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We consider theoretically the elastic scattering of two exciton polaritons having opposite wave vectors in a
planar microcavity. We derive the scattering amplitudes accounting for the vector polarization of polaritons and
the interference of different scattering channels. We obtain a nontrivial dependence of the scattering amplitudes
and the polarizations on the scattering angle and polarization of initial states. Generation of polariton spin
currents as a result of scattering of linearly polarized polaritons is predicted. We also describe depolarization of
exciton polaritons due to their scattering and show that it may be complete in certain scattering directions. This
analysis provides a basis for engineering of spin- and electric field-sensitive optical logic gates based on
exciton polaritons.
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I. INTRODUCTION

Exciton polaritons in microcavities are composite bosons,
which efficiently scatter each other due to multiple channels
of direct and exchange Coulomb interaction of their constitu-
ent electrons and holes.1–3 In the strong coupling regime, the
exciton polaritons in microcavities are characterized by two
dispersion branches split typically by several meV. Due to a
strongly nonparabolic dispersion of the lower-polariton
branch, various configurations for the resonant polariton-
polariton scattering are possible.2 The resonant scattering
processes are responsible for the operations of the
microcavity-based optical parametric oscillators �OPO�.4–6

Among various geometries of the polariton-based OPO stud-
ied until now, one of the most attractive implies scattering of
two exciton polaritons having equal energies and opposite
in-plane wave vectors on a so-called elastic circle �e.g., a
circle in a two-dimensional �2D� reciprocal space character-
ized by some fixed value of the kinetic energy for the exciton
polaritons,7 see Fig. 1�. The advantage of this configuration
is in the fully symmetric final quantum states �referred to as
the signal and idler states�, which is favorable for realization
of the parametric oscillations.8 The signal and idler states are
characterized by the same polariton lifetime, which is not the
case in the most popular microcavity OPO geometry based
on the excitation of polaritons at the so called “magic angle”
and their subsequent scattering to the lower and upper energy
states.4,5 On the other hand, the excitation geometry, which
involves simultaneous generation of polaritons with opposite
in-plane wave vectors, is more complex and harder to model
due to the multitude of possible final states, as the scattering
to any pair of states belonging to the same diameter of the
elastic circle is allowed by the energy and wave vector con-
servation laws. Surprisingly, recent experimental studies re-
vealed a strong angular dependence of the scattering prob-
ability on the polar angle. Moreover, they demonstrated the
polarization selection rules in polariton-polariton scattering,
which provided grounds for realization of the all-optical
XNOR gates9 �i.e., gates which implement logical XNOR
operation on polarized light beams�.9

The experimental data of Ref. 9 has been interpreted us-
ing the spin-dependent Gross-Pitaevskii �GP� equations,

which assume a single fully coherent polariton state charac-
terized by a spinor wave function analogous to the classical
Jones vector. Although a powerful and insightful method of
modeling, the GP equations have two important shortcom-
ings. First, they do not account for the possible depolariza-
tion of the polaritons during their scattering; second, they
imply a contact interaction between the polaritons which is
independent of their wave vectors. Here, we present a theo-
retical model, which relaxes the two above restrictions of the
GP equations and allows for the description of a full range of
polarization-dependent effects in polariton-polariton scatter-
ing, including depolarization. When applied to the specific
scattering geometry of the experiment,9 our formalism al-
lows for the prediction of a nontrivial angular polarization
dependence of the amplitude of polariton-polariton scattering
and sheds light on the mechanisms of polarization relaxation
in the polariton gases.

The spin-dependent Boltzmann equations describing the
scattering of exciton polaritons with acoustic phonons and
the polariton-polariton scattering have been formulated in
Ref. 10, which treats the polariton spin dynamics within the
Born-Markov approximation. Here, we extend the model of
Ref. 10 accounting for the variations of the polariton-
polariton scattering amplitudes with the vector of exchanged

FIG. 1. �Color online� �a� Considered geometry of polariton-
polariton scattering in real space with � being the angle of inci-
dence and � being the scattering angle. �b� In the reciprocal space,
the dispersion of the lower-polariton branch is shown and the elastic
circle is highlighted by the blue color.
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momentum, which appears to be very important in the spe-
cific OPO geometry we consider. Moreover, we numerically
evaluate the scattering amplitudes using a microscopic model
which enables us to analyze the polariton pseudospin distri-
butions on the elastic circle for different pump polarizations.

