of two photons with in-plane wave
_3pcond-"1 Ko _ 3pecond- "4t Ko XW,. (12  Vector componentsk [see Fig. $a)] is:
wcuc4y2n2 Cvczyz 7

W,

— N2
For the parameters adoptéke Sec. 1)), the corresponding Ma(k)=g"F(@1.k)

rate can be estimated as ,
so that the rate of the process is
W4:O5>< 1072XW1.
This result shows that approximately every two-hundredth WZ(kH):f (27) 6(w1+w2)g4|F(w1,kH)|2;
exciton decays due to this process and consequently the (2m)?
stimulated process is experimentally observable.

The momenta of four photons created in the process cawhereF is anomalous Green function of exciton subsystem.
be directed as shown in Fig.(®). A consequence of the The anomalous Green function has the form given in(Eyg.
relation(1) is that the sum momenta of any two photons haswith different parameters, however, corresponding to GaAs.
the same magnitude and opposite direction with that of thé-or simplicity, we consider that elementary excitation decay
other photon pair. The angle between momenta of any twgarameten is independent on exciton elementary excitation
photons equals the angle between momenta of the other timmomentum. In the resonafipole) approximation we make
photons. Relative orientation of the two planes where mothe substitution
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(0, tk) (K, 2k) 2
W, (ki) =~ : (19
VWS VWV~ S 202 P10
a) I
For spatially indirect excitons in GaAs/AlGaAs CQW radia-
anomalous nommally transmiced tive lifetime 7 approximately equals I¢ s. Assuming that
fransmission . u is independent ok, i.e., T =T, and that entire radiative
zone corresponds to linear part of elementary excitation
CQwW = .
lght spectrume K~ Vu/mk; for kj<ky, one can integraté/, (k)
backscattering | inducing laser beam over radiative zone what yields total spontaneous rate of
photon production in the process per unit area of CQW in the
b) following form:
d?k m Aukd
W2=J Wi(kj)—— =———In| 1+
Kj<ko (2m)? 16mwyr? my
CQW
In GaAs, Eg~15 eV and e~12 so that ky~2.8
X 10° cm™1. Taking for estimationp.,=10° cm~2,
c) =0.5 meV, »=0.1x, we have

FIG. 5. Light backscattering and anomalous transition in coher-
ent 2D exciton system in GaAs/AlGaAs coupled quantum w@lls
The diagram of two-exciton coherent recombination with produc-
tion of two photons(b) Spatial orientation of photon momenta in where W; is the rate of one-exciton recombinatioi,
stimulated two-exciton coherent recombination. Besides the bears p..,v *. This result shows that the effect of stimulated
with momentum —k;, —k, , which corresponds to laser beam coherent two-exciton recombination can be detected in the
backscattering, the beam with momenturk ,k, arises. The latter system of quasi-2D excitons in GaAs/AlGaAs CQ¥%¢é¢e Eq.
corresponds to anomalous light transmission. In resonant processgs)].
the angles? between photon momenta and wells plane are almost  Tyo created photons have approximately the same mag-
the same.(c) In nonresonant processes, where the photons withitudes of their momentzkoiskHICQko and exactly the

energiesw; and w, (reckoned from exciton chemical potential . .
gieswy 2 ( P a ame magnitudes of in-plane momenta components. There-

=kqc) are created, these angles are different and obey the relatio . . .
(w20+ck0)/(w1+ck0)=sin 6, /sin 6,. ore, the angles of their propagatiah[see Fig. B)] are
almost the sam&

In two dimensions the third component of photon momen-

W,~2x 10 3W,,

wlal 5(a)—8kH)+ 5(a)+8kH)] tum is not fixed and is set only by energy conservation law.
IF(w,k))|>— T . (14 Consequently, the rat@/,(k|) corresponds téour processes
[(Zsku) +77]7 in which the pairs of photons with momentk(*+k,) and

