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Nonequilibrium transitions in the cavity polariton system are investigated under nanosecond-long pulsed
excitation with linearly polarized light �TE or TM modes� near the magic angle. The main objective is to
clarify the influence of the polarization-dependent properties of the polariton-polariton interaction on �i� insta-
bilities in a driven lower polariton mode and �ii� the temporal hysteresis effects in the kinetics of the scattered
polariton population. The driven mode retains the polarization of the exciting pulse and exhibits instabilities
typical of the scalar �“spinless”� polariton system excited with circularly polarized light. No increase in the
instability threshold for the driven mode and, as a consequence, no polarization multistability discussed for the
spinor polariton system �N. A. Gippius et al., Phys. Rev. Lett. 98, 236401 �2007�� is observed. Polarization of
the scattering signal at the zero wave vector and that of the driven mode are mutually perpendicular, due to the
polarization dependence of the exciton-exciton interaction. At the same time, at pump intensities well above the
threshold of stimulated scattering, the signal exhibits a markable decrease �up to 25%� of the polarization
degree during the pulse transmission.
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I. INTRODUCTION

Microcavity �MC� exciton polaritons are elementary
bosonlike excitations with an extremely small effective mass
on the order of 10−5 of the free-electron mass and a specific
dispersion with an inflection point at small wave vectors
��k��104 cm−1�.1–3 These peculiarities result in a variety of
interesting effects in a dense polariton system. Parametric
polariton-polariton scattering and Bose-Einstein condensa-
tion are two of the most striking features in the photoexcited
system of cavity polaritons.4–13

Stimulated scattering appears in planar MCs under exci-
tation slightly above the lower polariton �LP� branch and has
the minimum threshold for excitation close to the inflection
point in the dispersion curve.4,5,9 The unusual behavior of
stimulated scattering �that exhibits a predominant population
of k=0 and k=2kp modes almost regardless of pump energy
and quasimomentum kp �Refs. 8 and 9�� was shown to be
coming from the interplay between two distinct instabilities
each induced by the polariton-polariton repulsive interaction.
They are the single-mode instability �bistability� of the
driven mode with respect to the incident pump14–20 and the
parametric instability of the driven system with respect to the
intermode polariton-polariton scattering.21–23 The unusually
low threshold of the stimulated scattering under the excita-
tion near the inflection point comes from the simultaneous
fulfillment of both the energy and momentum conservation
laws.

An important peculiarity of cavity polaritons is related to
their polarization, or pseudospin, degree of freedom. Two
possible spin projections onto the normal to the MC plane
correspond to the right ��+� and left ��−� circular polariza-
tions of counterpart photons. These two components are
mixed for nonzero in-plane wave vectors �k� because of the
splitting of polariton modes into the TE and TM states with
mutually perpendicular linear polarizations,24 which comes

from the polarization dependence of field penetration in a
dielectric mirror. The spin-dependent polariton coupling
leads to markable collective effects in the system of interact-
ing polaritons.25–28

The stimulated scattering under excitation with circularly
polarized light near the magic angle shows a negligible de-
polarization effect in the scattered modes.29,30 It enables us to
consider the system of circularly polarized polaritons as a
spinless �“scalar”� one. Within this approximation, compli-
cated hysteresis loops in the population kinetics of pumped
and scattered LPs under a nanosecond-long resonant excita-
tion are explained qualitatively within the framework of the
semiclassical model based on the Gross-Pitaevskii
equations.31,32

In contrast, no polarization conservation is observed in
the stimulated scattering under the excitation with linearly or
elliptically polarized light.5,25,27,30 The intermode scattering
of two linearly polarized LPs results in the change in their
polarization direction to the perpendicular one.26 The inver-
sion of the polarization is due to the different signs of the
polariton-polariton interaction constants for LPs with the
same and opposite spin orientations: the attraction between
polaritons with opposite spins corresponds to the negative
sign of the matrix element of the polariton-polariton interac-
tion, �2, whereas the repulsion of polaritons with the same
spin corresponds to the positive matrix element �1.33,34