Introduction of the scattering amplitudes angular depen-
dence in the model leads to appearance of new terms in the
Boltzmann equations for the pseudospin components. These
terms are responsible for the occurrence of new, interesting
spin-related phenomena neglected so far, in particular, ap-
pearance of the circular polarization as a result of scattering
of two linearly polarized polaritons and vice versa. In order
to reveal the impact of these terms, we assume that the final
states for polariton-polariton scattering are initially empty.
This allows us to neglect stimulation of polariton-polariton
scattering and consider only the spontaneous processes. We
therefore use the density matrix formalism and a powerful
algebraic analysis rather than the full �Boltzmann� rate equa-
tions given in Ref. 10. This approach enables us to formulate
simple and universal polarization selection rules for
polariton-polariton scattering.

The rest of this paper is organized as follows: Section II
presents our model and polarization selection rules, Sec. III
presents the numerical results for polariton pseudospin dis-
tributions, Sec. IV contains the conclusive remarks.

II. THEORETICAL MODEL

A. Scattering Hamiltonian

We consider a planar semiconductor microcavity in the
strong exciton-light coupling regime. The cavity is pumped
by two cw laser beams, which produce macroscopic popula-
tions of two cavity modes with opposite in-plane wave vec-
tors k1 and k2=−k1. The angle of incidence of the two laser
beams is the same �angle � in Fig. 1�a��. The polaritons
scatter from the pump states to the final states obeying the
momentum and energy conservation rule. In the configura-
tion we consider, the pair interactions may scatter polaritons
only to the states on the elastic circle defined by the in-plane
momentum �k�= �k1�= �k2�. These allowed final states are then
fully identified by the scattering angle � �Figs. 1�a� and 1�b��.
We shall consider the spontaneous polariton polariton scat-
tering from the macroscopically populated pump states to the
empty final states. We neglect depletion of the pump states
due to the scattering and the longitudinal-transverse splitting
�TE-TM splitting� of the exciton-polariton eigenstates is
taken to be zero.

As pointed out in many publications,11–14 excitons are not
ideal bosons due to the fermionic nature of their constituents
�electrons and holes�. This is why also the cavity polaritons
show some fermionic properties. The fermionic effects are
negligible in the low-density limit, but they become impor-
tant as soon as polariton-polariton interactions start playing a
role. Strictly speaking, polariton-polariton scattering needs to
be considered as a result of interactions of four
fermions.3,11,13 It is, however, possible and convenient to use
an effective scattering Hamiltonian for the polaritons having
the total angular momenta s= �1 �which are strongly
coupled to the optical field of the cavity mode�. Using the

above assumptions, one can easily see that such an effective
Hamiltonian would couple the states on the elastic circle
only to the pump states k1 and k2:

HSC = 1
2�

s,q
�V1�k1,k2,q�as,k1+q

+ as,k2−q
+ as,k1

as,k2

+ V2�k1,k2,q�as,k1+q
+ a−s,k2−q

+ as,k1
a−s,k2

� . �1�

Here, as,k is the annihilation operator for a polariton having a
wave vector k and spin s �the band index is omitted here
since we consider only polaritons from the lower dispersion
branch�. The amplitudes V1 and V2 describe scattering of the
polaritons with parallel and antiparallel spins. In general,
V1�V2, as we shall discuss below in detail. The spin depen-
dence of polariton-polariton interactions is at the origin of
many peculiar effects in the polarization dynamics of exciton
polaritons,10,15 including the self-induced Larmor
precession,16 the rotation of linear polarization due to
polariton-polariton scattering17 and the buildup of linear po-
larization of the Bose-Einstein condensates of
exciton-polaritons.18

Considering the scattering on the elastic circle, we define
the wave vectors k3��� and k4��� of the scattered polaritons
according to Fig. 1 �the argument will not be explicitly men-
tioned from now on� and present the exchanged momenta
q=k3−k1 and q�=k4−k1. The Hamiltonian �1� then reads:

HSC = �
s,�

��1���as,k3

+ as,k4

+ as,k1
as,k2

+ ��2���as,k1+q
+ a−s,k2−q

+

+ �2����a−s,k1+q
+ as,k2−q

+ �as,k1
a−s,k2

� , �2�

where the summation over the angle � goes from 0 to � and
we have defined more convenient scattering amplitudes
�omitting the initial momenta in the arguments for clarity�:

