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Weak localization of exciton polaritons in a quantum well
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We describe effects of weak localization of exciton polarit@R’s) and induced scattering of EP’s into the
zero-wave-vector mode in a planar semiconductor microcavity containing quantum(@®i's). Coherent
light emission in the direction normal to the surface under the tilted pumping can be explained in terms of the
weak localization of EP’s in QW’'d.S0163-18206)51228-2

The enhancement of backscattering on the linear propaga- We begin by assuming that the incident laser tilted at an
tion of waves in a dense distribution of elastic scatterers hagngled from the normal excites a coherent statgof the EP
been recognized almost independently in two different fieldswith an in-plane momenturkg in a quantum well. The an-

In condensed-matter physics, this backscattering leads to thhilation and creation operators for the initially excited EP
weak-localization regime for electrons in impure metals,with momentumk, arec, and ¢!, and those for zero mo-
which led to the dimensional dependence of Andersormentum(the signal modearecs andc!. The emission in-
localization In optics, the pioneering work of de Wolf and tensity in the normal direction may be considered to be pro-
others showed that light scattered from disordered dielectricportional to the number of EP’s generated in the signal mode
can show a polarization-dependent sharp peak in the intemper second, and may be evaluated under cw excitation as
sity in the backscattered directidi® The effect of weak

localization of waves on the nonlinear optical properties of . d

dielectric media was first investigated by one of the autflors IS:tI'_TC E«Clesp(t)»' (1)

in the context of the enhancement of phase conjugation due

to coherent backscattering of excitons or exciton polaritonghe double angular brackets (i) signify both the quantum-
(EP’9. A number of other theoretical discussions of weakmechanical average and ensemble average over the distribu-
localization effects in nonlinear optics have beention of scattering potentials, which comes mainly from the
published:*~'*but no experimental observation of these ef-fluctuation in quantum-well width in the present case. An
fects has yet been reported. irrelevant factor coming from transmissivitgoupling of the

Recently, however, Rheet al. observed the transfer of polaritons to the external electric figldhas been omitted.
coherence between EP states in a system consisting @he density operatgs(t) of the total system is described as
multiple-quantum-well excitons resonantly coupled to a plafollows:
nar Fabry-Pet microcavity'® Specifically, they observed
the emission of light in the direction perpendicular to the p(t)=exp(—iHt) poexp(iH1t), 2
surface with a small divergence angle, even though the Ealhere
states were excited at an ang&°) away from the normal.

The em!tted light was cqherent with j[he. incidgnt pump light Hr=H+H'+H", 3
(determined by interfering the emission with the pump

bean), and the intensity increased approximately as the

square of the pump intensity. These experimental observa- H=E w(k)clck+ E Vo(q)e‘q"ichck, (39

tions can be accounted for as a consequence of exciton- K ka.i

exciton interactions in a weakly localized system in the fol-

lowing way. The pump e,xcites EP with an initial in-plane H' => (Ca"'CL)MQ'E, (3b)
wave vectok,. These EP’s may be coherently backscattered a

due to disorder in the quantum-well confinement potential
into states with momentum k. Collisions between EP with
momentum+ Kk, and — Kk, result in generation of a popula-
tion of EP at exacthk=0, giving rise to coherent emission
of light in the normal direction. In this paper we develop aHere and hereafter we pfit=1. The radiation field has been
theoretical model for interacting EP’s in a disordered systemglivided into two parts: inside and outside the microcavity.
showing how the observations of Rheeal. may be under- The former is taken into account in the EP stateg,¢}),
stood as a consequence of weak localization of EP. Furthére., the hybrid exciton-field states in the cavity. The external
consequences of the weak localization are also presentdigld E excites the EP with wave vectdg, coherently, i.e.,
which should be amenable to experimental test. C. @)= ala). Herekg is the two-dimensional wave vector

