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Microcavity polariton spin dynamics is investigated in high-finesse microcavities under resonant excitation
using polarization- and time-resolved secondary emission spectroscopy. Using an appropriate calibration pro-
cedure, the instantaneous polariton occupation numbers of the modes with k�0 wave vectors can be deter-
mined. When the phase-matching conditions are achieved, we show that Coulomb scattering dominates the
other processes, and that stimulation occurs when the occupation of the k�0 final state with a given mode
polarization approaches unity. Under elliptically polarized light, we show that the stimulated polariton scatter-
ing leads to an increase with time of the circular polarization of the k�0 states, while the linear polarization
dynamics is characterized first by a fast drop to negative or zero values immediately after the excitation pulse,
followed by weak-amplitude nonperiodic oscillations. The latter are interpreted as the manifestation of the
pseudospin precession of the pumped polariton modes around the self-induced exchange effective field.
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I. INTRODUCTION

Semiconductor microcavities have attracted strong inter-
est since the demonstration of strong coupling.1 More re-
cently, this interest was renewed by the discovery of resonant
parametric scattering of exciton-polariton pairs.2–7 This ef-
fect has some analogies with optical parametric processes
such as four-wave mixing in nonlinear optical crystals,7–9

although matter waves are involved here instead of crystal
photon modes. Various effects such as huge amplification in
pump-probe experiments,2,4,6 blueshift of the polariton
modes,2,4,6,9 and parametric luminescence3,5 are well ac-
counted for within this approach. The polaritons are treated
here as a weakly interacting boson system, the interaction
being essentially driven by Coulomb exchange. When the
uncoupled photon mode EC is located below or close to the
exciton one EX �i.e., at negative or zero detuning �, �
=EC−EX�, the polariton branches present high energy disper-
sion, a consequence of the photon component of this mixed
exciton-photon quasiparticle.1 As a consequence, high occu-
pancy numbers without significant phase-space filling can be
reached, thus paving the way for achieving Bose conden-
sates. The observed deamplification down to the shot noise in
degenerate polariton four-wave mixing opens the way to
squeezing in semiconductor microcavity devices.9

However, despite the renewed interest in spin properties
with the advent of spintronics, i.e., the possibility to design
devices in which spin-dependent functions are achieved �see,
e.g., Ref. 10�, the spin properties of high-finesse microcavi-
ties have been considered only recently. Drastic changes with
respect to the bare exciton case are expected due to the pho-

ton component of the polaritons. In pump-probe experi-
ments, the polariton spin properties manifest as polarization
selections rules for the probe with respect to the pump; early
works show that, using circularly polarized light, giant am-
plification occurs only if the pump and the probe are cocir-
cularly polarized,2,11,12 while more subtle selection rules oc-
cur in the case of a linear pump and circular probe.12 In
luminescence experiments, early works on polariton spin dy-
namics were performed in the spontaneous emission regime;
for instance, the polariton spin relaxation is quenched at
negative detuning.13 Polariton spin or alignment manipula-
tions by temporal coherent control experiments could even
be achieved.14 Under stimulated regime, a complex polariza-
tion behavior of the emission is observed, depending both on
the excitation spectral energy and density power; in pulsed
experiments, a sign reversal of the lower-branch �LB� circu-
lar polarization with respect to the pump has been even ob-
served at negative cavity detuning when exciting above the
quantum-well light-hole exciton transition with circularly
polarized light, with increased marked effect when the exci-
tation power is raised; at positive detuning the effect is the
opposite on the upper branch �UB�.15 Under cw resonant LB
excitation, the LB emission polarization and intensity depen-
dence on the excitation ellipticity has been explored, show-
ing a nonmonotonic behavior of the LB circular polarization
rate, with an optimum for both at a circular polarization de-
gree of about 0.5.8

Here we address polariton spin dynamics through time-
resolved spectroscopy of the microcavity secondary emission
under resonant pumping of the LB, under the conditions of
dominant Coulomb scattering. The aim of this work is to
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investigate the consequences of the exchange interaction
Hamiltonian on the spin dynamics, through experiments per-
formed under circular or elliptical excitation. The emission
polarization behavior is shown to strongly differ from that of
resonantly excited dense exciton system,16 due to the photon
character of polaritons. The partial loss of spin coherence
between the two polariton spin populations after exchange
scattering leads essentially here to an increase of the emis-
sion circular polarization degree. However, the linear polar-
ization of the emission displays an unexpected oscillating
behavior of limited amplitude. Under strictly linearly polar-
ized excitation, no oscillations are observed, but the linear
polarization of the emission is opposite to the pump one. The
latter properties are discussed in relation to the Coulomb
exchange interaction. The paper is organized as follows. In
Sec. II, we present the microcavity samples and the experi-
mental methodology; Sec. III is devoted to the experimental
results of time- and polarization-resolved secondary emis-
sion, under optical excitation pulses with various ellipticity.
In Sec. IV, we discuss the interpretation of the results in the
frame of the pseudospin formalism, and propose a possible
effective interaction Hamiltonian for spin-polarized dense
polariton systems. We finally conclude in Sec. V.

II. MICROCAVITY SAMPLES AND EXPERIMENTAL
METHODOLOGY

The experiments were performed on several � microcavi-
ties. We present here the results obtained on the highest-
finesse one, characterized by a photon lifetime �c�8 ps. It
consists of two Bragg mirrors made of 22 �26�
AlAs/Al0.1Ga0.9As layers; a single 8-nm-wide Ga0.95In0.05As
quantum well is embedded in the middle. The vacuum Rabi
splitting is �R�3.5 meV. The cavity is wedged, so that the
detuning � between the cavity and exciton modes could be
varied by moving the excitation spot on the sample surface.

