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Polarization rotation in parametric scattering of polaritons in semiconductor microcavities
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Polarization of light emitted by a semiconductor microcavity in the regime of a resonant parametric scat-
tering of the exciton polaritons shows extremely strong and unusual dependence on the polarization of pump-
ing light. This dependence is interpreted here using the pseudospin model and in the framework of a quasi-
classical formalism where the parametric scattering is described as resonant four-wave mixing. We show that
the optically induced splitting of the exciton-polariton eigenstate, both in linear and circular polarizations, is
responsible for the observed polarization effects. The splitting in circular polarizations, achieving 0.5 meV, has
been detected experimentally, while the splitting in linear polarizations, which is much weaker, only manifests
itself in the pseudospin dynamics of the exciton polaritons.
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I. INTRODUCTION

Semiconductor microcavities have attracted a huge w
of interest since the discovery of stimulated scattering
exciton polaritons.1 This effect revealed the bosonic natu
of the exciton polaritons, the half-matter/half-light quasip
ticles formed from strongly coupling an exciton resonan
with an optical cavity mode. This has led to wide-rangi
discussions about the possibility of Bose condensing the
laritons in microcavities that would open a way towards
new generation of optoelectronic devices~e.g., polariton la-
sers!. The polariton spin dynamics during the course of t
stimulated scattering has special importance for underst
ing the fundamental principles of the emission phenomen
However, until now, very little has been known about t
spin selection rules of the polariton scattering and previ
experiments have shown a number of surprising effects
remain unexplained.

In this paper, we present a complete set of experime
data on the spin dynamics of resonantly excited exciton
laritons in a microcavity. This is quantitatively describe
within an original theoretical model. We demonstrate the
istence of optically induced splittings of the exciton res
nance in both linearly and in circularly polarized pumping
our system. We show that these splittings have a huge im
on the polarization dynamics of the polaritons.

We start by recalling the main features of the experim
in Ref. 1, which was the first observation of stimulated p
lariton scattering in semiconductor microcavities. A circ
larly polarized (s1) pump excited the cavity at the so-calle
‘‘magic angle’’ and generated a coherent polariton populat
at the inflection point of the lower polariton branch. Then
circularly polarized probe pulse generated polaritons in
ground state that stimulated resonant scattering of polari
created by the pump pulse to the probed state~at k50). In
the first instance, it seemed that the scattering of polarit
from the pumped state towards the ground state could o
happen if the pump and the probe were cocircularly po
ized ~both s1, for example!. In case of cross-circularly po
larized light, no stimulation should happen, at least if t
spin-flip processes are not ultrafast as confirmed separat2
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It thus seemed possible to describe all the intermediate s
ations where both pump and probe are elliptically polariz
by simply decomposing the pulse pump intos1 and s2

components, one of which is strongly scattered and the o
which is not scattered at all.

However, this picture has been completely ruled out
recent experimental results of Lagoudakiset al.3 who have
reported extremely unusual polarization properties of a
crocavity excited resonantly at the ‘‘magic angle’’~Fig. 1!.
To briefly summarize these results, in the case of a linea
polarized pump pulse and circularly polarized probe pu
the observed signal was linearly polarized but with a plane
polarization rotated by 45° with respect to the pump pol
ization. In the case of elliptically polarized pump pulses, t
signal also became elliptical while the direction of the ma
axis of the ellipse rotated as a function of the circularity
the pump. In the case of a purely circular pump, the po
ization of the signal was also circular but its intensity w
half that found for a linear pump. The polarization of th
idler emission emerging at roughly twice the magic an
showed a similar behavior, although in the case of a linea
polarized pump the idler polarization was rotated by 9
with respect to the pump polarization. In the paper by L

FIG. 1. ~a! Dispersion relations of exciton (vex), cavity photon
(vcav), upper (vUP) and lower (vLP) polaritons, showing the domi-
nant pair scattering for pump polaritons.~b! Poincare´ sphere, rep-
resenting polarizations: right/left circular atP3561 and linear
around the equatorP350. In experiments, the probe has alwa
P3511, while the pump follows the dashed meridian.
©2003 The American Physical Society21-1
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goudakiset al.3 a qualitative interpretation of part of this da
was presented in terms of the optical Josephson effect
stimulated spin-flip processes in the cavities. However, a
tailed understanding of the observed effects has not b
achieved.