H"=>, Vclclc,ci+H.c. (30)
k

0163-1829/96/5@1)/22924)/$10.00 54 R2292 © 1996 The American Physical Society



54 WEAK LOCALIZATION OF EXCITON POLARITONS IN ... R2293

of the EP in the quantum-well plane. This EP suffers from @
scattering by the random potenti&ly(r;), which comes )
mainly from the fluctuation of the well thickness around the
pointr; in the quantum-well plane, and,(q) is the Fourier
component oiVy(r) with wave vectorq. This random po- /
tential is written in terms of the well thickness fluctuation in ,
space and the exciton-to-polariton transformation
coefficientst® The coupling strength of external fiefito the 4 ,
polaritons ¢, ,CZ) in H' is determined by the transition di-
pole moment and the exciton-to-polariton transformation co-
efficients. The interaction given iH" corresponds to scat-
tering of an EP in the initial statey) with an EP of wave cou/" b
vector k to yield a “signal” EP (cs) and an “idler” EP

(Ca)-

We will show, based on this Hamiltonian, that the initially £ 1, Two diagrams which contribute to the emission into the
excited EP’s are scattered into the backward direction by thgjrection normal to the surface under the laser pumping tilted from
disorder potential, and the backward-propagating EP and thgsrmal incidence. Vertical lines describe propagation of the exciton
pumped EP collide efficiently and coherently to produce &polariton, the signal ) and the idler {) polaritons and slanted
k=0 polariton which efficiently emits into the normal direc- lines the coherent incident polaritomg,ko).
tion, as discussed in the Introduction. The formalism also

3:'3‘2’5 the angular and temperature dependences to be prp‘?ﬁysical variables is taken. The present signal appears only

The scattering of EP’'s by the potential fluctuationsfor the second and higher ordershti, i.e., the interaction

V(q)exp(ig- ;) must be taken into account to infinite order Wlth the external field, and also id e the EP-EP cqlh-
to evaluate the effects of the weak localization of EP's.Sion- Therefore we expand the density operal@) of (1) in

Therefore the Hamiltoniakl of (3) is kept to the final stage H' @ndH", and we keep the lowest order terms with finite
of the calculation, where the ensemble average of observegPntribution to the signal:

£y w,

9 [ ts t2 .
nma«clcsp(t)»:nmf dtsf dtzf dty(—i)*(cled H”(1),[H"(ts),[H' (t,).[H' (t1),pol111)). (4)
t—oo t—ood =X — —

This finite contribution comes from two kinds of processesnotes the vacuum state besides the pumped EP. The en-
shown in Fig. 1. Then the integrand is rewritten in the fol-semble average of these Green’s functions is approximated

lowing terms: into the following form:
A{(Gy(t,t3,t5,11)) +(Go(t,t3,t5,t9))}, 5 (Gy+Gy)=(—i)%ei(@stea—w0t-ta( (k| e~HI=ta)[k) , )
with X ((kle™ Mt 2 k), (kole!M ™2 k) )
A=(0,a|cqceH" |k, a){a|c! u-E|a)(a|c u-E|a) x{el otz ((kole 12" W ko) ;)
x(k,a|H"clcl|0,a), 6) +e ol m (ko€ Wlk) ). (8)
Gy=(—i)%el(@st oa— o)t t giwgltz—ty) Here, assuming that the elastic scattering rate due to the po-

' . tential fluctuation is much larger than that of the inelastic
x(kle Ht"tko)  (kole" s 2)[k) | (7@  decay, the ensemble averageGfandG, given by(7a) and
(7b) is approximated by the products of the ensemble aver-
G,=(—i)%(@stedm@o)(t-tg)gmimgltzty) ages of three propagators for time intervplds], [ts,to],
_ . and[t,,t;]. The subscript: of the propagators means the
x(k|e™M"2)ko) , (kole"'s™Wk) . (7b)  ypward and downward propagation of states in Fig. 1, and
the outermost bracket means taking an ensemble average