�1��� = 1
2 �V1�q� + V1�q��� , �3�

�2��� = 1
2V2�q� , �4�

�2���� = 1
2V2�q�� = �2�� − �� . �5�

The matrix elements of the Hamiltonian �2� for selected
spins of the initial and final states are shown in Table I. They
should be interpreted carefully: the nonzero matrix element
�XX�HSC�XX� �where the bra and ket vectors denote the final
and initial spin states, respectively� expresses only the fact
that in the case of excitation by two X-polarized beams, the
conditional probability of finding the X-polarized polariton in
the direction k3 when we observe another X-polarized polar-
iton in the direction k4 is nonzero �and proportional to the
matrix element squared�. It does not mean, however, that the
final states are X polarized because also the matrix element
�YY�HSC�XX� is nonzero and a Y-polarized component in the
emission is expected to appear as well. Surprisingly, the
emission will not be polarized at all if �2=�2�=0 or �1=0
because both the aforementioned matrix elements have the
same magnitude and the probability of scattering to the states
�XX� and �YY� is equal. We then find that the final states are
in a non–polarized entangled state ��XX�+ �YY�� /	2.
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B. Scattering amplitudes

In order to quantitatively characterize the emission from a
microcavity in the limit of spontaneous scattering on the
elastic circle, we shall evaluate or estimate the amplitudes of
the coefficients �1, �2, and �2�. One can expand:

V1�q,k1,k2��XH�−4 = Vdir�q,k1,k2� + Vexch�q,k1,k2� , �6�

V2�q,k1,k2��XH�−4 = Vdir�q,k1,k2� + Vsuper. �7�

The beta coefficients are then retrieved following the defini-
tions �3�–�5�. XH denotes the Hopfield coefficient describing
the excitonic fraction of polariton states at the elastic circle.
In Eqs. �6� and �7�, the scattering amplitudes were
decomposed11,14 into the exciton direct-scattering part Vdir
and the exchange-scattering parts Vexch, Vsuper. The part Vsuper
is an effective exchange contribution originating in higher-
order processes, which involve virtual excitation of the opti-
cally forbidden exciton states with spins �2 �superex-
change�. Scattering between the optically active polariton
states and the dark excitons has been addressed in detail in
Refs. 19–21.

We performed numerical calculations of the direct scatter-
ing amplitude for exciton-polaritons on the elastic circle us-
ing the microscopic model.22,23 We found that the scattering
amplitudes do not depend on the particular orientation of the
contributing wave vectors and thus we use the notation
q= �q� and kj = �k j� in the following. We also carried out nu-
merical calculations of the exchange term Vexch, which dis-
played a virtually constant behavior for small q. We therefore
consider that both the exchange and the superexchange terms
are constant around the elastic circle. Clearly, the character-
istic scale on which these terms might change is given by the
inverse exciton Bohr radius aB

−1, which is orders of magni-
tude larger than the radius of the elastic circle which we
consider.

The direct term, on the contrary, reveals a strong
dependence on the exchanged momentum for q�aB

−1,
according to Refs. 22 and 23, and provides zero scattering
amplitude for q=0 in the 2D exciton gas limit. The scattering
amplitude varies as �qaB�3 and is estimated as
Vdir�0.1aB

−1� /Vexch
1.5·10−4 giving only a negligible contri-
bution to the overall scattering amplitudes in Eqs. �6� and

�7�. The small amplitude of the direct term is, nevertheless,
caused by compensation of the electron-electron and hole-
hole repulsion by electron-hole attraction, and the direct term
completely vanishes if the effective masses of the fermions
become equal. The different shape of the electron and the
hole wave functions in realistic quantum wells �QWs� cause
the nonzero amplitude of the direct Coulomb interaction. We
show here that this direct term may become orders of mag-
nitude larger in narrow QWs compared to the ideal 2D exci-
ton gas because of the wave function penetration into the
barriers �for the discussion of the effect of charge separation
see Ref. 14�.

We derived an analytical expression for the direct scatter-
ing term amplitude considering a real exciton wave function
in a narrow QW in the integral form �see Appendix� and then
evaluated it numerically. The effect of charge separation on
the amplitude of the direct term is obvious from Eq. �A3�:
the larger difference between the square of the electron and
hole wave function is, the larger value of the scattering am-
plitude. In real, narrow GaAs QWs, coincidentally, the ratio
between the electron and the hole mass is about 1/6, which is
why electrons deeply penetrate into the QW barriers when
the hole are kept localized in the QW layer. The effect of
delocalization is even more pronounced in QWs with low-
band offsets, e.g., InGaAs/GaAs with low In content. The
amplitude of the direct term therefore strongly depends on
the QW width and composition.

