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We investigate with a Boltzmann approach the spin relaxation kinetics of microcavity polaritons after an
excitation pulse with near-resonant polarized light and calculate the polarization of the emitted light around and
above the threshold for stimulated emission. Considering only the optically active excitons with an angular
momentum m= �1, we calculate the corresponding 2�2 single-particle density matrix. Our kinetic treatment
takes the polariton-acoustic phonon as well as the polariton-polariton scattering as the dominant relaxation
processes into account. Both processes are spin conserving. Particularly for excitation with circular light, we
find in isotropic crystals above threshold a nearly complete circular polarization degree which lasts �typically
40–60 ps� much longer than the exciting 3 ps pulses due to the dominance of the stimulated spin-conserving
scattering processes over the spontaneous spin-flip processes. These and other results also for linearly polarized
pump light are in very good agreement with corresponding experiments on GaAs microcavities. In addition, we
present time- and wave-number-dependent results which too are in qualitative agreement with the available
angle- and polarization-resolved luminescence measurements.
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I. INTRODUCTION

Semiconductor microcavity �mc� polaritons �p’s� are in
the low-density regime bosons. The admixture of photons
with their ideal bosonic nature to the nonideal excitons �x’s�
causes an increase in the bosonic nature of the resulting p’s,
while the interacting x’s provide the necessary relaxation
processes. The energy of the lower p branch remains finite
with a narrow quadratic minimum as the transverse wave-
number approaches zero. The p’s have been shown to be able
to relax toward and condense in the ground state of the lower
branch.1–3 Above a certain critical density, stimulated scatter-
ing processes become dominant and result in a finite-size
nonequilibrium Bose-Einstein condensation �BEC� in the
ground state, which can easily be observed by the onset of
coherent laser emission from the mc. It has been seen that the
condensation is accompanied by a strong increase of the de-
gree of polarization of the emitted light which can reach
values of close to 1.1–3 This fact makes these semiconductor
m’s to potential photoelectronic devices with which informa-
tion encoded in the polarization of light can be processed.
Above threshold the rates of the stimulated processes4 which
conserve the x spin are much larger than the rates of the
usual spontaneous spin relaxation processes for quantum
well x’s. Therefore, a stable polarization of the emitted light
results. A detailed review of the theory of the x spin Boltz-
mann kinetics in m’s has been given by Shelykh et al..4 So
far, the spin kinetics has been numerically evaluated mainly
for the p-acoustic phonon scattering, but the even more im-
portant p-p scattering has been omitted,5 except for two very
recent studies mainly concerned with resonant excitation in
which the p-p scattering has been included also.6,7

In the present paper, we also use the pseudospin formal-
ism in which only the optically active �bright� x’s are con-
sidered with a total angular momentum of m= �1. The re-
duced single-particle density matrix becomes a 2�2 matrix

in this pseudospin index. The diagonal elements describe the
population of the two spin states and thus express the circu-
lar polarization; the off-diagonal elements describe the in-
plane components of the linear polarization. In other words,
circular polarization appears as diagonal order and linear po-
larization as off-diagonal order. The kinetics of the 2�2
density matrix is reminiscent to that of a two-band
semiconductor8 in which the matrix elements off-diagonal in
the band index express the optical interband polarization in-
duced by a coherent excitation field.

We obtain the same kinetic equations for the distributions
of the two x’s in the two spin states and for the polarization
field amplitude as Shelykh et al., except for a mean-field
term due to the interaction of two p’s in the relative singlet
state. We solve this set of equations by treating the TE-TM
splitting in a so-called cylindrical symmetry approximation9