The relation between the values of the LP interaction co-
efficients, �1 and �2, strongly depends on the properties of
the MC structure. At present it is generally accepted that for
a typical GaAs microcavity ��2�� ��1�, i.e., in a variety of
pump conditions the attraction between excitons with oppo-
site spins is much smaller than the exchange-induced repul-
sion between excitons in the same quantum state.35 Theoreti-
cally, in the Hartree-Fock approximation for the system of 1s
excitons the former should be completely absent ��2=0�
�Refs. 33 and 36� and only the relatively weaker high-order
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excitations give a nonzero contribution to �2.33 The results of
the recent experiments on the spin quantum beats in the
GaAs cavity polariton system established that the relation
��2 /�1� is less than 10−1.26 In turn, this result led to the
certain predictions concerning the polarization properties of
the LP system response to external pumping, namely, the
multistability of the driven LP mode under the conditions of
resonant continuous-wave excitation.37 According to Ref. 37,
under the linear pumping the driven intracavity state may
either be polarized linearly or acquire a high degree of cir-
cular �left or right� polarization. On the other hand, the
threshold of stimulated LP scattering should be strongly de-
pendent on pump polarization. In the limiting case �2=0, the
threshold for linearly polarized excitation should be approxi-
mately two times larger than the threshold for circular exci-
tation.

Nonconservation of polarization in LP-LP scattering ex-
cited with linearly or elliptically polarized light was ob-
served in cw experiments.5,27 In the present work we exam-
ine the polarization properties of the driven mode and the
polarization dependence of the threshold excitation magni-
tude under the pulsed excitation with nanosecond-long
pulses near the inflection point of LP dispersion. We study
the kinetics of both the driven LP mode and the signal of
stimulated scattering under linearly polarized excitation. The
main objective is to investigate how the kinetics of the
driven and scattered modes in the spinor LP system is influ-
enced by the above-mentioned instabilities �typical for the
scalar LP system31� in conjunction with the polarization de-
pendence of the LP-LP interactions. A strong effect is ob-
served for the scattered mode at k=0 that acquires inverted
linear polarization near the threshold of the stimulated scat-
tering and then shows a weak depolarization with time.
However, �i� the threshold excitation densities are found to
be almost coincident for circular and linear pump polariza-
tions �no increase in the threshold is observed when the
pump polarization was changed from circular to linear one�
and, accordingly, �ii� no polarization multistability predicted
in Ref. 37 is observed in the LP system driven with linearly
polarized light.

The paper is organized as follows. In Sec. II, the sample
structure and experimental setup are described. Time evolu-
tion of the intensity and spectral position of the driven LP
mode is described in Sec. III; the experimental results are
compared with the available theoretical predictions. Section
IV is concerned with the polarization effects in the kinetics
of stimulated LP-LP scattering.

II. EXPERIMENTAL

The MC structure grown by the metalorganic vapor-phase
epitaxy technique has top �bottom� Bragg reflectors com-
posed of 17 �20� � /4 Al0.13Ga0.87As /AlAs layers. The 3� /2
GaAs cavity contains six 10-nm-thick In0.06Ga0.94As /GaAs
quantum wells �QWs�. The Rabi splitting is �=6 meV. A
gradual variation in the active layer thickness along the
sample provides a change in the photon mode energy and,
hence, in the detuning D between the exciton and photon
mode energies at k=0. The experiments are carried out in

several regions of the same sample with D in the range from
−1.5 to −2 meV.

The sample was placed into an optical cryostat with con-
trolled temperature. A pulsed Ti:sapphire laser with pulse
duration of �1 ns, the energy full width at half maximum
�FWHM� of �0.7 meV and pulse repetition of 5 kHz, was
used for MC excitation at 14° to the cavity normal. The
pump beam was focused onto the spot with a waist
�100 �m in diameter. The kinetics of the angular distribu-
tion of polarized photoluminescence signal from the MC was
detected at T�6 K in a wide solid angle around the cavity
normal by a streak camera with spectral, angular, and time
resolution of 0.28 meV, 0.5°, and 70 ps, respectively. The
pump transmission signal was detected by the same streak
camera.