We plot the direct term amplitude in the units of the ex-
change interaction amplitude in Fig. 2�a� for the frequently
used GaAs /Al0.3Ga0.7As and In0.04Ga0.96As /GaAs QWs of
the widths 2.5 and 5 nm, respectively. The electron wave
function spreading into narrow QW barriers causes the sig-
nificant increase of the direct scattering amplitude, which
now has a nonzero value at zero exchanged momentum �the
particular wave functions are plotted in the inset of Fig.
2�b��. When inspecting the angular dependence of the spin
and intensity of the scattered signal on the elastic circle, not
only the offset but also the absolute value of the amplitude
variations with the exchanged momentum are important. In
this case, the variations are larger by over two orders of
magnitude in the case of the In0.04Ga0.96As /GaAs QW, as
compared to the GaAs /Al0.3Ga0.7As QW, in the range of
wave vectors up to 2 	m−1.

TABLE I. Matrix elements of the Hamiltonian �3� for selected spin combinations of the incoming and outgoing polaritons. Polarization
state L�
� is defined as the linear polarization rotated by an angle 
 with respect to the X-polarized state and we define �=exp�−i
�. The
notation in the table is as follows: �+�− for the initial state denotes the s=1 polariton in the state k1 and s=-1 polariton in the state k2. Same
for the final states. The matrix element for the �−�+ configuration may be retrieved by permutation of �2 and �2�.

Initial state

Final state

�+�+ �+�− �−�− XX XY YY XL�
�

�+�+ �1 0 0 �1 /2 i�1 /2 −�1 /2 ���1 /2

�+�− 0 �2 0 ��2+�2�� /2 −i��2−�2�� /2 ��2+�2�� /2 ���2+���2�� /2

�−�− 0 0 �1 �1 /2 −i�1 /2 −�1 /2 ��1 /2

XX �1 /2 ��2+�2�� /2 �1 /2 ��1+�2+�2�� /2 0 ��2+�2�−�1� /2 ��1+�2+�2�� · �cos 
� /2

XY −i�1 /2 i��2−�2�� /2 i�1 /2 0 ��1+�2−�2�� /2 0 ��1+�2−�2�� · �sin 
� /2

YY −�1 /2 ��2+�2�� /2 −�1 /2 ��2+�2�−�1� /2 0 ��1+�2+�2�� /2 ��2+�2�−�1� · �cos 
� /2
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A further electron-hole separation may be induced by ap-
plying an electric field in normal to the QW plane direction.
Although the exciton oscillator strength may be reduced in
this case due to the quantum confined Stark effect, the sys-
tem may be kept in the strong coupling regime if the Q factor
of the cavity is high enough. In this case, the direct term and
its variation along the elastic circle are further increased as
one can see from Fig. 2�b�, where we plot the amplitude of
the direct term for the InGaAs/GaAs and GaAs/AlGaAs
QWs considering the electron and the hole centers of mass
spatially separated by 1 nm. The difference between the scat-
tering amplitudes in the two types of III-V QWs we consid-
ered almost vanishes at strong applied bias.

To estimate the magnitude of external electric field
needed for the efficient charge separation, let us consider a
plane capacitor formed by two plates electrically charged
with the density 
. Considering the QW excitons, the charge
density may be estimated as 
=e�1−S� /�aB

2 , where S is the
electron-hole overlap integral, e is the electron charge and aB
is the exciton Bohr radius. The electric field created by one
of the planes and acting upon another one is independent on
the distance between them, EP=
 /2� where � is static di-
electric constant. The electron-hole system is in equilibrium
if the field EP is compensated by an external field of the
same magnitude. This allows estimating of the external field
as E= e

2��
1−S
aB

2 . Substituting �r=10 and the Bohr radius
aB=10 nm, we obtain E
�1−S� ·30 kV /cm. The reduction
of the electron-hole overlap S due to the spatial separation of
electron and hole centers of mass by 1 nm is, approximately,
30% and 50% in 5 and 2.5 nm wide InGaAs/GaAs QWs,
respectively, and 55% and 85% in 5 and 2.5 nm wide GaAs/
AlGaAs QWs, respectively. These numbers imply the re-
quired external electric field intensities in the range 10–25
kV/cm, depending on the QW composition and width. These
values are in a good agreement with the results of Ref. 24,
which gives an estimate of the same order for CdTe/CdZnTe
QWs.

Finally, the magnitude of the superexchange scattering
channel may be estimated from the T-matrix calculations
published in Refs. 20 and 21. We use the ratio Vsuper /Vexch
=T+− /T++=−0.28+0.01i for all QWs under consideration.