The excitation beam, resonant with the polariton LB, is
incident at an angle of 8° �±1° �, so that it generates LB
polaritons in a state with initial in-plane wave vector kp
= �1±0.12��104 cm−1 �see inset in Fig. 1�c�� along an axis
labeled hereafter as Ox. The excitation power density is de-
noted Pin, and the excitation spot diameter is about 100 �m.
Its spectral width is about 2 meV. The ellipticity of the inci-
dent light is tuned using a Soleil-Babinet compensator. The
produced laser pulse with polarization �	 generates polari-
tons in the coherent superposition denoted as �kp ,	�
=cos 	�kp , +1�+sin 	�kp ,−1�, where �kp , ±1� represent the
polariton states with kp wave vector and total angular mo-
mentum projection Jz= ±1. The circular �linear� polarization
degree of the initially generated polaritons is thus Pcirc,kp
=cos 2	 �Plin,kp

=sin 2	�.
The polariton emission is recorded at 10 K using a two-

color up-conversion spectroscopy setup, which provides time
and spectral resolutions of about 1.5 ps and 2 meV,
respectively.14 In particular, the cavity photon lifetime is de-
duced from time-resolved emission measurements performed
at strong negative cavity detuning ��=−9 meV�. We have
characterized experimentally the detection solid angle deter-
mined by the frequency-mixing process: it consists in an

elliptical cone, normal to the microcavity surface, with aper-
ture half angles 
x�3.8° and 
y �0.95° in the horizontal
�containing Ox� and vertical planes �orthogonal to Ox�, re-
spectively. The resulting small acceptance solid angle ��
����3�10−3 sr� allows us to detect the polariton modes in
the vicinity of k�0.

In order to determine the dynamics of polariton state oc-
cupancy at small wave vectors, we have calibrated our de-
tection setup using a sensitive power meter. It was thus pos-
sible to evaluate the number of emitted photons per second
I	= �dn�	 /dt��t� with a given polarization �	 in the detection
cone. It is related to the polariton occupation number near
k=0, denoted N	,k=0�t�, by the expression17,18 �dn�	 /dt��t�
� 1

2 �A /�0
2�0���N	,k=0�t�, where A is the excitation spot area,

�0 is the emission wavelength, and �0 is the polariton escape
time �k for k=0 LB polaritons. The factor 1 /2 accounts for
the fact that the cavity emission is detected from one side
only �the top Bragg mirror and the ensemble composed by
the back Bragg mirror and the substrate have equivalent re-
flectivity�. The experimentally deduced N	,k=0�t� represents,
at low excitation power, the occupancy factor of the polar-
iton modes �kp ,	� averaged on the small detection cone ��.
We denote the specific occupation numbers N+1�−1�,k�t�
	N0��/2�,k�t� as corresponding to �k , ±1� �	=0 and � /2, re-
spectively� and Nx�y�,k�t�	N�/4�−�/4�,k�t� �	=� /4 and −� /4,
respectively� to �k ,X�	�k , +� /4� ��k ,Y�	�k ,−� /4�� state
populations at time delay t. In the general case, it is more
convenient to work in the polariton density operator formal-

ism �̂k�t�, defined by the equation �̂k= �Nk /2�Î+Sk · �̂. Here,
Nk represents the total polariton population and Sk is the

FIG. 1. Microcavity emission spectra at a cavity detuning �=0
and resonant excitation with the lower polariton branch. The tem-
perature is 10 K. �a� Cavity emission under a cw excitation of
5 W cm−2, displaying the lower-branch emission. A weak compo-
nent appears also at higher energy, corresponding to the upper-
branch emission. The laser light scattered by the sample surface is
also visible. �b� Time-integrated and normalized photoluminescence
spectra under resonant linearly polarized pulsed excitation �kp

�104 cm−1� for increasing excitation intensities. The arrow indi-
cates the uncoupled cavity photon mode. �c� Polariton dispersion
curves in the strong-coupling scheme. The solid lines denote by UB
�LB� the upper �lower� branch. Dashed lines: uncoupled exciton and
cavity photon modes. The vertical arrow indicates the generated
polariton mode. �d� Temporal evolution of the circular polarization
degree of the polariton emission under circularly polarized excita-
tion �+ for increasing excitation intensities.
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polariton pseudospin density with wave vector k, Î is the
identity matrix, and �̂ is the vector operator built with Pauli
matrices.19 Choosing the states 
�k , ±1�� as the basis for
wave-vector k polaritons, the experimentally determined
numbers N±1,k correspond in fact to �̂k population terms, and
Nx�y�,k give access to the real part of the coherence term via
the respective relations N±1,k= ��̂k�±1,±1 and Nx�y�,k

=Nk /2 +
�−�Re
��̂k�−1,+1�. The circular polarization degree of

the emission is defined as Pcirc= �I+− I−� / �I++ I−�, where I+

�I−� denote, respectively, the right �left� circularly polarized
emission components. The linear polarization along two or-
thogonal axes is defined as Plin �Plin� �= �Ix�x��− Iy�y��� / �Ix�x��

+ Iy�y���, where Ix�x�� and Iy�y�� denote the linear polarization

components along the 
�1,1 ,0� , �1, 1̄ ,0�� �respec-
tively
�1,0,0�, �0,1,0��� crystallographic axes. Using the
pseudospin notation, these polarization degrees are simply
related to the pseudospin Sk and population Nk by the rela-
tions Plin=2�Sk�x /Nk, Plin� =2�Sk�y /Nk, and Pcirc=2�Sk�z /Nk.
We use similar definitions for the excitation pulse. Note that
as we do not measure the diagonal polarization Plin� with our
setup, we can only give some upper bound for it.