This paper is organized as follows. In the next sectio
full set of experimental data on polarization and coherenc
light emission by a resonantly excited microcavity in t
parametric scattering regime will be presented. In Sec. III
present a semiclassical model that allows all the data to b
using only two phenomenological parameters. In Sec. IV
derive these parameters using a pseudospin model. In
conclusion, remaining problems are discussed and pos
extensions of the approach to describe polariton relaxa
addressed.

In this section we give a short review of the experimen
conditions, presented in detail in Ref. 3. In addition, w
show new experimental data relevant to the spin dynamic
stimulated polariton scattering and reveal the behavior of
idler emission that proves to be vital for a rigorous expla
tion of the phenomena. The semiconductor microcavity u
is a conventional 3lex/2, GaAs/In0.06Ga0.94/GaAs as de-
scribed in Ref. 3. The experiment is performed at a temp
ture of 10 K in the pulsed regime. The incident beams
derived from a 100 fs mode-locked Ti:sapphire laser and
spectrally filtered inside zero-dispersion grating compress
in order to selectively excite the lower polariton~LP! branch.
The resulting 3 ps pulses are set in the standard geome
pump-probe configuration of resonant stimulated polari
scattering.1 In particular, a pump pulse injects resonantly
reservoir of polaritons at the point of inflection of the L
branch and a weak probe pulse is sent at normal incide
onto the sample resonant to the LP branch, seeding po
tons of zero in-plane wave vector as shown in Fig. 1~a!. The
stimulated pair scattering process amplifies the probe o
two orders of magnitude, resulting in a strong signal em
sion at normal incidence and gives rise to light emerging
higher angle~called the idler! which comes from polaritons
with energy and wave-vector set from energy and mom
tum conservation for the scattering event. Throughout
experiment the polarization of the probe pulse is kept ri
circular whereas we change the pump polarization from ri
to left circular hence varying linearly the relative spin pop
lations of the pump-injected polaritons while keeping t
pump intensity constant. This polarization selectivity in t
pulsed domain allows the details of the Coulomb dipo
dipole scattering process to be sensitively investigated.

In order to keep track of the polarization of the differe
injected and emitted beams we analyze each polariza
state using three Stokes parameters that correspond to
following polarization degrees:

P15
I l2I ↔
I l1I ↔

, P25
I ↗2I ↘
I ↗1I ↘

, P35
I�2I	
I�1I	

, ~1!

where I l,↔,↗,↘ are the intensities of linear components
0°,90°,645° to the horizontal, andI�,	 are the circular
components. In this way, we can express any polariza
state as a vector in the orthogonal basis of Eq.~1! and we can
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project it in the 3D polarization space, also known as Po
carésphere, as Fig. 1~b! shows. Each of the Stokes param
eters can be associated with a pseudospinS projection on
three coordinate axes, so thatSa5P1 , Sb5P2 , Sc5P3.
This defines the pseudospin model that will be discusse
detail in Sec. IV.

Thus, throughout the experiment the polarization vec
of the probe pulse is lying on the north pole of the Poinc´
sphere. The polarization state of the pump pulse is mov
along the meridian of the Poincare´ sphere that passes throug
the equator at the states that corresponds to the horizo
and vertical linear polarizations, as shown in Fig. 1~b!. We
characterize the pumping light by its circular polarizati
degree