These Green's functions describe how the incidenkgls o1 gistribution of scatterers. For time intervatst—ts

scattered into that witk nearly equal to- kg by interference and7,=t,—t,, we have the retarded and advanced Green’s
of multiple scattering with its time-reversed process, i.e., thqunctions: ’

weak localization. Here the coherently pumped EP with en-

ergy fiwg and wave vectok, is obtained from the external R oot oy wg)r Cins

field and constitutes the coherent sthid. In (6), |0) de- Gy(7)=—ielesteameo((kle”™7k),), (9
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Gy (1) =—ie'“0((kole"71lko),),  (9D) _ 4A(70+ 7) Uo
* [wst wg— wo— o(K) ]+ (vo+ 7)? v5(yo+ 7)?
Gp (1) =—ie '@ (kole1|ko) ). (99) 2y,
0 e —
Xt 5 T D(k T k)2 (129
The double Green’s function is required for the time interval
=ta—t, 4AU, 1
T2=13— 13! ~— 5|1+ > . (12b)
Yo(vot¥) 1+D(k+ko)/ 2y

= =(—_i)2 —iH7y iH7,
B (r)=(=)X(kle™""lko),(kole™2[k)).  (10) From this result and), it is clear that the signal intensity

) _ I is proportional to|«|*, and is thus proportional to the
This can be well approximated by the sum of both Iadder-Square of the incident poweg as observed by Rhest al®
type and maximally crossed diagrams, the latter of whichygre the first and second terms in the square brackgi<jn
brings about the weak localization. When we ingéitand  come from the ladder diagramd1d and the maximally
(10) into (8) and rewrite the integration iy, t,, andtz in  crossed diagramd 10, respectively. The difference of wave
terms of7, 71, and 7, in (4), we have the following expres- yectors on the left- and right-hand sides in Fig. 1 is con-

sion: served in the ladder-type scattering and it results in a uni-
form distribution of polaritons, since the rat¢ld) is inde-
I ;= AGR(we+ wg— 0o, K)E (K,Ko) pendent ofk and k{):_ko for the sing!e-beam pumping. The
maximally crossed diagrams result in an enhancement of the
X{GR(wg,kg) —G*(wg,ko) +C.C}. (11)  scattering fork=—kg, and the backscattering is enhanced

for k= —kg as(110 shows. In the regime where the signal is

HereGRA(w,k) and= (k,k,) are time integration of9) and proportional to the square of the pump power, the signal in
(10) betweenr=0 ande. Both the retarded and advanced the normal direction is four times as strong as in other direc-
Green’s functionsGR and G* are evaluated in the Born ap- tions. The factor 2 comes from the enhancement of backward

proximation for the scattering effects as scattering as shown in the square bracketliy) and another
factor 2 comes from the fact that both the signal and idler
become coincident for the emission in the direction normal
1 11 to the well. The angle of enhancement is within
o oK) =i(y0t7)" (13 =20/DK2=12yo( 7o+ )/ (korg)?. Because the EP suf-
fers only from elastic scatterings the signal light has the
same frequency and phase as the incident light within a time

ing centers,N(») the state density of the EP af, and 1/vy4, and is thus coherent with the pump. For times longer

27y, the inelastic scattering rate, i.e., sum of exciton deca)}hanfllyo' the E'.D su:fers f'rom melastl_c scattgr;]ngr; sobthe
rate and acoustic phonon scattering rate of the EP. We evalllterference persists for a time j4 consistent with the ob-

; 15
ted Z(k, ko) following th dure of16) of Ref, 10, ~Sefvation of Rheet al. _ L
?r?en V\(/e hgl)veo owing the procedure of16) of Re The wave nature of the exciton may be manifested in the

following way. A Gaussian pump beam is incident at a non-
zero angle on the microcavity, creating exciton polaritons
_ -1 with wave vectork,. The exciton component of the EP has
E(kko)= m(rﬁﬂ), (11b an initial central wave vectdky and a spread ik space of
width Ak which corresponds to the spread in spatial frequen-
cies of the incident pump beam. The coherent backscattering
enerates a wave with central wave vectdt,. The angular
Eread of the backscattered wave is somewhat larger than the
initial spreadAk due to the nonzero angular width of the

GRA(w,k)=

where y= mN(w)n;{|V,(0)|2, with n; the density of scatter-

whereI'; andI'; come from summation of the maximally
crossed diagrams and the ladder diagrams, respectively. He