(—kj,*k,) are created. Therefore, stimulating laser beam

This substitution corresponds to that we take into consider\—"’Ith in-plane momentum cgmponeh‘; mduces{contrary to
tge 3D casetwo processesn which the recoil beams are

ation only resonant processes where two created photorli . . L )
have the energies-g,, [on the scale accepted, i.e(k em|_tted In two dlreCtIOI’lS'.ka .’ik.i)' Thus st|mulateq two-

. J . exciton coherent recombination in 2D coherent exciton sys-
—ko)= isk”]. Using Eq.(14) one obtains

tem manifests itself via two effects: stimulated laser beam
backscattering as well as stimulated anomalous laser beam
transmission. In the latter process only in-plane component
’;LZ-H H ngzé[wi+(_1)i8k”]% of laser beam momentum change.fs its s[lgge.Fig. ).

i=1,2 (2m) Furthermore, in the process of interest it is not necessary
for the photons to be “resonant,” i.e., the photons can have
energiesw, , different fromis,<H [on the scale accepted, i.e.,
w1 ,7=C(ky ,—Kg)= isk”]. However, the rate of such non-
The energy of elementary excitatios) < and conse- resonant process is weak and fob-e, its rate is propor-
quently the approximation of fixed-photon-momenta magni+ional to w~“. The photons created in nonresonant processes
tudes is applicable. In the arguments®functions we can it different energies»; andw, (w;+ w,=0) have differ-
omit the termss, . In result, the magnitudes in the parenthe-ent normal wave components as well. The angles of their
sis become the radiative lifetime reciprocal of an excitonpropagation obey the relation si)/sin(6,)=(w,+Ccky)/(w;

with momentumk| : +cky) [see Fig. &)].

W, (k) ~

[(2e)?+ n*]n
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beams, must result in that Bose-condensed exciton system
irradiates a unidirectional beam with recoill momentum APPENDIX: APPROXIMATION OF FIXED-PHOTON-
(2).These effects are nonlinear optical properties of exciton MOMENTA-MAGNITUDES

Bose-condensed systems and can serve as signatures of ex-_l_h , . h . .
citon Bose condensation. e integration over photon momenta in E§) is per-

For the effects under consideration the momentum conserprmed over 3D momenta & — 1 photons whereas in fixed-

vation plays a crucial role. However, the inevitable presencghoton—momentum—magnltudes approximation t_he' matrix el-
ements of three- and four-photon coherent emission depend

of |mpyr|t|es, interface rou.ghness, etc., 'e"’?ds to the SMeaNNg, 1ess number of variables. It is possible to integrate out the
of exciton momentum. This should r_esult_m th_e angular un]jdle variables in the integrdb), i.e., in the expression
certainty of the recoil beam propagation direction of order o
1/(kol), wherel is a mean free path of an exciton. N N—1 2

The part of spontaneous luminescence corresponding to o kidwid cos6;dé;

; lumines 25| 2, c(ki—ko) | 11

N-exciton coherent recombination is squeezed among the i=1 i=1 c(2m)®
modes of created photondN{mode squeezing Disregard (A1)
the weakness of these processes, another way to detect them . )
is photon counting experiments witd detectors, e.g., the where we use spherical coordinates for photon momenta
Hanbury-Brown-Twiss methodsee Refs. 41,42for two-
exciton coherent recombination. In such experiments, detec-
tors must be positioned relatively to exciton system in such
way thgt momentum conservation reqpiremenNHexciton to assumek, =kg,i=1---N— 1. The momentum space dif-
re_zcor_nbmatlon fulfills, e.g., for two-exciton coh_erent reCOM-farentials take the form
bination the two detectors must be placed diagonally with
respect to exciton system.

\E)Ve would also IiIZe to emphasize that by now in physics kodw;d cosfid e
there are two known backscattering mechanisms: the light c(2m)®
backscattering from disordered media, connected with weak
Anderson localization of light and Andreev reflection of qua-and the energy function takes the following form:
siparticles (quasielectrons or quasihojesn the boundary
normal-metal—superconductor. The stimulated two-exciton
coherent recombination discussed in the present paper ap-
pears to be a mechanism of backscattering.