r5
I 12I 2

I 11I 2
,

where I 1 is the intensity of thes1 component of pump
pulse andI 2 is the intensity of itss2 component. The ex-
perimental values of the components that correspond to
three polarization degrees versusr for the emitted signal and
idler are presented in Figs. 2~a!–2~c! and 3~a!–3~c! corre-
spondingly. We observe that the linear components of b
signal and idler exhibit oscillations versus circular polariz
tion degree of pump, as was demonstrated for the sig
emission in Ref. 3. However, from a direct comparison
Figs. 2~a!–2~c! and 3~a!–3~c! it becomes evident that th
total intensities of signal and idler emission versusr exhibit
very different behavior. To demonstrate clearly the differen
we plot in Fig. 4~a! the total intensity of the emission versu
pump circularity for both signal and idler. It is now evide
that for the signal the total emitted light intensity is doubl
for a linearly polarized pump compared to as1 polarized
pump, while in the case of idler emission the total intens
monotonically drops as the pump circular polarization deg
decreases. Note also that the coherence degree of signa
idler emission is different, as seen in Figs. 4~b!,4~c!. We
define the coherence degree as the length of the polariza
vector on Poincare´ sphere. This parameter is always close
one for the signal while it is only about 0.5 for the idler
linear pumping. Enhancement of the idler coherence deg
with polarization degree of the pump pulse is correlated w
increasing overall intensity of idler emission, Fig. 4~a!.
These observations can be intuitively understood having
mind that the idler polaritons have longer life-times and c
be efficiently elastically scattered with much higher probab
ity than k50 polaritons that have a huge photonic comp
nent. This shows that spin polarized excitons are more re
tive and keep their polarization longer than linearly-polariz
excitons. This should be true if spin-relaxation processes
slower than wave-vector relaxation, which is usally the ca
in quantum wells.

Furthermore, two new features appear from the comp
son of signal and idler that will prove in the following se
tions to be of high importance for the understanding of
spin dynamics in the parametric scattering of polarito
First, we observe that forhorizontallinear pump polarization
the signal emission isdiagonally linear polarized. This fea-
1-2
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ture cannot be derived from a stimulation effect of the pol
iton scattering, as in our case we seed only polaritons of
spin component (s1). As we will discuss in detail in Sec. II
this effect originates from the pump-induced splitting of t
exciton resonance in directionsboth parallel and orthogonal
to the linear polarization, which rotates the polarization
signal polaritons.

Secondly, for the same~horizontally linear! pump polar-
ization, the idler emission turns out to bevertically linear
polarized. This feature is in fact in agreement with the c
culation by Ciutiet al.4 which showed that the matrix ele
ment of exciton-exciton interactionsV is dominated by the
term coming from carrier-carrier exchange. This Coulom
interactionV is responsible for formation of signal and idle
polariton populations.1 Thus, the dipole moments of two po
laritons that appear after the scattering should be orien
along the axis connecting two initial polaritons. In the ca
of linear pumping, the initial dipole moments of the intera
ing excitons are aligned along theX direction. Spin selection
rules forbid the creation of circularly polarized excito
~which would not conserve angular momentum! thus polar-

FIG. 2. Intensity of signal emission, decomposed into~a!,~d!
circular, ~b!,~e! linear, and~c!,~f! linear diagonal polarizations, as
function of the pump circular polarization degree, where~a!–~c!
show the experimental data and~d!–~f! show the theoretical predic
tions. The probe iss1 polarized.
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iton dipoles can only scatter in theXY plane. Since the
dipole-dipole interaction is strongly anisotropic, the polariz
tion of the two resulting polaritons will by preferentially i
theY direction. This is indeed what the idler emission show
The polarization of the signal cannot be described by us
this argument because scattering to the signal state is st
lated by an injected probe pulse which constrains the p
scattering. In Table I we have summarized the polarizat
dependence of signal and idler for the basic pump polar
tions ~horizontal, cocircular, cross circular to the probe!. The
extremely pronounced and clear beats between the two
early polarized components of emission both in signal a
idler versus the circular polarization degree of the pu
pulse will be interpeted in the next section.

II. SEMICLASSICAL MODEL

In this section, we will apply a semiclassical nonline
optical formalism to describe the stimulated scattering of
laritons. First, we consider the modification to propagat

FIG. 3. Intensity of idler emission, decomposed into~a!,~d! cir-
cular, ~b!,~e! linear, and~c!,~f! linear diagonal polarizations, as
function of the pump circular polarization degree, where~a!–~c!
show the experimental data and~d!–~f! show the theoretical predic
tions. The probe iss1 polarized.
1-3
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through the QW caused by optical pumping. Secondly,
consider diffraction of the pump pulse on the optical grat
induced by the pump and probe pulses at the QW, whic
nothing but a four-wave mixing process. The diffracted pu

FIG. 4. ~a! Total intensity of the emission of signal and idler
functions of the pump circular polarization degree.~b!,~c! Coher-
ence of signal and idler emission versus the pump circular polar
tion degree.