2(yot+ ¥)Up coherent backscattering. If the divergence of the incident
[e(kotk)= 270+ D(k+kg)?’ (110  Gaussian beam is larger than the backscattering width, then
0 0 the backscattered wave will have a spread clogekowWhen
the incident and backscattered exciton waves collide, a co-
2(vo+ ¥)Uq herent polarization is created kat 0 with an angular width
I'i(ko—ko) = 270+ D(Ko—Kj)Z' (11d  also close ta\k, so that the emission into the normal direc-

tion has nearly the same angular spread as the incident pump

beam(this can be narrower than the angular spread defined
where in the ladder diagram we assumed two incident beamgy the cavity”).
ko andk, but we should puk, =Kk, for a case of single beam  This wave model for the generation of the normal emis-
pumping. HereU,=n;|V(0)|?> and the diffusion constant sion may be contrasted to the prediction of a particle model
D=v§/6(y0+ y) with the group velocityy, of the two-  for the exciton collision. In that case, collisions of excitons
dimensional(2D) EP. Then we have finally the expression with wave vectoik, and —ky may result in a broad spread in
for the signal intensity as follows: final momenta, due to the random distribution of impact pa-
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rameters for the two-particle collision. Thus a particle modelincident pump divergencak at low density, and is reduced
would predict that at low density, the normal emission angu-at high density by the stimulated scattering into exactly
lar spread would be defined by the cavity. At very low den-k=0.

sity, in the linear response regime, the coherent backscatter- The following aspects are predicted from this model. If
ing intensity is expected to be twice the background randonthe inelastic scattering rate is determined mainly by the
scatter intensity, as is typical for linear backscattering, andcoustic-phonon scatterin@e., the cavity radiative decay
no special emission peak in the normal direction occurs. Aéate is smaller than the phonon scattering Jratteen the sig-
the density is increased, however, the exciton-exciton collin@ Is is éxpected to be inversely proportional to the square
sion rate increases and tke=0 population(and the normal-  Of the lattice temperature whey v, as the signal intensity

direction emissionincreases as square of the pump intensity!S iNversely proportional toyg. Second,l; is also propor-

Now we consider the effect of the microcavity. We sup-tional to ni {(yo+ )y} so that there exists an optimum
pose that the exciton and cavity modes are exactly resonafPncentration of elastic scatters at which the signal shows
at k=0. Then the photon density of states is maximum atM@ximum with temperature and pump power fixed.

k=0, andk=0 EP is most efficiently coupled to the external Thzelzjsignal p°|arit°”“’|s COmes frolm the pola\r/i\';?]n Wiéhp,
field; we define the number of EP &t=0 to be n. The the wave vector almost equal to zero. en S

largest population of EP ik space is in the initially excited backward-scattered intb=—k, are highly populated, both

k=K, region. The coherent backscattering results in a po the signalws and the idieroq have the zero vector for
Ko region. i : ng POPUhe 2D EP, and contribute to the signal. Therefore for such a
lation atk= —k, occurring with a rate given byllc). The

. ; 2 case as the maximally crossed diagrams contribute, i.e.,
ko and—kq EP’s collide[via theH"” term in(3¢)] to produce y g

. ~ . : |k+Ko|?<2y5/D=12yo( o+ ¥)/v3 the observed signal in-
a population ak=0. Further increase of the density results ¢y aseq by four in comparison to other directions even at low

in stimulated emission into thie=0 state, as expressed by gengity. At high density, the normal emission will become
the (n+1)(n+2) bosonic enhancement of the scatteringgominant due to the stimulated scattering intoked mode
rate. In this case, the= 0 population increases rapidly at the over the diffuse scattering. The EP’s with zero and finite
expense of the backscattered wave. This may be thought @f-plane wave vector transmit very easily in the microcavity
as a condensation into the=0 state, resulting in super- with the distributed Bragg reflectors on both ends. Therefore,
radiance into the normal direction. This is because the popuxe may expect two-step structures of the signal reflecting the
lation atk=0 increases due to the stimulated scatte(Bg) distribution of the EP’s over the in-plane wave vedtoas a

but the emission is not the stimulated one as the decay rate @inction of emitted angle from the normal direction. Some of
thek=0 EP is so rapid because of low cavify value. The these observations will give us further support of the weak
angular spread of this emission is essentially the same as ttacalization of the EP.
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