III. KINETICS OF THE DRIVEN LP MODE

The pump pulse profile Iext�t� proportional to the intensity
of the external electric field outside the cavity �Eext�kp , t��2 is
shown in Fig. 1�a� �dashed curve�. Its intensity increases dur-
ing the first �100 ps and then decreases approximately three
times during �1 ns. MC is excited with pulses polarized
linearly in the x direction �their polarization will hereinafter
be referred to as �x polarization�, about 0.5 meV above the
LP dispersion branch at kp= �kp,x ,kp,y�= �1.8,0� �m−1. The
information on the intracavity field is obtained by MC trans-
mission measurements.32 The active region of the cavity is
separated from the detector by a Bragg mirror that does not
introduce any nonlinearity and/or spectral selectivity. Hence,
the intensity of the pump pulse transmitted through the MC,
Itr�	�, is proportional to the squared magnitude of the excited
mode �k=kp� of the intracavity electric field, �EQW�kp ,	��2.
Similarly, the time dependences of the transmission intensity
Itr�t� recorded in mutually perpendicular �x and �y pola-
rizations are proportional to the corresponding com-
ponents of the intracavity field intensity, �EQW,x�kp , t��2 and
�EQW,y�kp , t��2, whereas the time dependence of the first mo-
mentum of Itr�
	� provides the information on the temporal
evolution of the average energy of the excited LP mode,

Ētr�t�.
Figure 1�a� displays the time dependences of Itr recorded

in �x polarization for several values of peak intensity of the
excitation �P� below and above the threshold of stimulated
parametric scattering �Pthr�. P is determined as the maximum
of Iext�t�. The transmission signal in �y polarization is about
two orders of magnitude weaker for all excitation densities;
it is not shown in Fig. 1. It should be emphasized that con-
servation of linear polarization is observed only in the case
of excitation of the TE or TM modes which correspond to the
two-dimensional photon eigenstates in the empty cavity. Ex-
citation of mixture of these modes leads to a strong depolar-
ization of the intracavity field, which is related to the energy
splitting of these modes and not discussed in the present
paper. At the same time, if the pump is polarized in the TE or
TM direction, then the transmission and the scattering signal
polarizations do not depend on the actual crystallographic
directions. Thus, a crystalline disorder �that, in some cavities,
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can result in a large energy splitting of linearly polarized
exciton states27� appears to be negligible in our sample.

Figure 1�a� shows that Itr,x�kp , t� and, hence,
�EQW,x�kp , t��2 at P=5 kW /cm2 �obviously below the thresh-
old� are approximately proportional to Iext,x�t�. In the range
of small P, the spectral position and the FWHM of the trans-
mission signal change very weakly during the pulse propa-
gation, as expected in the linear regime. Strong nonlinearities
appear in Itr,x with increase in the peak excitation density
above �7 kW /cm2. It is seen that Itr,x at P=10 kW /cm2

exhibits a narrow peak in the range of monotonously de-
creasing pump density: Itr,x starts increasing at t�0.1 ns,
increases for about 0.15 ns, and then decreases. With increas-
ing P, the peak shifts slightly toward the pulse onset and
increases sharply at P=15 kW /cm2. The sharp increase in
�EQW,x�kp , t��2 on the droop of exciting pulse occurs due to
the instability in the driven LP mode with respect to the
incident pump, whereas its subsequent sharp decrease is re-
lated to development of the parametric instability with re-

spect to the intermode polariton-polariton scattering31,32 that
leads to the angular redistribution of the intracavity field.

Entering the range of the instability results in the strong
increase in the density of the scattered LPs �Figs. 1�c� and
1�d��. It is seen in Fig. 1�b� that the blueshift of the driven

mode �Ē�kp� continues to grow in the range of the decrease
in the driven mode magnitude �at 0.2 ns� t
0.6 ns�. Thus,

the contribution of scattered LPs in �Ē�kp� overcompensates
for the losses caused by the sharp decrease in EQW�kp , t�.

The strongly nonequilibrium transitions are legible for the
intracavity field drawn as the explicit function of pump in-
tensity. The experimental relationships between Itr,x�t� and
Iext,x�t� for P=10 and 15.3 kW /cm2 presented in the form of
Itr,x�Iext,x� �equivalent to the dependence of �EQW,x�kp��2 on
�Eext,x�2� are shown in Fig. 2. Itr,x as a function of Iext,x dem-
onstrates a well pronounced hysteresis behavior and the hys-
teresis magnitude grows with increasing P. The shape of the
hysteresis loop under excitation with linearly polarized light
�TE or TM mode� is very similar to that under excitation of
the scalar LP system with circularly polarized light. In par-
ticular, the temporal delay of the transmission maximum
with respect to the excitation peak is explained by the strong
positive feedback between the pump and the scattered polar-
iton states that occurs near the threshold of parametric scat-
tering. For instance, the increase in the scattered LP popula-
tion leads to the blueshift of the exciton energy, which makes
the driven LP mode closer to the pump energy even when the
pump intensity decreases. As a result, the sharp nonequilib-
rium transformation accompanied by the rapid increase in
the overall polariton density can occur on the descending
side of the pulse �see Ref. 32 for the detailed consideration�.
In a vicinity close to the threshold, the system is very sensi-
tive to fluctuations in both the pump and the intracavity field,
and the kinetics of the system strongly depends on the cer-
tain temporal shape of the excitation pulse.