C. Spin and polarization of the final states

As pointed out above, the Hamiltonian �2� and its matrix
elements in Table I do not directly show either the degree of
polarization or the polarization of the final states themselves.
We therefore develop an algebraic procedure for calculation
of both these quantities from the Hamiltonian �2�. The sys-
tem of interacting polaritons is described by the density ma-
trix 
�t� with an initial condition 
�t=0�=
0. We assume that
the dephasing in the system is strong due to interactions
between polaritons and phonons what allows one to use the
Born-Markov approximation10 for evaluation of the density
matrix dynamics. This procedure yields:

d
�t�
dt

= −
2�

�2 ��Ef − Ei��HSC,�HSC,
�t��� , �8�

where Ef,i are the energies of the final and the initial state,
respectively, and the Dirac delta function is responsible for
energy conservation. As we discussed above, the final states
are weakly populated and therefore the system response in an
arbitrary scattering direction is governed only by the popu-
lations of the initial states and the scattering angle � �i.e., no
stimulated scattering�. This assumption allows us to substi-
tute 
�t�=
0 in the right hand side of Eq. �8�. It is also
obvious that we do not need to know the evolution of the
whole density matrix, which is why we fragment it to the
submatrices whose evolution is of particular interest.

We define the 2�2 spin-density matrix 
k for a state with
a wave vector k in the basis of spins ��+ ,�−�. The 4�4 joint
density matrix for the final states is therefore defined as a
direct product 
k3���,k4���=
k3��� � 
k4��� and it fully describes
the spin states of the scattered polaritons. The equation of
motion for this density matrix can be straightforwardly de-
rived from Eq. �8� within the assumptions made:

d
k3���,k4����t�

dt
= −

4�

�2 ��Ef − Ei�HB
+���
k1,k2

HB��� , �9�

where the joint density matrix for the initial states is

k1,k2

=
k1
� 
k2

and the Hamiltonian sub-block HB reads:

HB��� =

�1��� 0 0 0

0 �2��� �2���� 0

0 �2���� �2��� 0

0 0 0 �1���
� . �10�

We are interested in the polarization of the radiation emerg-
ing in some definite direction denoted by the wave-vector k3
�see Fig. 1�. The polarization properties of the radiation are
fully described by the pseudospin vector Sk3

. We define the
spin matrix in the usual way10 
k3

= 1
2Nk3

+Sk3
·�, where Nk3

is the polariton population in the direction k3 and � is the
vector of Pauli matrices. The population and pseudospin
components of the final state may be retrieved by evaluation

FIG. 2. �Color online� Ratio between the direct and exchange-
scattering amplitude considering zero �a� and nonzero �b� applied
voltage perpendicular to the QW plane for real QWs. Nonzero volt-
age is assumed to induce spatial shift of each of the particle wave
functions by 1 nm in opposite directions. Different QW composi-
tions and widths are taken into account. The curve offsets were
removed for clarity, their values are: �a� InGaAs 2.5 nm: 0.22, In-
GaAs 5 nm: 0.089, GaAs 2.5 nm: 0.007, GaAs 5 nm: 0.002, �b�
InGaAs 2.5 nm: 0.27, InGaAs 5 nm: 0.17, GaAs 2.5 nm: 0.30,
GaAs 5 nm: 0.24. Inset: calculated electron �e� and hole �h� wave
functions squared in 2.5 nm wide QW for the two GaAs/AlGaAs
and InGaAs/GaAs compositions.
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of appropriate quantum-mechanical mean values:

Nk3
�t� = �

s

�as,k3

+ as,k3
� = Tr��I � I�
k3���,k4����t�� , �11�

Sx,k3
�t� =

1

2�
s

�as,k3

+ a−s,k3
� =

1

2
Tr���x � I�
k3���,k4����t�� ,

�12�

Sy,k3
�t� =

i

2�
s

s�as,k3

+ a−s,k3
� =

1

2
Tr���y � I�
k3���,k4����t�� ,

�13�

Sz,k3
�t� =

1

2�
s

s�as,k3

+ as,k3
� =

1

2
Tr���z � I�
k3���,k4����t�� .

�14�

The symbol I denotes here the 2�2 unit matrix. Considering
finite lifetime of polaritons � and cw excitation, the steady-
state pseudospin components may be derived as
Sj

steady=��dSj /dt�coh, where the “coh” index denotes the co-
herent temporal evolution according to Eq. �9�. Using Eqs.
�9� and �11�–�14�, we obtain the steady-state pseudospin
components:

N3
steady � ��1

2 + ��2�2 + ��2��
2�N1N2 + 8 Re��2��2��

��S1xS2x

+ 8 Re��2
��2��S1yS2y + 4��1

2 − ��2�2 − ��2��
2�S1zS2z,

�15�

S3x
steady � 2�1 Re��2��S1xN2 + 2�1 Re��2�N1S2x

+ 4�1 Im��2�S1zS2y + 4�1 Im��2��S1yS2z, �16�

S3y
steady � 2�1 Re��2��S1yN2 + 2�1 Re��2�N1S2y

− 4�1 Im��2�S1zS2x − 4�1 Im��2��S1xS2z, �17�

S3z
steady � ��1

2 − ��2�2 + ��2��
2�S1zN2 + ��1

2 + ��2�2 − ��2��
2�N1S2z

+ 4 Im��2��2��
��S1yS2x + 4 Im��2

��2��S1xS2y . �18�

Compared to Ref. 10, we obtained several new terms in the
kinetic equations for the pseudospin components. The origin
and the role of these terms are discussed in the next Section.

III. RESULTS AND DISCUSSION

A. Polarization selction rules

Here, we consider the polarization selection rules which
govern polariton-polariton scattering on the elastic circle.
The final state polarizations are analyzed as a function of the
scattering angle. The angle dependence of the scattering am-
plitudes comes from the direct Coulomb scattering term,
while the exchange and superexchange contributions are vir-
tually insensitive to the scattering angle if the radius of the
elastic circle is much less than the inverse exciton Bohr ra-
dius.

The total polarization degree of a polariton quantum state
k3 can be defined as P=2�S3� /N3. Obviously, this quantity
ranges between 0 �nonpolarized state� and 1 �fully polarized
state�. We note that Eqs. �16�–�18� account for the possible
depolarization of the final states with respect to the initial
states. For example, if considering fully colinearly polarized
initial states, we obtain for the total polarization degree of
the final states:

P =
2��1 Re��2 + �2���

�1
2 + ��2�2 + ��2��

2 + 2 Re��2
��2��

. �19�

P is zero if �2=�2�=0 or �1=0 �cf. Table I and the discussion
at the end of Sec. II A� and equals 1 if �2=�2�= ��1 /2. The
ratios �2 /�1 and �2� /�1 determine the degree of polarization
and also the orientation of the pseudospin vector. The ex-
change interaction couples the initial states with colinear po-
larizations to the final states with the parallel and perpen-
dicular linear polarizations with the same probability �see
Table I�. This is why, in this configuration, only the superex-
change term and the direct interaction term affect the polar-
ization degree of the final states. The coefficients �2 and �2�
may be negative if the exchanged momentum is small and
therefore the inversion of linear polarization is often ob-
served in the polariton-polariton scattering experiments.16,17

The effect of depolarization in polariton-polariton scatter-
ing has not been addressed theoretically so far, to the best of
our knowledge. Here, we show that it is indeed a general
feature of polariton-polariton scattering in the spontaneous
regime. This effect limits accuracy of the Gross-Pitaevskii
equations which assume full coherence and polarization in
the system. On the other hand, the depolarization effect is
likely to be reduced if the scattering of polaritons is stimu-
lated by final state populations. In this regime, a selected
polarization is likely to be amplified, so that the total polar-
ization degree increases.

When compared to Ref. 10, we observe the new terms in
Eqs. �16�–�18�. These terms emerge from the fact that we
consider the complex and angle-dependent scattering ampli-
tude V2 and therefore �2��2� and Im �2�0 in general. Ex-
cept for these differences, the results of Ref. 10 in the limit
of spontaneous scattering are fully reproduced. Knowing the
angular dependence of V2 we are able to predict the depen-
dence of the pseudospin components on the scattering angle.

Moreover, we find a new possibility of polarization con-
version as a result of polariton-polariton scattering. In order
to illustrate this, let us consider Eq. �18�. The last two terms
in it describe creation of the circular polarization component
from two incoming polaritons with linear polarizations ro-
tated by 45° with respect to each other. As the states on the
elastic circle with nonzero wave vectors are created, this
means creation of the spin currents with well defined propa-
gation directions. We recall that polariton spin currents may
be generated in microcavities due to the Optical Spin Hall
effect25,26 caused by the TE-TM splitting of exciton-
polaritons and their elastic scattering by a static disorder po-
tential. The effect we propose here does not require either
disorder scattering, or TE-TM splitting but exploits the spe-
cific selection rules in the polariton-polariton scattering.
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Note that the total spin is conserved by the process we con-
sider, because the build up of some degree of circular polar-
ization in one direction is compensated by appearance of an
opposite circular polarization degree in the opposite scatter-
ing direction. Equations �16� and �17� allow for an inverse
process: the creation of linear polarization from one linearly
and one circularly polarized initial state. This process is re-
flected by the elements of the rightmost column in Table I.