III. POLARITON SPIN DYNAMICS: EXPERIMENTAL
RESULTS

We first recall the circular polarization dynamics under
right-hand ��+� circularly polarized excitation, at �=0. Un-
der low excitation power, the polariton circular polarization
decreases with a typical time of Ts1�30 ps �see Fig. 1�d��.
We attribute this decay to the splitting between longitudinal
and transverse polariton modes in the microcavity.20,21 How-
ever, above a threshold of about Pth�1 W cm−2, the circular
polarization degree decay becomes slower. At the highest
investigated excitation power Pin�7.5 W cm−2, Pcirc satu-
rates at a value of about 100%, with a plateau which lasts up
to 50 ps. We have previously checked carefully that the cav-
ity is in the strong-coupling regime for Pin
30 W cm−2.
One can see �Figs. 1�a� and 1�b�� in spectra recorded with a
Hamamatsu Streak camera �the spectral resolution of the
whole photoluminescence setup is 0.4 meV� that the lower
polariton branch lies 1.7 meV below the uncoupled photon
mode in this range of excitation power.

In order to describe more accurately the polariton dynam-
ics within the lower branch, we have extracted the polariton
state occupancy at small wave vectors with respect to time
delay. Systematic measurements of N±1,k=0�t� were per-
formed for each emission component �I ±� as a function of
the increasing incident density power, for various cavity de-
tuning. The results are summarized on Fig. 2, where the peak
occupation number N±1,k=0�tpeak�, deduced at the lumines-
cence temporal maximum, and taken as representative of the
occupancy factor dynamics,17 has been plotted as a function
of the excitation power on logarithmic scales.

Figure 2�b� displays the occupancy dependence on the
power density at zero detuning. The component N±1,k=0�tpeak�
first increases quadratically with Pin in the investigated range
under the threshold �0.3
 Pin
1 W cm−2�. Then over a nar-

row power range �1
 Pin
3 W cm−2�, it steeply increases,
with a rate stronger than quadratic. Finally, for Pin
�3 W cm−2, it grows linearly, reaching values
N+1,k=0�tpeak��90 at 7.5 W cm−2. Note that the superqua-
dratic process starts when the peak occupation number
N+1,k=0�tpeak� reaches values comparable to 1. These facts
support that, for �=0, �i� the scattering process is dominated
by Coulomb interaction for the major N+1,k=0 population, and
�ii� the process is stimulated by the population in the final
state �near k=0� of the polariton copolarized with the exci-
tation. In addition, the process is selective with respect to the
polariton spin state, since it is not efficient for polariton
states of opposite helicity �see, e.g., Refs. 2 and 12�.22 The
spin-selective stimulated scattering explains the occurrence
of the polarization plateau under pure circular excitation ob-
served in Fig. 1�d�.

At nonzero detuning, when �����R, the power depen-
dence of I± is much reduced. For the cavity detunings �
=−9 and +3 meV, both occupation factors N+1,k=0�tpeak� in-
crease linearly with the incident power �Figs. 2�a� and 2�c��,
while for �= +5 meV they increase sublinearly �Fig. 2�d��.
We observe no superquadratic threshold in the emission for
any components of luminescence for ��0 �Figs. 2�a�, 2�c�,
and 2�d��, and both N+1,k=0�tpeak� and N−1,k=0�tpeak� remain
below unity in the investigated power range. So the observa-
tion of the �super�quadratic process is strongly dependent on
the cavity detuning.

FIG. 2. Circularly polarized excitation �+. Occupation factor at
temporal peak N±1,k=0�tpeak� corresponding to both emission com-
ponents I±�t� versus incident power density Pin for �= �a�−9, �b� 0,
�c� +3, and �d� +5 meV �dashed lines, quadratic increase; dash-
dotted lines, linear increase�. The horizontal dotted lines indicate an
occupation factor equal to 1.
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We turn now to the experimental description of polariton
spin coherence dynamics. In this respect, much can be learnt
from the analysis of the secondary emission linear and cir-
cular polarization degrees under an elliptically polarized �	

excitation laser beam.16 We present here the time-resolved
microcavity secondary emission for �=0 after an excitation
pulse whose ellipticity is characterized by 	=19° �corre-
sponding to Pcirc,kp

=79% and Plin,kp
=61%�. Figure 3 dis-

plays the time dependence of the circular polarization com-
ponents of the LB polariton emission, and Fig. 4 the linear
polarization components in the frame �Oxy� defined by the
incidence plane, both normalized to the excitation power.
When the power density is below the typical value of Pth
�1 W cm−2, all the polarized components I+�−� and Ix�y� in-
crease quadratically.23 This can be more easily checked on
Figs. 5�a� and 5�b�, respectively, which represent the incident
power dependence of the emission peak occupation numbers
N±1,k=0�tpeak� or Nx�y�,k=0�tpeak�, deduced using the same cali-
bration procedure as explained above for pure circular exci-
tation.

Above the threshold Pth, the behavior of the circular and
linear components differs. The I+ component increases more
than quadratically, for time delays t ranging approximately
from 10 to 100 ps �see in particular N+1,k=0�tpeak� in Fig.
5�a��, while it becomes slightly sublinear for longer time
delays �Fig. 3�a��. In the meantime, the I− component in-
creases less than quadratically �see in particular N−1,k=0�tpeak�
in Fig. 5�a��, but is still superlinear, in the approximate range
10 to 60 ps �Fig. 3�b��. It becomes sublinear for time delay
t�60 ps, somewhat earlier than for I+.

By contrast, the linear components Ix�y� remain close to
each other when Pin increases: above the threshold Pth, in a
very narrow excitation power range �1
 Pin
3 W cm−2�,
and for 10
 t
90 ps, they increase superquadratically,
while they resume a quadratic increase with Pin above
3 W cm−2 �Figs. 4 and 5�b��. Finally, at long time delays �t
�90 ps�, they increase sublinearly with Pin, like the circular
components. Although both linear components have a quite
similar dependence on Pin, the accurate balance between Ix

and Iy depends in fact on the precise time delay, as we shall
see below. We turn now to the examination of the emission
polarization degrees.