TABLE I. Polarization of emitted signal and idler in the pulse
and CW regime for the elementary pump polarizations.

Pulsed regime

Pump Probe Signal Idler

s1 s1 s1 s1

s2 s1 no signal no idler
↔ s1 ↗ l
l s1 ↘ ↔

CW regime

s1 s1 s1

s2 s2 s2

↔ nonpolarized nonpolarized
l nonpolarized nonpolarized
19532
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then propagates freely within the cavity before tunneling
of the confining mirrors. The propagation of a diffracted lig
is described using the generalized scattering s
technique.5,6

The nonlinear aspect of the optical propagation in
strongly pumped cavity is accounted through the renorm
ization of the energies of the exciton resonance due to
exchange interaction of two spin-polarized excitonic popu
tions resonantly excited by the pump pulse. This renorm
ization is not specific for the microcavities. It has been o
served and theoretically described in quantum wells.7,8 The
pump pulse generates large (s1 ands2) coherent polariton
populations. In what follows, we assume that on the ti
scale of the experiment~several picoseconds! the polariton
spin is conserved.2 If the s1 population exceeds thes2 one,
it provokes a blueshift of thes1 exciton resonance and
redshift of thes2 exciton resonance. The reason is the
pulsive exchange interaction between two excitonic popu
tions as has been observed by Martinet al.7 and theoretically
described by Fernandez-Rossieret al.8 and Savastaet al.9

The main effect concerning our system is evidenced in F
5, which shows the shift of thes1 ands2 lower polariton
peaks as a function of the pump circular polarization degr
This shift is responsible for agiant Faraday rotationof the
polarization plane of light during its propagation within th
cavity.10,11 This Faraday rotation coupled to the initial rot
tion produced by the self-diffraction of the probe~when the
pump is linearly polarized! is mainly responsible of the ex
perimental finding of Ref. 3. To gain an idea about the sc
of the Faraday rotation effect in microcavities it is instructi
to estimate analytically the amplitude of this rotation. In t
following paragraph, we follow the method proposed in R
10. We consider the transmission coefficient of the quant
well at the exciton resonance frequency which is given b

ts1,s2511
iG0

v0
s1,s2

2v2 i ~g1G0!
, ~2!

wherev0
s1,s2

is the exciton resonance frequency in the tw
polarizations,G0 is the exciton radiative decay rate, andg is
the exciton nonradiative decay rate. If the inhomogene

a-

FIG. 5. Energies ofs1 ands2 exciton resonance as function
of the pump circular polarization degree.
1-4
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POLARIZATION ROTATION IN PARAMETRIC . . . PHYSICAL REVIEW B 67, 195321 ~2003!
broadening is neglected, the polarization plane of a linea
polarized light passing through the QW rotates by the an

w5
~v0

s2
2v0

s1

!G0

~g1G0!2
. ~3!

In the case of a microcavity, the light emitted by a Q
circulates many times between the mirrors thus accumula
an enhanced rotation before escaping the cavity. The am
tude of the emitted light can be found from

E5t11t1r 1eiw1t1r 1
2e2iw1•••5

t1

12r 1eiw
, ~4!

where r 1 and t1 are the reflection and transmission coef
cient of the Bragg mirror, respectively. The angle of result
rotation of the linear polarization is

uF5arg~E!5
r 1sinw

12r 1cosw
. ~5!

Figure 6 shows the evolution ofuF calculated using Eq.~5!
vs the circular polarization degree of the pump pulse us

the splitting (v0
s2

2v0
s1

) taken from the experimental dat
shown in Fig. 5. The points show the experimentally m
sured polarization rotation angle of the signal emission. O
can clearly see that the rotation of the polarization plane
more than 2p observed experimentally is due to the Farad
rotation of the light polarization which is induced by th
spin-split polariton resonance.

