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Polariton-polariton scattering in semiconductor microcavities: Distinctive features
and similarities to the three-dimensional case
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Polariton-polariton scattering has been measured in a GaAs-based microcavity by a c.w. polarized photolu-
minescence technique using circularly and elliptically polarized resonant excitation into the lower polariton
(LP) branch. The scattering has been found to be strongly enhanced when the singlet biexciton state is allowed
as an intermediate one, i.e., under elliptically polarized excitation. An exponential growth®E.P emission
has been achieved at high excitation densities for the major spin population leading to the emission polarization
degree higher than that of the excitation. The effect indicates the scattering stimulation appearing due to the
bosonic nature of polaritons when the high fillinglof 0 LP states is reached.

Semiconductor microcavitiessMCs) with embedded Here we demonstrate that the LP-LP scattering in MCs
quantum wells represent a very interesting object for the inreproduces the main features of the hyper-Raman scattering
vestigation of light-matter interactioris® In such a system a  in bulk semiconductors following from the conservation laws
strong two-dimensiondRD) confinement of light makes ac- and the resonance between the energies of the singlet biex-
cessible very high densities of the photonic field which mayciton state and E(k;). On the other hand, it has revealed
result in a different type of nonlinear effectS. Another in-  striking peculiarities directly connected to the reduced di-
triguing property is connected to the boson nature of thenensjonality of cavity polaritons. First, we observe an expo-
mixed exciton-photon states in MES’ 2D polaritons, characnenial increase of the=0 emission at relatively low pow-
terized by an extremely smali(10" "myo, Mo being the free oo of resonant excitation close to the point of inflection of

electron massin-plane effective mass. The low density of o | p dispersion curve, which clearly indicates the stimu-

polariton states makeg possible th_e high filling at the I‘Plated character of the scattering. This occurs in a very similar
band bottom to be achieved at relatively low densities when T
way to the phenomenon observed by Savvalial.in pump-

the influence of the fermion nature of electron and hole in robe measuremenfand theoretically described by Cit
exciton compound is yet negligible. In this case, the bosonic 73 y y
al.”® However, contrary to phenomena observed in pump-

nature of polaritons can favor stimulated scattetfhgnd o
P g é)robe measurement$where the additional weak probe was

presumably, nonlinear effects in the strong coupling regimdiSeéd to stimulate scattering of two pump polaritons, in our

is usually prevented by a slow relaxation of photoexcited®@Se the effect can be des_cribe_d_ as a self-stimulated process.
polaritons into the LP band bottohf. Only recently the Unlike the 3D case, the high filling of the 2D LP states at
stimulated character of polariton relaxation has been demork~0 becomes possible due to tlimite LP energy E(k
strated using resonant excitation into the lower or upper po=—0) resulting in a qualitative change of the dispersion and
lariton branckH ! density of the LP states at the band bottom. Second, in the
In the present paper we investigate the LP emission undease of excitation with circularly«) polarized light the ex-
conditions of the c.w. resonant excitation into the LP branchponential increase df=0 population is observed only for
below the free exciton energy and thus we avoid any strongnajor spin species. Furthermore, in the case of elliptically
filling of free exciton states. Here we are interested in thepolarized excitation we observe a strofgore than two
study of peculiarities of polariton-polariton scattering in 2D times excess of the emission polarization degree over that of
case and the similarities of these processes to their 3D an#he exciting light. The effect has been shown to be connected
loge in bulk semiconductors. The polariton-polariton scatterto the difference of the final-state stimulation efficiencies of
ing in bulk semiconductors was studied intensively in latethe LP-LP scattering originated from different filling of
1970s and referred to as hyper-Raman scattéfiig.gen-  states with the total spin 1 and1.
eral, the mechanism can be understood as four-wave mixing The sample studied is a high-quality single MC structure.
occurring with conservation of the total energy and waveThe Bragg reflectors are composed of(20) repeats oi/4
number: Al 14Ga gAS/AIAs layers in the top(bottom) mirrors. The
3/2x GaAs cavity contains six 10-nm-thick JgGay 9 AS/
2E(k))=E(ky)+E(ky), 2k =k;+k, (1) GaAs QWs. Measurements were carried out with the sample
immersed in superfluid He. A c.w. Ti-Sapphire laser was
wherek; [E(k|)] is the wave numbefenergy of two polari-  used for resonant excitation of the sample. The photolumi-
tons in the initial state anld; , [ E(k, ;)] corresponds to two nescenceglPL) signal was collected by a lens and a fiber
final states. The process has been shown to be squared rimounted on a rotating rail. The signal was recorded by a 1-m
excitation power and highly enhanced when the biexcitordouble monochromator/CCRcharge coupled devigesys-
state is included as an intermediate state in the scatt&ring. tem. The experiments were carried out on several sample
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FIG. 1. Angle-resolveds?*- and o~ -polarized LP emission CT) 1
spectra recorded &=0° using theo " polarized laser emission of ¢ 1 0 3
various powers for resonant excitation into the LP branctb gt E = ]
=16° (all spectra are divided bf). w E—— S
10 100 1000