Figure 6 represents the circular polarization kinetics under
elliptical excitation for different excitation powers in the
range 0.25� Pin�4 W cm−2, as deduced from Fig. 3. At low
excitation power, the polariton circular polarization decays
with the same characteristic time as under pure circular ex-
citation, the initial value corresponding now to the laser cir-
cular polarization degree �79%�. However, when Pin� Pth,
the nonsymmetrical behavior of I+ and I− is reflected in the
circular polarization rate dynamics: before stimulation oc-
curs �t
10 ps�, partial polariton spin relaxation takes place,
followed immediately by a transient repolarization, observed
for t�10 ps. When stimulation increases, the effect becomes
so strong that the observed peak of circular polarization be-
comes higher than the excitation laser one, reaching values
as high as Pcirc=91% at Pin=4 W cm−2. In particular, as the
excitation power increases, the effect overcomes the depolar-

FIG. 3. Elliptically polarized excitation �	 �	=19° � Time-
resolved emission of the circularly polarized components normal-
ized to the excitation power density I±�t� / Pin of the microcavity
secondary emission for increasing Pin.

FIG. 4. Elliptically polarized excitation �	 �	=19° � Time-
resolved emission of the linearly polarized components normalized
to the excitation power density I±�t� / Pin of the microcavity second-
ary emission for increasing Pin.

RENUCCI et al. PHYSICAL REVIEW B 72, 075317 �2005�

075317-4



ization process observed in the spontaneous regime.
We turn now to the evaluation of the linear polarization of

the generated elliptical polaritons. This allows us to get in-
formation on the coherence between �k=0, +1� and �k
=0,−1� states. Figure 7 displays the dynamics of Plin�t� for
increasing excitation power Pin chosen successively in the
spontaneous and stimulated regimes. The main general fea-
ture is a fast drop occurring just after the excitation pulse,
from the initial value Plin�t��61%, identical to the linear
polarization of the excitation laser,23 down to much smaller

values �Plin�t��
0.15. However, after this fast decay, the lin-
ear polarization oscillates, starting from negative values
when exciting under the threshold Pth; this proves that the
spin coherence is not completely lost in the scattering pro-
cesses from �kp ,	p� to �k=0 ,	0� states. However, these
damped oscillations are nonperiodical, as can be more
clearly seen in the linear polarization dynamics at the lowest
excitation we could achieve �see Fig. 8�. We shall comment
on these points in the next section.

Finally, we have performed experiments under pure lin-
early polarized excitation. It is striking that, after a fast drop,
the linear polarization of k=0 emitted polaritons deviates
from zero, reaching negative values of the order of −10% at
low excitation power, as observed on Fig. 8 �Pin

=0.25 W cm−2�. At higher excitation power, both linear po-
lariton emission components are stimulated when Pin reaches
a threshold comparable to but smaller than Pth, as seen on
Fig. 9, which shows the emission peak intensities normalized
to Pin. Both linear components increase more than quadrati-

FIG. 5. Elliptically polarized excitation �	 �	=19° �. �a� The
occupancy factors N±1,k=0; �b� Nx�y�,k=0 for increasing excitation
power densities ��=0�. Solid line, quadratic increase with Pin;
dashed line, N	,k=0=1.

FIG. 6. Elliptically polarized excitation �	 �	=19° �. Temporal
evolution of the resulting circular polarization degree of the polar-
iton emission at k=0, for increasing excitation power densities ��
=0�.

FIG. 7. Elliptically polarized excitation �	 �	=19° �. Temporal
evolution of the resulting linear polarization degree of the polariton
emission at k=0, for increasing excitation power densities ��=0�.
Bold lines, experimental data; thin solid lines, fit to the data using a
phenomenological pseudospin precession model �see text�.

FIG. 8. Temporal evolution of the resulting linear polarization
degree of the polariton emission at k=0, for Pin=0.25 W cm−2 ��
=0�. Solid line, case of elliptically polarized excitation �	 �	
=19° �. The nonperiodical Plin oscillations with time are clearly
evidenced. Dash-dotted line, case of linearly polarized excitation
�x �	=45° �.
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cally, and the negative linear polarization increases in abso-
lute value with Pin, as the �k=0 ,Y� �	=−� /4� component
grows faster than the �k=0 ,X� �	= +� /4� one �Fig. 10�. The
negative polarization approaches a lower limit of approxi-
mately −0.08 for the lowest excitation power Pin
=0.25 W cm−2 as well as for long time delays at higher ex-
citation power when, presumably, the occupation numbers
become too small to support stimulated transitions. This sug-
gestion is confirmed by the analysis of the emission intensity
as a function of time at large time delays �Fig. 11�. Indeed, in
the spontaneous regime of the bimolecular scattering, when
the latter is the dominant population scattering process, the
dynamics of the occupation number at the pump wavevector
kp is approximated by the simple differential equation
dNkp

/dt=−aNkp

2 −Nkp
/�kp

, where a is a bimolecular scatter-
ing rate. The approximate solution is Nkp

�t�=Nkp
�t0� / �1

+Nkp
�t0�a�t− t0���1/a�t− t0�, where the last approximate

equality holds at long time delays, and t0 corresponds to the
time when Coulomb scattering evolves from the stimulated

to the spontaneous regime. The occupation number in k=0
being given by dN0 /dt= + �a /2�Nkp

2 −N0 /�0, and the emission
intensity by Ik=0�Nk=0 /�0, we finally get ��0
 t− t0
�kp

�
Ik=0�t��1/ �t− t0�2. Figure 11 shows the emission intensity as
a function of time in double logarithmic scale for different
Pin. The 1/ �t− t0�2 slope is pronounced for all the Pin at t
exceeding approximately t0�80 ps. Comparing with Fig. 10,
one can see that exactly at these time delays the linear po-
larization is constant within the experimental precision, and
equal to −0.08. Thus we attribute this value of polarization to
spontaneous polariton-polariton scattering. The origin of the
negative linear polarization will be discussed in the next sec-
tion.