We now describe a procedure that allows us to calcu
numerically all the polarization characteristics of the emit
light.12 We will represent an electric field of any wave prop
gating in our structure as a vector

EW 5FEX

EY
G , ~6!

whereEX ,EY are the field components in the plane of t
microcavity. We consider the diffraction of the pump pul

FIG. 6. Rotation angle of the linear polarization of signal em
sion as a function of the pump circular polarization degree.
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on a polarization grating created in the plane of the quan
well by pump and probe pulses near the exciton resona
frequency. The amplitude of light diffracted by a quantu
well is a product

Ea
sig5TabgdPbPg* Sd , ~7!

wherea,b,g,d take the valuesX or Y, Pb , Pg are the com-
ponents of the pump pulse,Sd are the components of th
probe pulse. We have omitted the diffraction of the pum
pulse on the optical grating induced by the pump signal a
and pump idler pulses because at the early times of
stimulated scattering the signal and idler amplitude is ne
gible. At longer times, scattering of the pump pulse on
grating formed by pump-signal and pump-idler are becom
important, but the polarization of signal~idler! must remain
the same as in the very beginning of the scattering proc
otherwise bosonic amplification of the scattering would
lost. Here and further, we shall also neglect higher or
contributions to the diffracted field. The tensorT is unknown
a priori but it should satisfy certain symmetry requiremen
In order to reveal them we introduce the two-component m
trix

Mad5TabgdPbPg* . ~8!

Rotational symmetry of the system allows us to decomp
the matrixM into three terms

Mab5A~PXPX* 1PYPY* !dab1B~PaPb* 1PbPa* !

1C~PaPb* 2PbPa* !, ~9!

where A,B,C are constants independent of the pump a
probe amplitudes, * denotes the complex conjugate of
fields, anddab is the Kronecker delta symbol. The first ter
in the right part of Eq.~9! describes the isotropic optica
response of the system. The second term yields the in-p
anisotropy induced by a linearly polarized component of
pump pulse. The third term describes the gyrotropy indu
by a circularly polarized component of the pump pulse. In
quantum picture the second term reflects the energy split
of the exciton resonance inX- and Y-linear polarizations,
while the third term reflects thes1, s2 polarized exciton
energy splitting. Note that the second term vanishes fo
purely circularly polarized pump while the third term va
ishes if the pump is purely linearly polarized.

As long asAÞ0, its specific value does not change t
dynamics observed, so we take for simplicityA51. Correct
degrees of signal and idler polarizations at purely line
pumping can only be obtained using the following choice
B: B5( i 21)A/2 for the signal,B52A/2 for the idler. In
order to have a circularly polarized emission at purely circ
lar pumping it is sufficient to keepC imaginary. In order to
have a correct course of the emission intensity versusr we
must choseC5 iA/8 for the signal,C52iA/3 for the idler.

Note that at this stage the coefficientsB andC are nothing
but free parameters of a phenomenological model. In
next section we will justify their choice from a microscop
model using the pseudospin formalism. From the point
view of nonlinear optics Eqs.~7!–~9! fully describe the po-

-

1-5
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larization of light diffracted at a quantum well. In order
account for the intensity dependence of the stimulation
should multiply the amplitude of Eq.~7! by a prefactorf that
reflects the dependence of the observed scattering effici
on the polarization of the pump pulse. This incorporates
spin selection rules found in Ref. 1 which are not yet
cluded in the nonlinear mixing. In order to derivef (r) we
follow experiment in taking the efficiency of spontaneo
scattering of exciton polaritons equal to zero. This is the c
for a fully s2-polarized pump, whose stimulated scatteri
by a fully s1-polarized probe is forbidden when spin-fl
processes are excluded. Thus we impose the conditiof
(21)50, which arises from the experimental observatio
Previous theories have shown that the energy shifts and
gain of the parametric amplification being considered dep
on the repulsive potential of the exciton interaction and
coherently macroscopically occupied modes.13 This means
that we expect that the efficiency of stimulated scatter
should follow the same trend ofr dependence as the energ
shifts in Fig. 5. Thus we approximate this using a sim
form of f:

f ~r!511rQ~2r!, ~10!