numerically using strategies which we have developed for
the condensation kinetics of the mc p’s disregarding the spin
degrees.10–12 Because the considered p’s have to be excited
optically, undergo a dissipative relaxation, and finally decay
again, one has to treat the bosonic condensation in the frame-
work of nonequilibrium phase transitions with concepts de-
veloped in the theory of lasers and synergetics.13 mc photons
and quantum well x’s have only transverse translational de-
grees of freedom; therefore, it is important to take explicitly
the finite cross section of the semiconductor mc into account.
The finite geometry discretizes the transverse momentum
components and, in particular, introduces a gap between the
ground state and the excited states. With this gap a finite-size
BEC of the two-dimensional �2D� p gas is obtained for non-
zero temperatures of the p gas. We have shown10–12 that the
ground state population has to be treated separately from the
higher levels which can approximately be treated as an exci-
tation continuum. We follow here this concept by consider-
ing the population and the polarization components of the
ground state separately from the distributions of these vari-
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ables over the excited state. We calculate the spin kinetics for
GaAs mc’s without considering any crystal anisotropy which
has to be included for II-VI compound m’s.2,6,14,15 Further-
more, detailed experimental observations are available for
GaAs m’s1,3 with which we will compare our numerical re-
sults.

II. FORMULATION OF THE SPIN KINETICS

It is important for the p spin kinetics to include the
TE-TM splitting for the p’s with the pseudospin components
i= +1 and i=−1.4 As in our previous treatments, we include
the interactions of the p’s via their x component with the
acoustic phonons and the p-p interaction in the relative triplet
states as well as in the relative singlet states of their pseu-
dospins. These p-p interactions stem from the Coulomb in-
teractions between the electrons and holes of the x compo-
nents calculated with the relative x wave functions belonging
to a specific spin state. In order to study the distribution and
spin kinetics, we have to calculate the single-particle density
matrix. For a spatially homogeneous system, the density ma-
trix is a 2�2 matrix in the spin index and diagonal in the 2D
k space,

�k,ij�t� = �bk,j
† �t�bk,i�t�� , �1�

where bk,i�t� is the annihilation operator of a p with trans-
verse momentum k �we suppress the vector symbols of k to
ease the notation� and with pseudospin i= �1. The 2�2
matrix in the spin index can be composed conveniently using
a unit matrix I and the Pauli spin matrices �ij

l , where the
upper index runs over the space directions x ,y ,z,

�k,ij�t� =
Nk�t�

2
�ij + �

l

Sk
l �t��i,j

l , �2�

with the Pauli matrices

�x = �0 1

1 0
� , �y = �0 − i

i 0
� , �z = �1 0

0 − 1
� .

The diagonal elements yield with the distribution functions
�k,ii�t�= fk,i�t�,

Nk�t� = �
i

fk,i�t� �3�

and

Sk
z�t� =

1

2
�fk,1�t� − fk,2�t�	 . �4�

The off-diagonal elements determine the x and y components
of the polarization amplitude,

Sk
x�t� =

1

2
��k,12�t� + �k,21�t�	 , �5�

and

Sk
y�t� =

i

2
��k,12�t� − �k,21�t�	 . �6�

The Hamiltonian of the system is given by

H = �
k,s

ekbk,s
† bk,s +

1

2�
k

��kbk,1
† bk,2 + H.c.� + �

q,qz

�q,qz
aq,qz

† aq,qz

+ �
k,q,qz,s

G�k,q,qz��aq,qz

† + a−q,qz
�bk+q,s

† bk,s

+
1

4
 �
k,k�,q,s

V�k + q,k� − q,k,k���bk,s
† bk�,s

† bk�−q,sbk+q,s�

+ �
k,k�,q,s�s�

U�k + q,k� − q,k,k���bk,s
† bk�,s�

† bk�−q,s�bk+q,s

+ bk,s
† bk�,s�

† bk�−q,sbk+q,s�� + H.c.� , �7�

where aq,qz

† and aq,qz
are the generation and annihilation op-

erators of the acoustic phonons, respectively. ek is the disper-
sion of the lower p branch. �k is a complex energy, related to
the TE-TM splitting. �q,qz

is the frequency of the acoustic
phonon, with the in-plane wave number q and the wave num-
ber qz perpendicular to the quantum well layers. The
p-phonon coupling constant G�k ,q ,qz� is given by16