IV. DISCUSSION: POLARITON COHERENT SPIN
DYNAMICS AND EXCHANGE INTERACTION

The observed signal in the above time-resolved emission
experiments is detected from polaritons around k=0 escap-
ing from the microcavity, which in turn are produced by
scattering from the generated �kp ,	p� polariton states. Gen-
erally, at low excitation power and �����R, we can infer
from the linearity of the intensity dependence that the scat-
tering process originates from monomolecular processes due
to polariton interaction with acoustic phonons, impurities, or
even carriers due to residual doping in the barriers.24,25 On
the other hand, for �=0, we interpret the observed quadratic
increase of the intensity �I+ , Ix�y�� at low excitation power
�Figs. 2�b� and 5� as due to polariton mutual Coulomb scat-
tering, from �kp ,	p� � �kp ,	p� to �ks ,	s� � �ki ,	i� polariton
pair states �the indices s and i stand for signal and idler,
respectively�. We attribute then the increased efficiency of
the bimolecular Coulomb process at zero detuning to the fact
that under resonant excitation at kp=104 cm−1, Coulomb
single scattering events satisfy the phase-matching
condition2,3

2kp = ks + ki, �1�

FIG. 9. Linearly polarized excitation �x. The incident electric
field is in the laser incidence plane. Emission peak intensities of the
linear component of the emission normalized to the incidence
power density Ix�y��tpeak� / Pin for increasing excitation power densi-
ties ��=0�. Dashed line, quadratic increase with Pin.

FIG. 10. Linearly polarized excitation �x. The incident electric
field is in the laser incidence plane. Linear polarization degree of
polariton emission for increasing excitation power densities at k
=0 ��=0�. The horizontal dashed line indicates a linear polarization
of −0.08 at long time delay.

FIG. 11. Linearly polarized excitation �x. Emission intensity at
k=0 vs time for Pin=0.5 �full line�, 2 �dashed line�, and 4 W cm−2

�dotted line�. Straight lines, 1 / �t− t0�2 law typical of bimolecular
scattering at long time delay.
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E�kp� = E�ks� + E�ki� �2�

at zero detuning, but not for �����R �here, in our experi-
mental conditions, ks�0�. As a fact, for �=0, kp corre-
sponds here to the LB inflection point. Under these condi-
tions, this also means that for Pin�0.25 W cm−2, the
Coulomb scattering process is already more efficient than the
monomolecular scattering processes.

We can further conclude from experiments under pure
circular excitation at zero detuning that the Coulomb scatter-
ing process conserves the total angular momentum. The ma-
jor polariton pairs, copolarized with the laser, are scattered
by Coulomb interaction to pair states with the same helicity.
In terms of polariton angular momentum projection on the
Oz quantification axis, we can thus write the additional an-
gular momentum selection rule

2Jz,p = Jz,s + Jz,i �Jz,p = ± 1� . �3�

The polariton population with opposite helicity to the pump,
which appears due to partial spin relaxation, remains small.
Monomolecular scattering processes are thus more efficient
than the Coulomb one for those polaritons �see Fig. 2�b��.

Within the range of wave-vector states populated after a
resonant excitation at short time delay �for which k�1/aX,
aX being the bare exciton Bohr radius�, exchange terms are
expected to be the dominant terms versus the direct one in
the Coulomb interaction, as for bare excitons.26,27 This is
confirmed by the experimental fact that, under elliptically or
linearly polarized excitation, we have observed the quadratic
increase at zero detuning in both co- and cross-polarized
components Ix and Iy of the emission �see Sec. III�. This
property is not allowed by the direct Coulomb term, while it
is by the exchange ones.

At higher excitation power, the superquadratic increase in
polariton polarized modes �k ,	� occurs when the corre-
sponding occupation numbers N	,k=0�t� �	=0,� /2 , ±� /4�
become comparable to unity �Figs. 2�b� and 5�. We interpret
this as due to stimulated Coulomb scattering between polar-
iton pairs described as quasibosons, in agreement with Refs.
2–7 and 12. The occurrence of the polarization plateau ob-
served in Fig. 1�d� is the manifestation of this process. Note
that in our experimental conditions, no stimulated scattering
is observed for monomolecular scattering processes, since,
due to the short polariton escape time ��k� in k=0, they are
not efficient enough to build a coherent polariton population
N	,k=0�t� comparable to or greater than unity.

To go further in the interpretation, we must invoke a few
assumptions about polarized polaritonic systems. First, due
to mutual exchange interactions within the LB, the single-
polariton states are renormalized, as experimentally observed
in Ref. 28 and deduced from the current effective Hamil-
tonian theory.4,5 As the exchange interaction k dependence
for bare excitons is weak for k�1/aX, this implies a qua-
sirigid shift of the polariton LB with a given angular momen-
tum when the population is dominated, as is the case in our
experiments, by the polariton population in kp �we estimate
at �=0 that here 104
N	,kp

�t�
105�. Moreover, we infer
from the bare exciton case16 that the polariton renormaliza-

tion should be spin dependent, leading to the splitting be-
tween polariton states with Jz= +1 and Jz=−1 given by the
expression

�exch � Eexch�N+1,kp
− N−1,kp

� �4�

where Eexch is a positive constant essentially determined by
polariton mutual exchange.4 The expression �4� implies that
no splitting occurs under linear polarization. Under circular
excitation, �exch can reach values of the order of about
1 meV.4,5,28

Moreover, the polariton longitudinal-transverse �LT� split-
ting �LT�k�,20,21 already present at low density, should also
be taken into account to determine the polariton single-
particle states. In the basis 
�k , +1� , �k ,−1��, the single-
particle polariton Hamiltonian can be written as

Ĥ�k� =
q

2
� �exch �LT�k�e−2i�k

�LT�k�e2i�k − �exch

 �5�

where �k= �Ox ,k� is the angle of the polariton wave vector
and the Ox axis determined by the excitation conditions �see
Sec. II�. The splitting �LT�k� is determined by both �i� the
optical TE-TM cavity mode splitting and the coupling
strength difference of these two modes to exciton modes,19,20

and �ii� the long-range electron-hole exchange within the ex-
citon at wave vector k.21 However, at small wave vectors, the
LT splitting is mainly determined by the first contribution.
Note that �LT�0�=0.