spots with Rabi splitting 6 meV and the detuning of un-

coupled exciton and photon modes in the range-af meV. Excitation density P (W/cmz)
Figure 1 displays angle-resolved’- and o~ -polarized

L'i emission spectrg .recorded. ab=0° using the FIG. 2. (a) Dependence of LP emission intensity on excitation
o -polarized laser emission of various powers for the resopower for excitation with circularly ¢*) polarized light(squares
nant excitation into the LP branch &t =16°. The spectra for Lp* and circles for LP). (b) The diagram of the LP-LP scat-

consist of a peak corresponding to the emission of LPs fronering.
the bottom of the branch. The fine structure of the peak is
due to interference fringes within the sampgtaicknessd  on resonance with the LP stites shown in the diagram in
~0.5 mm. At low P the energy and line shape of the emis- Fig. 2 and can explain our experimental results, namgly,
sion peak inc™ (LP*) and o~ (LP~) polarizations are the square dependence on the excitation potii@rthe mix-
similar. A larger intensity of the LP emission (,p+) indi- ing of the LP states with only positivk (the energy and
cates that the time of spin and energy relaxation aremomentum conservation law&q. (1)] cannot be fulfilled
comparabl€.With increasing excitation density the line LP  simultaneously in our geometry for LP states with negative
becomes dominant and drastically narrows down to 0.07%), and finally,(iii) the contribution in the LP line only (the
meV, indicating the qualitative change in the LP relaxation.four-wave mixing does not change the total LP $pithese
The integrated intensities of the spectra in Fig. 1 are prefeatures, based mainly o and k conservation laws, are
sented in Fig. 2. Figure 2 shows tHap+ andl p- (squares similar for 2D and 3D polaritons.
and circles, respectively depend linearly onP at P Based on the analogy with the scattering of bulk polari-
<100 Wi/cnt. Angle-resolved PL measurements show thattons a strong enhancement of LP-LP scattering is expected
in this range of® both I p+(k) andl p-(k) are symmetrical when the two photon energyizs(k;) comes into resonance

aroundk=0. The emission increases with for |®|<®,, with the optically allowed biexciton transition. In our experi-
which is consistent with the previous observation of thement 2: w is only slightly, <1 meV, below the energy of the
bottleneck in LP relaxatiof® spin singlet biexciton state in the quantum wgke scheme