G�k,q,qz� = i�	�
q
2 + qz
2�1/2

2�Vu
B�qz�D�
q
�ukuk+q

* . �8�

Here, uk �vk� are the x �photon� Hopfield coefficients of the
lower branch p’s.10,11,18,19 The weighted Fourier transforms
of the 2D x wave function are

D�
q
� = DeF� 
q
mh

M
� − DhF� 
q
me

M
� , �9�

with

F�q� = �1 + �qaB/2�2	−3/2, �10�

and the e�h�-structure factors are given by

B�qz� =
8
2

qzL�4
2 − qz
2L2�

sin�qzL

2
� , �11�

where De�h� are the electron and hole deformation potentials
and L is the quantum well width.

The matrix elements V�k ,k� ,k�−q ,k+q� and U�k ,k� ,k�
−q ,k+q� describe scattering of p’s in the relative triplet and
singlet configurations, respectively. They are given by4

V�k,k�,k� − q,k + q� = 6EBaB
2uk+quk�−quk�uk,

U�k,k�,k� − q,k + q� = − �V�k,k�,k� − q,k + q�, � � 0,

T�k,k�,k� − q,k + q� = V�k,k�,k� − q,k + q�

�U�k,k�,k� − q,k + q� , �12�

where EB and aB are the binding energy and Bohr radius of
the exciton in 2D, respectively. With the x and y components,
we define a 2D polarization vector,

S�k = �Sk
x,Sk

y� , �13�
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2S�kS�k� = �k,21�k�,12 + �k,12�k�,21. �14�

Similarly, we decompose the TE-TM splitting into x and y
components which form again an effective 2D magnetic field
�we absorb the g factor and magnetic moment in this effec-
tive field�,

�k = �k
x + i�k

y ,

�� k = ��k
x,�k

y� , �15�

where the components of the splitting field have been given
by9,17 as

�k
x = �k

kx
2 − ky

2

k2 = �k cos�2
� ,

�k
y = �k

2kxky

k2 = �k sin�2
� , �16�

where 
 is the polar angle of the in-plane momentum vector,
i.e., kx=k cos�
� and ky =k sin�
�. The momentum depen-
dence of the splitting field �Eq. �16�	 is due to the TE-TM mc
modes, together with the momentum dependences of the op-
tical matrix elements of the L and T x’s. From the equations
of the motion, we get the kinetic equations of the spin i
polariton distribution function fk,i and in-plane pseudospin

S�k,

�fk,j

�t
= −

fk,j

�k
+ � �fk,j

�t
�

S-F
+ � �fk,j

�t
�

mf-s-s
+ � �fk,j

�t
�

scatt

p-ph

+ � �fk,j

�t
�

scatt

p-p

+
1

2
pjP�k,t�, j = 1,2, �17�

where the changes due to the splitting field are given by

� �fk,j

�t
�

S-F
= −

1

	
�− 1� je�z�S�k � �� k	 . �18�

The mean-field term due to the interaction of singlet p’s is
given by

� �fk,j

�t
�

mf-s-s
=

2

	
�− 1� j�

q

U�k,q,k,q��S�k � S�q	 . �19�

This term due to singlet-singlet interaction �Eq. �19�	 which
follows directly from the Heisenberg equations for the p op-

erators is absent in the original formulation of Shelykh et al.4

�S�k

�t
= −

S�k

�ks
+ � �S�k

�t
�

S-F
+ � �S�k

�t
�

mf-p-p
+ � �S�k

�t
�

scatt

p-ph

+ � �S�k

�t
�

scatt

p-p

+
1

2
e�pP�k,t� �20�

Here, the mean-field term due to the p-p interaction is

� �S�k

�t
�

mf-p-p
=

2

	
�

q

�V�k,q,k,q� − U�k,q,k,q�	�fq,1 − fq,2�

��e�z � S�k	 , �21�

where e�z is the unit vector in the direction of the structure
growth axis, pj and e�p denote the components of the pump
polarization in z direction and �x ,y� plane, respectively. p1