Finally, in order to describe the polarization dynamics, it
is more convenient to describe the system evolution in terms
of the polariton pseudospin density Sk, defined above in Sec.
II. Its time evolution is then given by the coupled set of
equations

dSk

dt
= �̃k � Sk −

Sk

�k
+ �dSk

dt



Coul
, �6a�

dNk

dt
= −

Nk

�k
+ �dNk

dt



Coul
�6b�

where we have defined �̃k=�LT�k�+�exch; here, �exch

�2�Eexch/q�Sz,kp
ez represents the exchange effective field,

deduced from Eq. �4�. The LT splitting is now, in this repre-
sentation, determined by the fluctuating effective field
�LT�k�=�LT�k��cos �kex+sin �key�, where �k, initially set to
zero in our pumping geometry, varies at random due to elas-
tic collisions with a typical correlation time �.

At low excitation intensity, the Coulomb collision as well
as renormalization terms in Eqs. �6� are weak, so that the
pump pseudospin dynamics Skp

�t� is essentially driven by

polariton LT splitting ��̃k��LT�k�� and time �.19 This leads
to the exponential decay observed under circular or elliptical
excitation, with a characteristic time Ts

−1����LT�kp��2�� typi-
cal of the motional narrowing regime �note that the relation-
ship between the spin relaxation time and scattering time is
similar to the one of bare excitons29�. For the presented mi-
crocavity, �LT�k� is estimated to be at most a few tens of
�eV20.
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When the excitation power is increased, under pure circu-
lar excitation, stimulated scattering occurs only on the major
spin component �0, +1�, leading to the occurrence of the po-
larization plateau. In addition, at the highest excitation
power, the polariton renormalization effect becomes much

stronger than the LT splitting so that �̃k�t���exch�t�. The

initial pseudospin Skp
�0� and �̃k�t���exch�t� are thus col-

linear, both directed along ez, so that exchange renormaliza-
tion has a self-stabilizing effect on Skp

�t� as long as
�exch�t���LT�kp�, as sketched on Fig. 12�a�.

Under elliptical excitation, the initial polariton pseudospin
Skp

�0� makes an angle 
p= �ez ,Skp
� with the Oz spin axis,

determined by 
p=2	 �here 
p�38°�. The circular polariza-
tion component dynamics can be explained, as in the case of
circular excitation, by the fact that stimulated scattering oc-
curs first on the major spin component, which leads to the
repolarization of the system near k=0 up to the peak value of
Pcirc

max �Pcirc
max�0.91 for Pin=4 W cm−2�. We attribute the sub-

quadratic increase of N−1,k=0�tpeak� above the threshold to the
fact that stimulated scattering of the photogenerated �kp ,
+1� polaritons toward the �k=0 , +1� state becomes then
much more efficient than the spin relaxation due to LT split-
ting in polariton LB. This leads to some N−1,kp

relative popu-
lation depletion with respect to the pure spontaneous case in
which spin relaxation is still efficient. So, N−1,k=0�tpeak�
hardly reaches unity at the highest investigated excitation
power, thus preventing efficient stimulated scattering by oc-
cupation of the �k=0 ,−1� final state.

The occurrence of linear polarization oscillations with
small amplitude is more puzzling. As a fact, the use of the
standard bosonic interaction Hamiltonian16,26 leads, for
single scattering events, to equal scattering efficiency from
initial pair states �kp ,X� � �kp ,X� toward either �k=0 ,X�
� �k=2kp ,X� or �k=0 ,Y� � �k=2kp ,Y� pairs, and thus to
strictly zero linear polarization degree in k=0. The sign
change observed under either elliptical or linear excitation

below the threshold �Fig. 8� implies some imbalance be-
tween the scattering efficiencies, the creation of a polariton
linearly oriented along the Oy axis being slightly more prob-
able than along Ox.

The precise knowledge of the polariton interaction Hamil-
tonian is a fundamental step in the understanding of the
above reported experimental facts. In the polariton strong-
coupling region, as said above, exchange terms dominate.
The latter can be classified in two types. The terms of the
first type, the strongest ones, are responsible for the scatter-
ing of polaritons with the same pseudospin; they correspond
to the ones determined in Refs. 4, 5, 26, and 27. The second
type, corresponding to scattering of polaritons with opposite
spin, has been calculated using a second-order perturbation
theory.30 These terms could possibly be at the origin of the
specific polarization selection rules in pump-probe experi-
ments under elliptical pump, according to the phenomeno-
logical model developed in Ref. 12. The corresponding in-
teraction Hamiltonian in the pseudospin representation
would be of the following form, compatible with the axial
symmetry of the system:

ĤSS =
1

2
�U − U��Î +

1

2
�U + U���̂z

1�̂z
2 + U���̂x

1�̂x
2 + �̂y

1�̂y
2�

�7�

where the possible transverse terms of the type U���̂x
1�̂x

2

+ �̂x
1�̂x

2� are supposed to be negligible.30 The difference intro-

duced between the coefficients of Î and �̂z
1�̂z

2 in ĤSS is
equivalent to the introduction of a nonzero interaction term
between �k , +1� � �k� ,−1� and �k+q , +1� � �k�−q ,−1� pair
states in the usual bosonic Hamiltonians.31 Such an interac-

tion Hamiltonian ĤSS, which still satisfies the total spin con-
servation, allows in principle the change of polariton align-
ment in the scattering of a given collinear pair as observed
experimentally �using pure linear optical pumping�, under
the condition that U��0.