In a light of the effects discussed in this paper, the presin the approximation of fixed-photon-momenta magnitudes,
ence of normal magnetic field would influence 2D-excitonthe energy conservation law serves to ensure that photon
system in CQW only quantitatively, i.e., by changing excitonmomentek; ,i=1---N—1 have such a relative spatial orien-
mass, condensate density, etc. Therefore, the results of Seation that the recoil momentum of théth photon, which
IV are directly applicable to magnetoexciton probl&M®4®  equals the magnitud@), has the magnitudk,.

The method of studying nonlinear properties of exciton
system, which is alternative to the proposed in this paper, is 1. The case of three photons
four-wave-mixing experiment¥.~#® It must be noted, that _ o
four-wave-mixing experiments have essentially different The matrix element of the_three—photon coherent emission
physical background from that of many-exciton coherent redepends only on the energies of the photons and we can
combination. Particularly, in four-wave-mixing experiments intégrate out the spatial angles variables. With no loss of
exciton matter waves are generated by pumping laser bear§§nerality we can choose the azimuth axis of the second
whereas in many-exciton coherent recombination it is asPhoton being directed along the first photon momentum so
sumed that there is already a condensed exciton system afeft|Ki+Ka| =kov2(1+cosé,) [see Fig. 6a)]. The energys
laser beams only induce process of their coherent recombfunction (A3) takes the form
nation.

We would also like to note that effects described can be (cky) 18] V2(1+cosé,)—1]=(cky)  18(cosb,+1/2).
generalized to other systems of Bose particles, e.g., for Bose-
condensed atonfé At this, however, the Bose particles must Integration over spherical angles of the photons simplify the
be able to disappear producing photons or in other words bexpression(Al) in the case of three-photon coherent emis-
metastable. sion as

ki=k;(cos#; ;sin 6;,cosg; ;sin 6;sin ¢;). (A2)

%he approximation of fixed-photon-momenta-magnitudes is

N-1

> ki

c‘15(

- ko) . (A3)
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k 2. The case of four photons

For four-photon coherent emission the matrix element
M, is a function of photon energies and the magnit{ide

Kk +k,|. To reduce the number of variables in Ef) we first
2 choose the azimuth axis of the third photon being directed
a) along the vectok; +k, so that

3 N—-1

> ki‘ = k1 + Ko 2+ K2+ 2ko| kq + k5| cOS 6.
k+k, o
The & function in Eq.(A3) transforms as
k 0 k, ¢ 18( [kt ko| >+ K5+ 2ko| kq + k| cOSO;— ko)
) =(clky+ky|) "18(cosb;— X),
k, X=—(2kg) "ky+ky| €[ —1,0].

Integration over the spherical angles of the third photon sim-

b) plifies the expressiofAl) as

FIG. 6. Photon momenta orientation in fixed-photon-momenta- d cosé,d¢; .
magnitudes approximatiofAppendi¥. (a) The case of three pho-
tons. The magnitudes of momerka andk, equalk, whereas the
magnitude of the third photon momentum depends on relative ori
entation of vectorsc; andk,. (b) The case of four photons. The
magnitudes of momente, , k,, andk; equalk, whereas the mag-
nitude of the fourth photon momentum depends on relative orien

tation of vectork,, k,, andks.-

J k2 dwg o Kido;
c?|ky+ky| (2m)i=1 ¢(27)

Now we choose azimuth axis of the second photon being
directed along the first photon momentum so that+ k|

=kgv2(1+cos#,) [see Fig. @)]. The integration over

cosé, transforms into integration ovék, +k,| as

dcost,  _,
o =Ko “d([kytka|),  [kyt+ka|e(0,2q).
k1t kol
k3 2 do,
3| L ﬁ (A4) Finally, for four-photon coherent emission we can rewrite the
e =1 expressior(Al) as
The fact that cog,=—1/2 implies that the angles between K 3 do
the three created photons momenta equal3? as they _OJ coodky ko TT ﬂ_
should[see Fig. 8)]. 27%ct i=1 (27)
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