=2 and p2=0 for the circular pump and p1= p2=1 for the
linear pump. The changes of the in-plane polarization due to
the splitting field are given by

� �S�k

�t
�

S-F
=

1

	
� fk,1 − fk,2

2
�e�z � �� k. �22�

For the strength of the TE-TM splitting field �k, we take the
numerically determined values of Shelykh et al.4

�k is the p lifetime. The pump rate will be taken in the
form11

P�k,t� = P0e−�	2�k − kp�2	/2mx�Ee−2 ln 2�t/tp�2
, �23�

which describes a near-resonant pump rate around the wave-
number kp with a certain energy width �E and in time a
Gaussian pulse with a pulse width tp. The p lifetime �k is
given11,12,18 by the cavity lifetime times the photon Hopfield
coefficient up to the wavenumber kc, where the Bragg mir-
rors become transparent. Above kc, the losses are given by
the radiative losses of the quantum well x’s into the radiation
continuum. Finally, above, krad, the quantum well x’s de-
couple from the radiation field, so that in this region 1 /�k
=0. The in-plane pseudospin lifetime will be estimated as
�ks

−1=�k
−1+�sl

−1, where �sl is the characteristic time of the spin-
lattice relaxation.

In the Markov approximation, the scattering terms in Eqs.
�17� and �20� are given by

� �fk,i

�t
�

scatt

p-ph

= −
2


	
�
k�

�Wk�,k�fk,i�1 + fk�,i� + S�kS�k�� − Wk,k��fk�,i�1 + fk,i� + S�kS�k��� , �24�

� �S�k

�t
�

scatt

p-ph

= −
2


	
�
k�

Wk�,k�S�k +

1

2 �
i=1,2

�fk�,iS�k + fk,iS�k��� − Wk,k��S�k� +
1

2 �
i=1,2

�fk,iS�k� + fk�,iS�k��� , �25�
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� �fk,i

�t
�

scatt

p-p

= −
2


	
�
k�,q

���ek�−q + ek+q − ek − ek��

��
V�k,k�,k� − q,k + q�
2�fk,i fk�,i�1 + fk�−q,i + fk+q,i� − fk�−q,i fk+q,i�1 + fk,i + fk�,i�	

+ 
U�k,k�,k� − q,k + q�
2��fk,i fk�,ī + S�kS�k���2 + �
j=1,2

�fk�−q,j + fk+q,j��
− �1 + fk,i + fk�,ī��2S�k�−qS�k+q + �

j=1,2
fk�−q, j̄ f k+q,j��

+ T�k,k�,k� − q,k + q�
 �
j=1,2

��fk�,j − fk�−q,j�S�k+qS�k + �fk�,j − fk+q,j�S�k�−qS�k	

+ 2�fk,i�S�k�S
�

k�−q + S�k�S
�

k+q� − fk�−q,iS�k�S
�

k+q − fk+q,iS�k�S
�

k�−q	��� , �26�

� �S�k

�t
�

scatt

p-p

= −



	
�
k�,q

���ek+q + ek�−q − ek − ek��

��
V�k,k�,k� − q,k + q�
2�S�k �
i=1,2

�fk�,i�1 + fk�−q,i + fk+q,i� − fk�−q,i fk+q,i	

− 2�S�k+q�S�k�S
�

k�−q� + S�k�−q�S�k�S
�

k+q� − S�k��S
�

k�−qS�k+q�	�
+ 
U�k,k�,k� − q,k + q�
2� �

i=1,2
�S�kfk�,i + S�k�fk,i��2 + �

i=1,2
�fk�−q,i + fk+q,i��

− 2�S�k + S�k��� �
i=1,2

�fk�−q,i fk+q,ī� + 2S�k�−qS�k+q��
+ T�k,k�,k� − q,k + q�
4S�k�S�k�S

�
k�−q + S�k�S

�
k+q� + S�k�−q� �

i=1,2
fk,i� �

i=1,2
�fk�,i − fk+q,i�� − 2 �

i=1,2
fk+q,i�1 + fk�,i��

+ S�k+q� �
i=1,2

fk,i� �
i=1,2

�fk�,i − fk�−q,i�� − 2 �
i=1,2

fk�−q,i�1 + fk�,i����� , �27�

where

Wk�,k = 

G�k,k� − k�
2Nk�−k��ek� − ek − 	�k�−k� , 
k�
 � 
k


G�k,k� − k�
2�Nk�−k + 1���ek� − ek − 	�k�−k� , 
k�
 � 
k
 .� �28�

As a simplifying approximation, we use the assumption of
a cylindrical symmetry which has been introduced in Ref. 9,