Using Eq. �7�, one can easily derive the two-particle scat-
tering amplitude. The final state for the Coulomb scattering
of two polaritons occupying the same initial state with the
ellipticity angle 	 is, in the Born approximation, given by the
following expression:

ĤSS�cos 	�k, + 1� + sin 	�k,− 1��1 � �cos 	�k�, + 1�

+ sin 	�k�,− 1��2

= �U cos2 	�k + q, + 1�

+ �2U� − U��sin 	 cos 	�k + q,− 1��1

� �k� − q, + 1�2 + ��2U� − U��sin 	 cos 	�k + q, + 1�

+ U cos2 	�k + q,− 1��1 � �k� − q,− 1�2. �8�

In the final state, the phase coherence between the first �“sig-
nal”� and second �“idler”� polaritons is rapidly lost. As a
result of this decoherence, the spin state of the “signal” po-
lariton becomes statistical, described by a density matrix.
This density matrix, readily obtained by averaging over the
spin states of the second polariton, can be written as:

FIG. 12. Sketch of the polariton pseudospin precession at the
pump kp and detected k=0 wave vectors in the case of �a� circular
excitation �+; �b� elliptical excitation �	. In the latter case, the spin
coherence is partly conserved after the exchange scattering process
from kp to k=0 states, but with a sign change. As the pseudospin
precesses with the same speed in kp and k=0, coherence can build
in k=0, so linear polarization oscillations can be observed.
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A��U2 + �2U� − U��� + �U2 − �2U� − U���cos2 2	 + 2U2 cos 2	 2U�2U� − U��sin 2	

2U�2U� − U��sin 2	 �U2 + �2U� − U��� + �U2 − �2U� − U���cos2 2	 − 2U2 cos 2	
 �9�

where A is a dimensionality factor.
Circular and linear polarization of the signal are then

found in the usual way from the components of the density
matrix:

Pcirc,k=0 =
2U2Pcirc,k=kp

�U2 + �2U� − U��2� + �U2 − �2U� − U��2�Pcirc,k=kp

2

�
2Pcirc,k=kp

1 + Pcirc,k=kp

2 ,

Plin,k=0 =
2U�2U� − U��Plin,k=kp

�U2 + �2U� − U��2� + �U2 − �2U� − U��2�Pcirc,k=kp

2

�
2Plin,k=kp

1 + Pcirc,k=kp

2

2U� − U�

U
, �10�

where Pcirc,kp
=cos 2	 and Plin,kp

=sin 2	 are the circular and
linear polarization degrees of the initial state, respectively.
Here approximate equalities correspond to the common case
where �2U�−U���U. Similar expressions for Pcirc and Plin
can be obtained for the idler, as it plays a symmetrical part in
this approach. However, it is more difficult to observe, due to
the efficient scattering processes it undergoes. One can see
that, while the circular polarization gives no information on
the parameters of interaction, the linear polarization of sec-
ondary emission is a direct measure of the ratio �2U�

−U�� /U. We show in the following, on the grounds of mi-
croscopic considerations, that in microcavities at negative or
zero detuning the linear polarization resulting from the Cou-
lomb scattering of polaritons from around the inflection point
should be negative rather than positive. Indeed, the exchange
scattering of two polaritons with opposite spins is a second-
order process involving “dark” excitons with the angular mo-
mentum projection ±2 as intermediate states.26 Four pro-
cesses are possible �letters e, h and arrows ↑ �↓� and ⇑ �⇓� are
relative to electron and hole and their spin states�:

�e1↑h1 ⇓ ,e2↓h2 ⇑ � → �e1↓h1 ⇓ ,e2↑h2 ⇑ �

→ �e1↑h1 ⇓ ,e2↓h2 ⇑ � �a�

�e1↑h1 ⇓ ,e2↓h2 ⇑ � → �e1↑h1 ⇑ ,e2↓h2 ⇓ �

→ �e1↑h1 ⇓ ,e2↓h2 ⇑ � �b�

�e1↑h1 ⇓ ,e2↓h2 ⇑ � → �e1↓h1 ⇓ ,e2↑h2 ⇑ �

→ �e1↓h1 ⇑ ,e2↑h2 ⇓ � �c�

�e1↑h1 ⇓ ,e2↓h2 ⇑ � → �e1↑h1 ⇑ ,e2↓h2 ⇓ �

→ �e1↓h1 ⇑ ,e2↑h2 ⇓ � �d� �11�

of which �a� and �b� contribute into scattering without spin
flip, and �c� and �d� into spin-flip scattering. The correspond-
ing transition matrix elements are consequently given by the
following expressions:

− U� =
Vee

2 + Vhh
2

ELP�k� − ED
, 2U� =

2VeeVhh

ELP�k� − ED
�12�

where Vee and Vhh are matrix elements of the electron-
electron and hole-hole exchange respectively, ELP�k� is the
lower-polariton-energy branch, and ED is the energy of the
dark exciton. Taking into account that, in the vicinity of the
inflection point on the lower polariton branch, ELP�k��ED,
and assuming that �Vee�� �Vhh�,16,30 one can conclude that
U��Vee

2 / �ED−ELP�k���0 and �U���U�. Comparing with
Eq. �10�, we see that Plin,k=0 / Plin,kp

should be negative.
While inelastic scattering of polaritons by phonons or free
carriers may result in positive linear polarization of the emis-
sion at the signal frequency, negative linear polarization is a
direct evidence of the two-particle scattering of polaritons
with opposite spins. As one can see from Figs. 8 and 10, the
polarization is negative for all the values of Pin, approaching
a lower limit of approximately −0.08 for the lowest Pin
=0.25 W cm−2 as well as for long time delays when the oc-
cupation numbers become too small to support stimulated
transitions. This behaviour allows us to attribute the value
Plin,k=0=−0.08 to the bimolecular Coulomb scattering of po-
laritons and to use it for the comparison with the theory. In
the case of linearly polarized excitation, under the assump-
tion that �U���U�, Plin,k=0�−2U� /U. Comparing this with
the experimental value Plin,k=0=−0.08, we conclude that for
our cavity U��0.04U. The small, as compared to U, positive
value of U� is in agreement with the simple microscopic
theory given above.