At P>100 Wi/cnt the dependencé p+(P) transforms in Fig. 2). Since the singlet biexciton state must be composed
into a squared one wheregs-(P) remains linear. Angle- of two excitons of opposite spins, we can expect that the
resolved PL measurements have shown that in this regime efficiency of LP-LP scattering should strongly depend on the
superlinear increase of the [Pline intensity occurs in a polarization degree of laser excitation. This dependence has
wide range of positivé, up tok~2k;.** As aresultthe LP  been measured with the use of elliptically polarized light
emission atb=0 is much stronger than that @<0. These excitation with the polarization degreep;=[I(c")
changes point out the appearance of a new effective channet, 1 (o~ )]/[1 (™) +1(a7)] varying from 1 to 0. Figure @&
namely, direct scattering of two LPs with momentiqrinto  displays the dependence of the oveled 0 LP emission,
the states with moment = Ak. This four-wave-mixing | p=I.p++1p-, 0np, atP=200 Wicnt (solid squares At
process becomes highly effective when the exciting light ishis power the contribution from LP-LP scattering into the
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-~ 0 sé ment of the LP emission ak~ 2k, . Thus we conclude that
2 N R—M-—=M—Mm-M- the LP-LP scattering in MCs acquires the stimulated charac-
< 0.2] 8-8c8-8-5870 (c) ter. This occurs already &~500 W/cn? due to the accu-
$ ’ '0 mulation of LPs withk~0. Thus unlike the pump-probe ex-
=2 ) periments, in our case the stimulation achievesrarinsic
2 O/O'Cx)‘o\o\ character, i.e., it occurs without the additional probe beam.
-% 0.5. O(ﬁ Figure 2 shows that the exponential depe_nplenp(eP) satu-
N ' rates atP~700 W/cn?. The quantum efficiency of the LP
s /./I'.'.“ emission in the anglé<2° also reaches its maximum at
o -/. (b) P~700 W/cnt and does not change with a further increase
= 0.0p=— of P. As shown in Figs. 1 and 2, no nonlinearity is observed
504 O—Q —O0— 540 W/cm® in the emission of the minor LP spin component the filling
@ O/ O = 200 W/cm? factor of which remains very low in the whole range Bf
< 404 / \ used. As a result, the LP polarization degree under condi-
g tions of stimulated scattering reaches as high a value as 97%.
E D @) The transition to stimulated LP-LP scattering results in
§ 30 \ several extraordinary features in the polarized spectra of the
2 x10 2D LP emission under the elliptically polarized excitation.
o 20.‘.\.\ \ Note that the variation op, does not result in any marked
r .\I\._ﬁ& (a) change in the MC absorptidiFig. 3(c)] which implies that
' . all surprising modifications i, » and polarization degree of
0.0 0.5 1.0 LP emissionp, p, observed with changing, are connected

with peculiarities in the LP scattering. First, Fig(@Band
3(b) demonstrate nonmonotonic dependencé, gfand p,p
FIG. 3. The dependendgp (a) andp,p (b) on the polarization 0N the polarization degree of excitatiop, for P
degree of elliptically polarized exciting light for two excitation den- >250 W/cnf. It is seen that aP =540 W/cnt the increase
sities. (c) The dependence of light absorption pn The data for in | p is ~3 times higher than that &=200 Wi/cnf [Fig.
P=540 Wicnf (P=200 Wi/cnt) is shown by circlegsquare}s 3(a)], and, in addition, the maximum ofp is shifted from 0
] ] o ) to pj~0.4. The initial increase ih p(p,) with exciting light
relaxation of LP’s is already significant. It is seen that thegepolarization can be attributed to the appearance of the re-
enhancement df p reaches factor of 1.5 with decreasing  |axation channel via intermediate biexciton state as described
from 1 to 0. At the same time Fig.(§ shows that the ab-  ,p5e However this effect does not explain the decrease in

sorpg_on ;.S pra;:ttlr(]:ally (;\(,)vnstakl)nt n ﬂ:.e whole rcj[t_?gtq)p.f 'Il'he I.p atp;<0.3 observed in the whole range of excitation den-
combination of these two observations constitutes clear evizi: . 5 550 \w/ent.

dence for the enhancement of the LP-LP scattering in MCS

in conditions when the biexciton state becomes allowed as an Furthermore, the nonmonotomc dependencé pfp)) is
accompanied by a nonmonotonic dependencg, pfp;). In

intermediate one, similar to the behavior in bulk semicon-=""" ; .
ductors. particular, Fig. 8) shows thatp p at P=540 W/cnt in-