in which the polarization has a only radial component S�k

=Sk
re�r and in which the splitting field is taken to be orthogo-

nal to the polarization vector. This assumption does not hold
in general, so that with the cylindrical symmetry assumption
certain directional properties of the splitting field are not
correctly taken into account. Because the effects of the split-
ting field are with respect to the presently investigated as-
pects of the spin kinetics relatively small, we believe that this
inaccuracy can be accepted in a first approach to the prob-
lem. Using this cylindrical symmetry, we obtain the follow-
ing set of equations for fk,j and the radial component Sk

r of
the in-plane spin polarization:

�fk,j

�t
= −

fk,j

�k
+ � �fk,j

�t
�

S-F
+ � �fk,j

�t
�

scatt

p-ph

+ � �fk,j

�t
�

scatt

p-p

+
1

2
pjP�k,t�, j = 1,2, �29�

�Sk
r

�t
= −

Sk
r

�ks
+ � �Sk

r

�t
�

S-F
+ � �Sk

r

�t
�

scatt

p-ph

+ � �Sk
r

�t
�

scatt

p-p

+
1

2

e�p
P�k,t� , �30�

where the splitting field terms reduce to
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� �fk,j

�t
�

S-F
= −

1

	
�− 1� jSk

r�k, �31�

and

� �Sk
r

�t
�

S-F
=

1

	
� fk,1 − fk,2

2
��k. �32�

The mean-field terms due to p-p interaction �Eqs. �19� and
�21�	 vanish in the cylindrical approximation due to the angle
integration.

The scattering terms in Eqs. �29� and �30� in the cylindri-
cal approximation are given in the appendix. Apart from the
p-p scattering terms, which are new here, Eqs. �29� and �30�
coincide with Eqs. �15�–�17� by Kavokin et al.9

In this form of the rate equations, the necessity to keep the
cross section S finite has two reasons: First, only with a finite
S a well-defined condensation occurs,10 and second only with
a finite S the spontaneous transition rates into the condensate
are maintained which initiate the condensation.20 Again the
separation of the transitions between the continuum and the
condensate has to be performed as before �for details see
Ref. 10�.

Before we present results, we list the used material pa-
rameters for GaAs-type quantum wells and mc’s:10,11,18,21,22

E0
x =1.515 eV, me=0.067m0, mh=0.45m0, a2D=10 nm, the

index of refraction ncav=3.43, the cavity Rabi splitting 	�
=5 meV, the deformation potentials De=−8.6 eV, Dh
=3.5 eV, u=4.81�105 cm /s, and �=5.3�103 kg /m3. The
mc cross section will be taken as S=100 �m2 and the quan-
tum well width as Lz=5 nm. The lifetimes are assumed to be
�x=30 ps, �c=2 ps, and �sl=15 ps. The smallness parameter
of the interaction between excitons in the relative singlet
state is �=5�10−2. The bath temperature is T=4 K. As in
the experiment of Deng et al.,1 the detuning between the
cavity mode and the x resonance will be assumed to be zero.
The pumping width is �E=0.1 meV. The pumping is cen-
tered at kp=1.7�105 cm−1. The pump pulse width is as in
the experiment,1 tp=3 ps.