We note that the process described above is possible due
to the existence of a nonzero imaginary part of the scattering
amplitude V2. The argument is that V2 contains contributions
in both first and second order of the perturbation theory �di-
rect and superexchange terms, respectively�, which bring dif-
ferent phases, so their sum is a complex number with non-
zero real and imaginary parts.

B. Numerical simulations

The numerical solutions of Eqs. �16�–�18� are plotted in
Figs. 3 and 4. Here we consider a microcavity with a 2.5 nm
wide In0.04Ga0.96As /GaAs or GaAs /Al0.3Ga0.7As QW. We

have fixed Vsuper /Vexch=−0.28+0.01i following the results of
Schumacher et al.20,27

The linear polarization degree of the final states defined as
Px=2S3x /N3 is plotted in Figs. 3�a�–3�d� in the case of colin-
ear �X polarized� and cross-linear polarizations of the initial
states, respectively, as a function of the scattering angle. The
curves in Figs. 3�a� and 3�c� are calculated accounting for the
electron and hole spatial separation due to an applied electric
field for both types of QWs, Figs. 3�b� and 3�d� illustrates the
wave vector dependence of the degree of polarization in the
GaAs/AlGaAs QW.

We observe from Fig. 3�a� that the inversion of the linear
polarization degree in the case of scattering of collinearly
polarized polaritons takes place unless Re �2�0. Without
the strong direct Coulomb interaction, the linear polarization
degree would be Px=2�Vsuper /Vexch� / �1+ �Vsuper /Vexch�2�

52% in the steady-state regime, however the direct inter-
action compensates the effect of the linear polarization rota-
tion and the degree of linear polarization is expected to reach
the value of only 11% in narrow InGaAs/GaAs QWs. The
contrast of the degree of linear polarization around the elastic
circle is of only a few tenths of per cent due to the nearly
quadratic behavior of the direct term amplitude as a function
of the exchanged wave vector �see Fig. 2�a��. The contrast is
increased if the wave vector of incident beams �elastic circle
radius� is increased as shown in Fig. 3�b�.

Figure 3�c� shows nontrivial variations of the degree of
linear polarization as a function of the scattering angle if we
consider excitation by cross-polarized beams �note that the
X-polarized beam is incident at �=180°�. The degree de-
pends very strongly on the particular shapes of the electron
and hole wave functions, and obviously the polarization of
the emitted light may be controlled by the applied voltage.
The dependence of the polarization degree on the elastic
circle radius for a GaAs/AlGaAs QW subjected to the exter-
nal bias is shown in Fig. 3�d�. The elastic circle radius affects
the value of the exchanged wave vector, which governs the
final state polarizations.

The calculations presented in Figs. 3�a�–3�d� show only a
weak variation of the linear polarization degree on the elastic
circle �below one per cent�. However, so far we have ne-
glected the final state stimulation of the polariton-polariton
scattering, which is expected to magnify the polarization
variation. In order to reveal this effect, we have solved the

FIG. 3. �Color online� Linear polarization degree Px in scatter-
ing of colinearly �a–b,e� and cross-linearly �c–d,f� polarized pump
beams as a function of scattering angle. Spontaneous scattering only
is considered in �a–d� while �e–f� display calculations with stimu-
lation of the polariton scattering taken into account. We compare
different QW compositions �a,c,e–f� �circle radius 2 	m−1� and
elastic circle radii for “GaAs �0 nm�” QW �b� and “GaAs �1 nm�”
QW �d�. The numbers in parentheses mean spatial shift of the par-
ticle wave functions due to the applied electric field. Curves in �a,e�
have nonzero offsets which were removed for clarity: �a� GaAs �0
nm�: −52%, GaAs �1 nm�: +4%, InGaAs �0 nm�: −11%, InGaAs �1
nm�: −2%, �e� GaAs �0 nm�: −100%, GaAs �1 nm�: +60%, InGaAs
�0 nm�: −100%, InGaAs �1 nm�: −35%. The QW width is always
2.5 nm.

FIG. 4. �Color online� �a� Degree of circular polarization around
the elastic circle for two different 2.5 nm wide QW compositions
above the stimulated threshold. �b� Dependence of the degree of
circular polarization �DCP� contrast on the elastic circle on the
angle between vectors of linear polarization of the incident beams.
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equations of motion for polariton pseudospin taking into ac-
count the stimulated processes in polariton–polariton scatter-
ing. The results are plotted in Figs. 3�e� and 3�f� for the same
parameters as in Figs. 3�a� and 3�c�. One can see that the
polarization degree as well as its variations strongly increase.
The variations may be as large as several per cent in this
case. We also observe that depolarization takes place even in
the stimulated regime �polarization degree is only 35% in
InGaAs QW�.