The LP-LP scattering in MCs also reveals several distincCréases rather than drops with the depolarization of the ex-
tive features from the scattering of bulk LPs. First, the con-Citing light in a wide range op;>0.34 so thap, p becomes
tribution from LP-LP scattering in MCs is observed at as€ven largerthanp,: it reaches~0.77 atp;~0.34. This be-
small excitation density as 150 Wi/cn?. Such low thresh- havior is completely different from that &=200 W/cnf
old for LP-LP scattering originates from a huge magnifica-when p p is always smaller thap, . Figure 4a) compares
tion of electromagnetic field inside the MC. Another andthe dependence qf p(P) for circularly (o;=1) and ellipti-
much more striking feature originates from the reduced dically (p;=0.34) polarized light® It shows that in the latter
mensionality of MC LPs. The finite LP energy &&=0 case the polarization degregp reaches its highest value at
makes possible the accumulation of scattered 2D LPs at theoticeably lowerP. This behavior correlates with a highly
band bottom, which, in its turn, may lead to stimulation of enhanced total intensity,p in the range ofP=300-500
the LP-LP scattering process in accordance with their bosolv/cn? due to appearance of the scattering via the biexciton
nature. Such stimulated scattering has been never observsthte.
in bulk semiconductors in the whole range of exciton densi- Thus one can conclude that at higithe spin population
ties up to 16 Wi/cn?. In contrast, Figs. 1 and 2 show an of k=0 LP’s unbalanced above some critical value results in
abrupt exponential build up of the [’Pemission in the MC a much faster scattering of the majority spin LP’s. The only
excited with thes™ light already atP~450-500 W/crh. mechanism which can explain this phenomenon is the final
This behavior cannot be described in terms of ordinarystate stimulation, which is in our case evidently easier
LP-LP scattering leading to squared power dependencachieved for dominatingr™ species. Apparently, the en-
However, the LP-LP scattering as an origin for the exponenhancement of the LP-LP scattering with decreagipgccur-
tial growth has been confirmed by PL measurements at largeng due to the opening of the LP-LP scattering via the sin-
angles. We have found that in accordance with @g.this  glet biexciton state shifts the threshold for transition into the
increase is followed by the corresponding nonlinear enhancestimulated regime to lower excitation powers. This explains

Polarization degree of excitation



O

RAPID COMMUNICATIONS

measurements. The efficiency of LP-LP scattering increases
when tuning from circularly to elliptically polarized excita-
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) of ratios ILp(p|:0)/|Lp(p|:.1) and ||'_p(p|:0.3.4)/'
- i p =0.34 I p(pi=1). Although under linearly polarized excitation
In_ 6l m’ (p;=0) the emission is strongly enhanced compared to that
= AN measured using-polarized exciting light, thé P(p,=0) is
= I n markedly smaller thah, P(p,=0.34) in the whole range of
~ 41 A\AX P>250 Wi/cnt. In this range the LP scattering gained the
< I/ R stimulated character and, hence, depends on the achieved
= I NP =0 filing of the LP states at the band bottom. Comparing the
o 2t - l \5 dependencek p and p p 0N p, in Fig. 3 one finds that the
'ﬁ Qw/ \ beginning of the decrease bf, correlates with that op, p.
o The latter indicates that the LP’s at the band bottom become
1.0 t o—=0" distributed between twar* ando ™, states, which results in
(a) p =0.34 - o the decreasing amplification factor and, hence, lower LP line
c ! m :E/I“I\I intensity.
.g O In conclusion, studies of the LP-LP scattering in the
S 8 / O/ p =1 GaAs-based microcavity under c.w. excitation have revealed
T S 05t l/ ! a strong contribution from four wave mixing of polariton
% % ) states usually observed only at high excitations in pulsed
o
o
|

o
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tion due to appearance of the relaxation channel including
the singlet biexciton state as an intermediate transition. This
behavior is similar to that of 3D polaritons in bulk semicon-
ductors. However, in contrast to the 3D case, the strong
stimulation of the scattering to the bottom of the LP branch
has been achieved resulting in the exponential dependence of

FIG. 4. (a) The dependence of the LP emission polarization -P €mission on the excitation power and in the pronounced

degree on excitation density for the excitation with circulanty (
=1) and elliptically (p;=0.34) polarized light(b) The power de-

nonlinearities in its polarization degree. The effect occurs in
the strong coupling regime which justifies the application of

pendence of the ratio of the LP line intensity at excitation with the boson approach to the description of polaritons. The re-

elliptically (p;=0.34) and linearly §,=0) polarized light to that at

excitation witho-polarized light.

duced dimensionality of LPs in MCs results in the finite LP
energy atkk=0 and hence assists high filling of the states at
the bottom of LP branch leading to stimulation of the LP-LP

the extraordinary increase in the polarization of LP line and>cattering.

the strong magnification df_» occurring with decreasing,
in the range ofP=300-550 W/cr, i.e., just below the
threshold to the stimulated scattering under éghexcitation.
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