III. NUMERICAL RESULTS

A. Time-averaged results

First, we will examine the time-averaged ground state
density for a pump pulse with circularly polarized light as it
has been measured by Deng et al.1 Here, we use the total
number of excited p’s as a measure of the pump power. As
expected, the population of p’s with cocircular polarization
exhibit a clear condensation threshold �solid line in Fig.
1�a�	, while the ground state density of the p’s with cross-
circular polarization �dashed line in Fig. 1�a�	 stays subcriti-
cal up to a total p density of 1011 cm−2, where it is about 4
orders of magnitude smaller than the cocircular density.

Next, we calculate the ground state p densities for left-
and right-circular polarizations when the mc has been ex-
cited with a linearly polarized light pulse. Figure 1�b� shows
that due to the TE-TM splitting, the ground state population
for the left-circular p’s �solid line� has a lower threshold
generation rate, while the right-circular p’s also condense but

at a generation rate which is about a factor of 3 higher than
those of the left-circular p’s. At the highest generation rates,
the ground state populations of both circular polarizations
approach each other. Finally, we plot in Fig. 1�c� the circular
polarization degree, i.e., the normalized difference between
the ground state populations of the left- and right-circular p’s
for circularly and linearly polarized pump light. For circular
pump, the polarization degree increases rapidly at the con-
densation threshold and approaches a value close to 1. For
linearly polarized pumping, the polarization degree increases
to a value of about 0.95 but decreases rapidly when the right-
circular p’s condense and approach a value close to zero at
the highest pump rates. The comparison of the experimental
results �see Fig. 2� with our calculated results of Fig. 1 shows
a very good qualitative agreement. In particular, the absence
of a threshold for the cross-polarized p’s for circular pump-
ing shown in Figs. 1�a� and 2�a� is present in both theory and
experiment. Similarly, the successive condensations of the
left- and right-circular p’s separated by about a factor of 3 in
the corresponding threshold generation rates in Figs. 1�b�
and 2�b� agrees well. Finally, the polarization degree for cir-
cular pumping remains high in both theory and experiment
�see Figs. 1�c� and 2�c�	, while the polarization degree for
linearly polarized pumping decreases again about three to
four times above the threshold generation rate.

Shelykh et al.5 have also solved numerically the polariza-
tion kinetics for the p-phonon and the p-electron scattering,
but not for the p-p scattering. If one compares nevertheless
the results of their and our studies, one sees that Shelykh et
al. obtain for linear pump polarization only a polarization
degree of 0.6, while we find �see Fig. 1�c�	 in agreement with
the experiment �see Fig. 2�c�	 values close to 1. Furthermore,

FIG. 1. Ground state density for the lower p’s versus total p
density under pumping �a� with circularly polarized �b� with lin-
early polarized light at T=4 K in a GaAs mc. The sum of the
ground state densities is given by the dotted line, the spin-up p
density by the solid line, and the spin-down density by the dashed
line. �c� Circular polarization degree of light emitted from the
ground state. For linearly polarized pumping, the light intensity is
given by the solid line, and for circularly polarized pumping by the
dashed line
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the calculated threshold densities of Ref. 5 ��1
�1011 cm−2� are about 1 order of magnitude higher than
ours. Finally, if we compare for circular pumping the results
of Shelykh et al.5 with Fig. 1�a� and with the experiment
�Fig. 2�a�	, it is obvious that their cross-circular polarization
component increases too much. This shows that in the
present studies considerable progress toward a more quanti-
tative description of the polarization kinetics has been made.

B. Time-resolved results

Here, we will show how populations and polarization de-
velop in time after the excitation with a circularly polarized
3 ps pump pulse. In Fig. 3�a�, we show the buildup and
decay of the ground state populations with left- and right-
circular polarizations for a subcritical pump pulse strength. It
is seen that the populations of both spin states reach a maxi-
mum between 20 and 30 ps and decay from this point jointly.
For a supercritical circularly polarized pump pulse, the tem-
poral evolution of the ground state populations for spin up
and spin down is shown in Fig. 3�b�. Here, the degenerate
spin-up state population exceeds over a long time period �up
to 80 ps� the population of the spin-down state which in-
creases much slower. After 80 ps, both populations have be-
come subcritical and decay jointly.