On the other hand, as soon as the blow-up transition has
already occurred, additional fluctuations have no appreciable
influence on the state of the system. In the high-intensity
state, the effective resonance energy of the driven mode ex-
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FIG. 1. �a� Time dependences of MC transmission intensity in
�x polarization and �b� spectral position of the transmitted signal
for different peak excitation densities �P�. Panels �c� and �d� display
the emission intensity at k=0 in �x and �y polarizations recorded
for P=15 and 10 kW /cm2, respectively. Pump profile is shown in
panel �a� by the dashed line labeled as “Pump.” Polarization of the
transmission signal coincides with the polarization of the pump �in
the case of excitation of the TE or TM polariton modes�. Zero time
is meant to be approximately corresponding to “switching on” of
the pump pulse �the time of reaching the half of the peak pulse
intensity�.
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FIG. 2. Measured dependences of transmission intensity Itr on
pump intensity Iext for pulses with P=10 kW /cm2 �thin line� and
P=15.3 kW /cm2 �thick line�. Temporal shape of excitation Iext�t�
is shown in the inset �it corresponds to the data presented in Fig. 1�.

KINETICS OF STIMULATED POLARITON SCATTERING… PHYSICAL REVIEW B 81, 035328 �2010�

035328-3



ceeds the pump energy due to the blueshift provided in part
by the scattered LP population. In that region, the response
function is smooth; it corresponds to the upper branch of the
“S”-shaped figure which represents the function of the sta-
tionary response of a typical bistable system. Thus, the
changes induced by additional fluctuations should be revers-
ible. To verify that the system was tested by means of exci-
tation pulse with an additional maximum at t�0.6 ns �Fig.
3�. The experimental relationships between Itr,x�t� and Iext,x�t�
in the case of excitation with two-peaked pulses at P=10 and
15.3 kW /cm2 are drawn in the form of Itr,x�Iext,x�. It is seen
that, as expected, no additional hysteresis loops appear in the
range of the second peak of excitation, in contrast to the
preceding nonequilibrium transformation that induces the
prominent hysteresis. In the range of the second peak, the
intensity of the driven mode �Itr�t�� �EQW�kp , t��2� is much
smaller than the maximum of Itr�t� �reached during the
“blow-up” transition�, although the energy of transmission

�Ētr�t�� at t�0.7 ns is the largest even in the case of single-
peaked excitation �Fig. 1�b��. It means that the driven mode
is kept near resonance with the pump due to the blueshift
provided by the scattered polaritons.

In summary, the LP system excited with linearly polarized
light exhibits a hysteresis behavior qualitatively similar to
the case of circular excitation. One of the aims of the present
work is to study the influence of the polarization-dependent
properties of the LP-LP interactions on the system behavior,
in view of the predictions made in the framework of the
preceding theoretical consideration. Let us mention its most
essential ideas and a possible way of their experimental vali-
dation. Generally, the physical nature of the hysteresis in the
system response to excitation consists in an effective depen-
dence of the LP resonance energy on the intracavity field
amplitude. The blueshift resulting from the exciton-exciton
repulsive interaction leads to the bistability of the stationary
response in the case when the pump energy exceeds the en-
ergy of the unperturbed LP state. Bistability implies the pres-
ence of intrinsic critical states of the driven mode, even in
the absence of the intermode scattering. For the driven mode