The buildup of the circular polarization and generation of
polariton spin currents by linearly polarized optical pumps is
demonstrated in Fig. 4. There the pumps have linear polar-
izations whose planes are rotated by 22° with respect to each
other �at this angle the highest circular polarization degree is
observed, see Fig. 4�b��. In this calculation, we considered
the stimulated scattering regime, in which case the circular
polarization contrast exceeds one per cent. This effect, which
may be cautiously referred to as the intrinsic optical spin
Hall effect, is relatively weak in the model microcavities we
have considered. On the other hand its magnitude depends
on the spatial separation of electrons and holes in the QW
growth direction so that it can be tuned by applying an ex-
ternal bias.

IV. CONCLUSIONS

We have analyzed the polarization selection rules for the
elastic scattering of exciton polaritons in a semiconductor
microcavity in the strong coupling regime. We show that the
polarization of scattered polaritons may be different from the
polarization of pumping light. In particular, linear polariza-
tion may be rotated by 90 degrees and circular polarization
may be builtup from linearly polarized pumping. We show
that when scattered in particular directions the polaritons
lose their polarization and become unpolarized.

Using a microscopic model, we have calculated the scat-
tering angle dependence of the polariton-polariton scattering
amplitudes on the elastic circle. We have shown that the
amplitude of the direct Coulomb scattering process is angle
dependent and reveals the pronounced minima and maxima
as one goes around the elastic circle. The angular depen-
dence is more pronounced in QWs with spatially separated
electron and hole centers of mass. This offers an opportunity
to tune the final state polarization by the external electric
field. On the other hand, the contributions from the exchange

and superexchange polariton coupling mechanisms are virtu-
ally independent of the scattering angle. We have found
terms previously neglected in the pseudospin kinetic equa-
tions arising from the wave vector dependence of the scat-
tering amplitudes and their imaginary components. These
terms are shown to be responsible for a variety of effects. We
have demonstrated that polariton spin currents �circular po-
larization currents� may be generated using linearly polarized
pump beams. This analysis provides a basis for engineering
of spin-sensitive optical logic gates based on exciton polari-
tons.

The demonstrated sensitivity of the direct scattering term
to the QW geometry and to the applied voltage offers the
opportunity to control the polariton-polariton interactions
and their spin selection rules via the microcavity design �e.g.,
introducing coupled QWs or superlattices� and external
fields. We believe that the effects predicted in this paper may
be used in future field-controlled spintronic devices.
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APPENDIX

The direct scattering term is given by the integral:23

Vdir =� 
3
��r1,r1��
4

��r2,r2��V�r1,r1�,r2,r2��

�
1�r1,r1��
2�r2,r2��dr1 . . . r2�, �A1�

where the nonprimed r’s are the electron coordinates and the
primed ones are the hole coordinates. Symbol V stands for
the Coulomb potential and 
’s are the initial and the final
state wave functions with appropriate indices. Note that the
vectors are three-dimensional. We factorize the wave func-
tions as products of the in-plane and z-components as

k�r ,r��=Ne−ik·R������z����z�� where N is the normaliza-
tion constant, k is the in-plane wave vector, R is the center-
of-mass coordinate, � is the relative electron-hole coordinate
and � and �� are the respective wave functions of an electron
and a hole in a QW. Considering ����=exp�−
 /aB� and
�k��aB

−1, we may do a straightforward evaluation, restricting
only to the most important terms:

Vdir�q� 

e2

�aB

aB
2

S

�

4aBq
�� ��2�z1��2�z2� + ��2�z1���2�z2� − 2�2�z1���2�z2��f�q,z1,z2�dz1,2

−
3�qaB�2

4
� ��2�z1��2�z2���2 + ��2�z1���2�z2��2 − �2�z1���2�z2���2 + ��2��f�q,z1,z2�dz1,2

−
3�qaB�4

64
� ��2�z1��2�z2���4 + ��2�z1���2�z2��4 − 2�2�z1���2�z2��2��4 + ��4� − 3�2��2��f�q,z1,z2�dz1,2� �A2�
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f�q,z1,z2� = �
0

� x
	x2 + q2�z1 − z2�2

J0�x�dx . �A3�

Here, e stands for the electron charge, � is the static dielectric constant, S is the normalization surface, J0 is the Bessel function,
� and �� are the respective electron and hole reduced masses. The exchanged wave vector is denoted by q.
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