In Fig. 4, the calculated time evolution of the polarization
degree for circular pump is shown for various total p densi-
ties. Again, it is seen that the polarization degree approaches
values close to 1 very fast for supercritical pumping and last
longer for increasing pumping. Particularly striking is the
different time evolution for the subcritical and supercritical

excitations, as well as the trends of a longer lasting polariza-
tion degree with increasing pumping. Below threshold, the
polarization degree decays rapidly. Above the threshold, the
polarization degree remains close to one followed by a steep
decay. The decay time increases with increasing pump
strength in the shown examples from about 30 ps to about
70 ps. Similar results for the polarization degree are con-
tained in the preprint of Solnyshkov et al.7

The calculated scenario of the kinetics of the polarization
degree can be compared with corresponding measurements
shown in Fig. 5 of Renucci et al.3 in GaAs mc’s, where,
however, a resonant excitation has been used.

One sees also here an immediate decay of the polarization
degree for below-threshold excitation. Above threshold, the
experiment also finds the characteristic plateau of the polar-
ization degree with values close to 1, followed by a decay
with decay times �between 70 and 90 ps� which increase
with increasing pump strength.

Finally, we want to show in Fig. 6 the radial component
S0

r of the spin polarization for a linearly polarized pump
which excites a total p density of Ntot=1.63�1010 cm−2

�solid line� and Ntot=4.63�1010 cm−2 �dashed line�, respec-
tively. S0

r reaches its maximal value right after the pulse and

FIG. 2. For comparison the measured time-averaged polariza-
tion properties of a GaAs mc of Deng et al. �Ref. 1� is shown. �a�
Emitted light intensity of the polariton ground state for circularly
polarized and �b� for linearly polarized pump light. �c� The circular
degree of polarization is plotted for pumping with linear and circu-
lar polarizations

FIG. 3. Time dependence of the ground state populations for
spin up �full line� and spin down �doted line� for a circularly polar-
ized near-resonant 3 ps �a� subcritical pump pulse which excites
Ntot=1.62�1010 cm−2 and �b� a supercritical pump pulse which
excites Ntot=4.63�1010 cm−2.

FIG. 4. Calculated time dependence of the circular polarization
degree for circularly polarized near-resonant 3 ps pump pulses
which excite a total p density of Ntot=2.0, 2.5, 4.6, and 6.0
�1010 cm−2.
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decays rapidly in times of about 20 ps both below �full line�
and above threshold �dashed line�.

C. Polarization distributions in k space

The polarization of the emitted light can be observed not
only for the ground state but with angle-resolved lumines-
cence measurements also for the higher k-states. Therefore,
we will present in this section the wave-number dependence
of the populations and of the radial component of spin po-
larization Sk

r�t� for various excitation conditions. In Fig. 7,
we present for a circularly polarized pump pulse the distri-
bution of the spin-up p’s �a� below condensation threshold
and �b� above condensation threshold. While below threshold
the relaxation into a Maxwell-Boltzmann distribution is still
incomplete after 20 ps, one sees that above threshold degen-
erate distributions are established in the first 10 ps.

For a linearly polarized pump pulse, we show in Fig. 8 the
distribution of the radial component Sk

r�t� of the spin polar-
ization for various times. It is seen that this distribution too
relaxes slowly below threshold, and much faster above

threshold, where its spectrum extends already after a few
picoseconds toward the lowest k states.

In order to be able to compare also the polarization of the
finite-momentum states with corresponding experimental ob-
servations, we show the pump-power dependence of the
time-averaged population of three momentum states which
are observable under the emission angles �=3°, 6°, and 9°
for circularly and linearly polarized pumpings in the left and
right parts of Fig. 9, respectively.

As expected the population of the cocircular polarization
exceeds above threshold for all momenta those of the cross-
circular polarization strongly. For linearly polarized pumping
�right parts of Fig. 9�, the difference between the populations
of left- and right-hand circular polarizations is considerably
smaller. The difference increases slightly with increasing
pump power and emission angle, respectively. See Fig. 10

For comparison with the experiment, we show the results
of Deng et al. for the angle- and polarization-resolved lumi-
nescence of the GaAs mc’s, plotted in Fig. 9.