itself, small fluctuations of pump intensity near the critical
magnitude �Pcrit� may cause a sharp increase in the intracav-
ity field. The critical pump intensity depends on polariton
interaction strength which, in turn, is essentially spin depen-
dent �in particular, the interaction between polaritons with
opposite spins is attractive,34 which is indirectly confirmed
by the polarization inversion in the process of parametric
scattering, see Refs. 26 and 27 and Sec. IV below�. Hence-
forth the critical points for the driven polariton mode should
strongly depend on pump polarization, which results in an
essentially multistable response of the driven mode under the
action of cw pump.37 For instance, the critical pump magni-
tude for linearly polarized excitation should be approxi-
mately two times larger than that for a circular one �because
of the two times smaller blueshift in the former case�. On the
other hand, polarization of the intracavity field may be
strongly dependent on variations in pump intensity �assum-
ing that the polarization of the pump is kept invariable�. Ac-
cording to the predictions in Ref. 37, even when the pump is
polarized linearly, the intracavity field may acquire a large
circular polarization in a certain range of the pump intensi-
ties.

In contrast to the above-mentioned prediction, we ob-
served no signs of polarization multistability of the intracav-
ity field induced by linearly polarized excitation. In particu-
lar, polarization of the MC transmission retains the
polarization of pump in the whole range of pump densities.
Thus, it is of interest to compare the kinetics of the critical
transformation of the driven LP mode for the cases of circu-
lar and linear polarizations of excitation.

Figure 4 compares the shapes of MC transmittance Itr / Iext
for excitations with �- and �-polarized light at peak excita-
tion densities close to the critical value �Pcrit�. In both cases
the MC transmittance at P=5.2 kW /cm2 riches its maxi-
mum in the range of the pulse maximum and then decreases:
the response functions are approximately reversible. Such
behavior corresponds to the smooth change in the blueshift
of the driven mode. In contrast, the response functions for
both cases of �- and �-polarized light at P=7.2 kW /cm2

exhibit an evident hysteresis behavior with very similar hys-
teresis loops. It means that the critical pump densities appear
to be almost coincident for these polarizations. Thus, the
experiment does not show any increase in Pcrit for excitation
with �-polarized light.

The visible absence of the difference in Pcrit for �- and
�-polarized excitations agrees with the absence of multista-
bility in the response of the driven LP mode. However, these
results raise the question why the decreased repulsion in the
linearly polarized LP system does not lead to the correspond-
ing increase in Pcrit. Among possible reasons, one can con-
sider several effects neglected in the model in Ref. 37, e.g.,
incoherent LP scattering �assisted by phonons, free carriers,
etc.�, an increase in the LP-LP scattering of �-polarized LPs
due to the proximity of 2
	pump to the biexciton resonance,38

the saturation effects �at high exciton densities� which result
in the additional blueshift of LPs due to the decrease in the
exciton-photon coupling constant, etc. Additional experi-
ments are required to determine which of the mentioned phe-
nomena plays the dominant role.
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IV. KINETICS OF SIGNAL OF STIMULATED
POLARITON SCATTERING

The time dependences of the emission signal at k=0 in
two linear polarizations ��x and �y� are displayed in Figs.
1�c� and 1�d� for the two peak excitation densities above Pthr.
The exciting pulse has the �x polarization. It is seen that, in
contrast to the electric field in the driven mode k=kp, the
signal at k=0 does not retain the polarization of excitation.
The emission in the �y polarization �i� appears earlier and
�ii� exceeds markedly that in the �x polarization. Measure-
ments of the signal components in circular �� polarizations
�not presented in Fig. 1� showed that they coincide with each
other, which points to the absence of ellipticity in the signal
polarization. Such behavior shows that the kinetics of the
scattering signal at k=0 is strongly influenced by the polar-
ization dependence of the LP-LP interactions. The inversion
of the signal polarization observed in our pulse measure-
ments is in good agreement with the previous observations of
this effect in cw measurements.26,27

The kinetics of the signal at kp=0 in the dominating �y
polarization, Is,y�t�, is very similar to that under the excita-
tion with circularly polarized light �see Ref. 31�. Indeed, Fig.
1 shows that �i� the dependences Is,y�t� differ qualitatively
from both the exciting field Iext�t� and the intracavity field
�EQW�kp , t��2� Itr�t�, �ii� Is,y�t� grows exponentially in the
range of the sharp decrease in �EQW�kp , t��2, and �iii� the
maximum of Is,y shifts monotonously to the onset of the
exciting pulse with increasing P �according to the shift of the
parametrically unstable range of pump intensities�.