When excitation power increases, stimulation of Coulomb
scattering starts, with more efficiency on the dominant final
state �k=0 ,Y�; this increases the negative linear polarization
of the observed k=0 polaritons �Fig. 10�. As U� /U�1, we
expect no significant perturbation on the polariton energy
renormalization with respect to expression �4�, so that for a
linearly oriented polariton ensemble, �exch�t���LT�kp�. The
initial pseudospin Skp

�0� is then collinear with �LT�kp�
�along ex�, so that there is no precession motion: the
longitudinal-transverse splitting has no effect here on the po-
lariton spin dynamics. As is clear on Figs. 8 and 10, no
oscillations of Plin could be observed, and the linear polar-
ization decay at long time delay is slower than in the pure
circular case.
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Turning back to the elliptical excitation case, we finally
describe the polariton pseudospin dynamics in kp by the pre-
cession of Skp

around the self-induced exchange field
�exch�t� �see Fig. 12�. As the polaritons escape from the
cavity, the population as well as the pseudospin decay, lead-
ing in turn to the decrease of �exch�t�. Finally, this spin pre-
cession is observed through scattering to k=0 states, which
inverts and notably reduces in absolute value the linear po-
larization degree. Note that while the inequality �exch�t�
��LT�kp� remains valid, the pseudospin precession occurs
practically at the same speed for k=kp and k=0 states, so
that the successive scattering events do not destroy the spin
coherence in k=0. When the population in kp vanishes,
�exch�t� decreases, LT splitting becomes dominant, thus lead-
ing to the observed final spin relaxation. On Figs. 7�a� and
7�b�, for Pin
 Pth, we have used a phenomenological law to
fit the linear polarization data, according to the function
Sk=0,x�t�=−Ae−t/T, cos���t�t�, with ��t�=�0 exp�−t /�p�. We
have here implicitly admitted that the decay of ��t� is
mainly governed by some polariton average lifetime �p in the
LB, which results mainly from the polariton escape from the
cavity. Ts represents a characteristic spin decay time. We find
�0=150 �eV at Pin=0.5 Wcm−2 and 300 �eV at Pin
=1 W cm−2, taking Ts=30 ps and �p=25 ps in both cases.
Although very rough, this model accounts for the linear po-
larization evolution at low excitation power. Above the
threshold, strong stimulation occurs, so that the beginning of
the precession becomes so fast that it cannot be resolved in
our experiment �from the previous fit, we infer �0�1 meV
for Pin=3 W cm−2�. Then strong pump depletion occurs due
to stimulation, and we resume a precession regime with a
much lower angular speed, as can be observed experimen-
tally on Figs. 7�c� and 7�d�. As the ellipticity is not too strong
here, the exchange field still plays a stabilizing role against
LT splitting, although less efficient than under circular exci-
tation �it is reduced by the factor cos�2	� with respect to the
latter case�.

V. CONCLUSION

In this work, the coherent spin dynamics of microcavity
polaritons has been investigated in the Coulomb-scattering-
dominated regime. The experiments performed under ellipti-
cal excitation conditions support the two major results. �i�
The polariton pseudospin evolution is characterized by its

precession around the self-induced exchange field which
arises due to the imbalance between renormalization terms of
differently populated single circular polariton states; the pre-
cession movement slows down with time, as polaritons es-
cape from the cavity. �ii� Mutual Coulomb exchange is gov-
erned by two kind of terms: the first ones acting on
polaritons with the same angular momentum �pseudospin�
dominate. They are mainly responsible for the dynamical
repolarization observed in the stimulated scattering regime,
as well as the renormalization of single-polariton states. The
second, much smaller, act on polaritons with opposite angu-
lar momenta �pseudospin�. In a linearly polarized polariton
ensemble, they are responsible for the scattering efficiency
imbalance toward pairs with polarization parallel or orthogo-
nal to the initial one, leading to strong negative linear polar-
ization of the signal in the stimulated regime. In an ellipti-
cally polarized polariton ensemble they allow us to observe
the spin precession of the generated states through the detec-
tion of scattered ones. Spin coherence is partly conserved in
the scattered states, since in the rigid shift model, the pseu-
dospin of the latter precesses with the same angular speed as
the generated ones, but with opposite phase.

The spin structure of the exchange Hamiltonian should
also manifest itself in a dense polarized system of bare exci-
tons. However, the specificity of polariton scattering versus
exciton scattering makes the interpretation of the experi-
ments easier since �i� the product of the scattering of a po-
lariton pair can be angularly and spectrally resolved due to
the strong polariton dispersion at zero or negative detuning;
�ii� the �k , ±2� dark exciton states do not participate as real,
intermediate states in the scattering. They may only play a
role as virtual intermediate states in second-order scattering
processes, which may be at the origin of the exchange inter-
action term between polaritons with opposite angular mo-
mentum. These specific features should allow us in principle
to build a more accurate effective polariton Hamiltonian in
terms of an assembly of quasibosons interacting through
Coulomb exchange.
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