FIG. 5. Measured time dependence of the circular polarization
degree for circularly polarized pump pulses in GaAs mc’s according
to Renucci et al. �Ref. 3�.

FIG. 6. Calculated time dependence of S0
r under linearly polar-

ized near-resonant 3 ps pump pulses which excite a below threshold
density of ntot=1.63�1010 cm−2 �solid line� and above threshold
density of ntot=4.63�1010 cm−2 �dashed line�.

FIG. 7. Calculated wave-number and time dependences of the
spin-up p distribution fk

1�t� for circularly polarized near-resonant
3 ps subcritical and supercritical pump pulses which excite �a�
Ntot=1.62�1010 cm−2 for t=6 ps �dotted line�, t=12 ps �dashed
line�, and t=20 ps �solid line� and �b� Ntot=4.63�1010 cm−2 for t
=4 ps �dotted line�, t=9 ps �dashed line�, and t=20 �solid line� ps,
respectively.

FIG. 8. Calculated time dependence of the radial component of
the linear polarization, Sk

r�t�, for linearly polarized near-resonant
3 ps subcritical and super critical pump pulses which excite �a�
Ntot=1.63�1010 cm−2 for the times t=6 ps �dotted line�, t=12 ps
�dashed line�, and t=20 ps �solid line� and �b� Ntot=4.63
�1010 cm−2 for t=4 ps �dotted line�, t=9 ps �dashed line�, and t
=20 ps �solid line�, respectively
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While the general scenario resembles the calculated ones,
the differences between the measured emission of cocircular
and cross-circular and right- and left-circular polarizations,
respectively, are more pronounced than in the calculated re-
sults of Fig. 9. We noticed in our calculations these differ-
ences increase if the pumping gets more resonantly. On the
other hand, one gets for resonant excitation a p-p scattering
of two identical p’s, one directly into the condensate and the
other one to a higher momentum state. This results in tran-
sient nonthermal distributions in the form of an intervening
accumulation of polaritons in the final high-energy state of
occur. Nevertheless, the smaller calculated splittings are
likely to be due to oversimplifications of the assumed cylin-
drical symmetry.

IV. CONCLUSIONS

Within the pseudospin formalism, we have investigated
the spin and polarization kinetics as described by a 2�2
wave-number-dependent density matrix of mc p including
p-phonon and p-p scattering. Using the simplifying assump-
tion of a cylindrical symmetry, our results for circular and
linear spin polarizations are in very good agreement with
observations of the polarization properties of the emitted la-

ser light. In particular, the time-averaged results of Deng et
al.1 for the pump-power dependence of the polarization un-
der circularly and linearly polarized pump lights are well
reproduced. The time dependence of the polarization degree
measured by Renucci et al.3 for various levels of resonant
excitation is also reproduced qualitatively. In addition, we
present calculations of the polarization of the excited p states
which are found to agree at least qualitatively with the ob-
served angle- and polarization-resolved luminescence.
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APPENDIX

In the cylindrical symmetry, the scattering terms in Eqs.
�29� and �30� are given by

� �fk,i

�t
�

scatt

p-ph

= −
2


	
�
k�
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p-ph

= −
2


	
k�
�Wk�,kSk

r − Wk,k�
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FIG. 9. Calculated populations fk as a function of the total num-
ber of excited p’s ntot for three momentum states which correspond
to the emission angles �=3°, 6°, and 9° for circularly polarized
pumping �left figures� and for linearly polarized pumping �right
figures�. Cocircular polarization: full lines, cross-circular polariza-
tion: dashed lines, and total population: dotted lines.
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FIG. 10. �Color online� Measured pump-power dependence of
the luminescence intensity for the emission angles of 3°, 6°, and 9°
under circularly polarized pumping �left figures� and linearly polar-
ized pumping �right figures� �see Ref. 23�.
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