Figures 1�c� and 1�d� show that the signal in �x polariza-
tion is very small at the beginning of the stimulated scatter-
ing process but its relative intensity increases monotonously
with time. Time dependences of the degree of linear polar-
ization �s,lin= �Is,x− Is,y� / �Is,x+ Is,y� at P� Pthr are displayed in
Fig. 5. ��s,lin� at P� Pthr�8.5 kW /cm2 is less than 0.5 at the
beginning of the pulse �t�0.4 ns�, increases quickly up to
the value 0.8�0.1 with increasing signal intensity, exceeds
0.8 in the range of the signal maximum, and then decreases
quickly at t�1 ns simultaneously with the signal decay.
With increase in the peak pump intensity, the maximum of
��s,lin� shifts to the beginning of the pump pulse, which cor-
relates with the earlier development of the parametric insta-
bility and reaches 0.93�0.03. Finally, Fig. 5 shows that
��s,lin� decreases slightly with time after the formation of the
stimulated scattering signal.

High polarization of the signal is well expected for the
process of direct scattering �kp ,kp�→ �k ,2kp−k� accompa-
nied by inversion of linear polarization.26 This process pro-
vides the main contribution to the signal intensity. On the
other hand, the polarization of the signal evidently decreases
with time �whereas the polarization of the driven mode re-
mains constant�, which indicates a relative decrease in the
contribution of the mentioned direct scattering. The reasons
for that are not sufficiently clear. The increase in Is,x at
k=0 may be due to the “secondary” scattering processes
which involve �y-polarized LPs with k�0. It should be em-
phasized that the observed decrease in linear polarization is
not accompanied by appearance of ellipticity, which is char-
acteristic of an arbitrary mixture of different polarization
components. Note, however, that the measured polarization
is the result of averaging over 105 independent excitation
pulses. In this connection, the observed depolarization of the
emission signal may be caused by the averaging that dilutes
the correlations between the phases of the �� components of
the intracavity field.

The dependences of the time-integrated signal intensities
on peak pump intensity in two linear polarizations are shown
in Fig. 6. In both polarizations, the signal demonstrates a
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exceed 10% in the above-threshold area.
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thresholdlike growth with increasing P, however, the thresh-
old densities do not coincide: the threshold for �x polariza-
tion is larger by approximately 20%. Below the threshold of
parametric scattering, the signal polarization is very weak.
With increasing peak pump intensity, the strongly dominat-
ing �y polarization of the signal appears due to the “direct”
LP-LP scattering �breakup of the driven polariton state�. The
polarization degree of the time-integrated signal exceeds 0.9
at P=1.2Pthr and then decreases with further increase in the
pump intensity. Eventually, the fraction of the �x-polarized
component of the field at k=0 reaches 15% at P�1.5Pthr.

V. CONCLUSION

We have investigated the polarization-dependent kinetics
of the MC polariton system excited with linearly polarized
nanosecond-long pump pulses. Intensities and polarizations

have been measured for both the driven and the k=0 signal
polariton modes. It has allowed the direct tracing the polar-
iton spin dynamics near the threshold of parametric instabil-
ity.

The driven mode is found to retain the linear polarization
of the incident pulse; thus, no manifestations of polarization
multistability discussed in Ref. 37 are observed. With in-
creasing pump intensity, the driven mode demonstrates para-
metric instabilities similar to those in the scalar LP system
excited with circularly polarized light. The development of
the instabilities results in the stimulated polariton-polariton
scattering. The polarization of the scattering signal is perpen-
dicular to that of the incident pump, which points to an at-
traction between excitons with opposite spins. Significant de-
polarization of the scattering signal during the pulse
propagation is observed only at excitation densities well
above the threshold �Pthr�.

The experimental results are discussed within the frame-
work of the mean-field model based on the Gross-Pitaevskii
equations which takes into account the only mechanism of
shift of exciton eigenenergy, namely, blueshift or redshift
caused by the direct pairwise polariton-polariton
interactions.26,34,37 Within this model, one expects a strong
dependence of the threshold pump density on pump
polarization.37 In contrast, we found no noticeable change in
the critical pump intensities when the pump polarization was
switched from circular to linear one. This result points to
factors that are beyond the scope of the conventional model;
they should be clarified by further research of the
polarization-dependent properties of polariton systems.
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