whereQ(x) is the Heavyside step function.
The saturation of the functionf at r.0 seems to be a

consequence of the saturation of the pair scattering pr
ously seen.2 In principle f can be calculated microscopical
taking into account the spin-configuration dependence of
exciton-exciton scattering probabilities, which would requ
heavy calculations beyond the scope of this work. On
emission of light by a quantum well is described by t
amplitude of Eq.~7! multiplied by the function of Eq.~10!,
one can directly calculate polarization and intensity of lig
emitted by the cavity using the following procedure. T
complex electric field of light is decomposed into two circ
larly polarized components

FEX
sig

EY
sigG5F1F1

i G1F2F 1

2 i G , ~11!

where F1(2) are complex coefficients. Then we calcula
separately propagation ofs1 and s2 components and find
the amplitudes of both circularly polarized components
light emitted by the microcavity, using the generalized sc
tering state technique. Within this technique described
Refs. 5,6 we solve the complete Maxwell equations that
scribe the light propagation within the cavity. All multipl
reflections of light within the structure are taken into acco
by a full transfer matrix procedure. As a result, the comp
amplitudes of light emitted by the cavityF̃1(2) related to the
two circular polarizations are obtained. Note that generally

v0
s2

Þv0
s1

, thenF̃1/F1ÞF̃2/F2 which results in a super
imposed giant Faraday rotation effect.

This procedure for calculating the amplitude of light em
ted by the cavity from the amplitude of light emitted by
quantum well is exact if no optical anisotropy of the cavity
present. That is, we assume that we can use the circular
states for the photons inside the cavity, which is a reason
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assumption given the negligible birefringence of the Bra
mirrors at these angles. In fact, a signature of such a bre
down would be the appearance of a nonzero circular po
ization emitted for linear pumping.14 No experimental evi-
dence of this was obtained@see Figs. 2~a!–2~c!, 3~a!–3~c!#.

The semiclassical model described here yields an imp
sive agreement with all the experimental data. Figures 2~d!–
2~f! shows the calculated intensities of signal emission
two circular and four linear polarizations as a function ofr.
The agreement with the experimental measurements is
stantial. Note especially that the period and amplitude
oscillations in linear polarizations, the ratio of intensities
the diagonal components of the emission at circular and
ear pumping, and the polarization orientation at zero pum
ing, are all correctly predicted. Figures 3~d!–3~f! shows the
same kind of theoretical calculations for the idler. The pol
ization is now found to rotate by 90° when the pump
linear. The oscillations remain, even if their visibility de
creases. Another remarkable agreement is that the inten
of the idler is now higher when both pump and probe a
circular, in contrast with what happens for the signal. In F
7 we have plotted the calculated intensities of signal em
sion as in Figs. 2~d!–2~f! for different values of the param
eterC. It is evident that parameterC has a negligible impac
on the period and amplitude of oscillations in linear pola
izations and on the polarization orientation at zero pumpi
The only influence of parameterC that one could accoun
for, is on the ratio of intensities of the different componen
of the emission at circular and linear pumping. Overall, t
theory-experiment agreement is extremely good. The osc
tions, overall intensity evolution versus the pump circular
and the 90° rotation of the linear pump are all correc
described.

III. PSEUDOSPIN MODEL

The advantages of the phenomenological model descr
in the previous section are twofold. It allows us to establis
connection between the observed oscillations in emitted
ear polarization with the observed optically induced splitti
of the exciton resonance in two circular polarizations via
well-known Faraday rotation effect. It also allows us to
the model parametersB,C from the comparison of theory
and experiment and thus to describe all the data with a v
limited number of free parameters. The evident disadvant
of this model is that it does not explain in any way the cho
of B andC. A micromodel analysis is needed to justify th
choice.

In this section, we present a simple micromodel that c
fims some of the assumptions made in the previous sec
This micromodel involves a new effect, namely, the optica
induced splitting of the exciton resonance inX- andY-linear
polarizations. The scale of this splitting is much less than
observed excitonic splitting in circular polarizations, di
cussed in the previous section. That is why thisXY splitting
has not been directly experimentally detected and does
manifest itself in the properties of linear propagation of lig
within the cavity. Our analysis shows nevertheless that
effect is present and moreover it has a huge influence on
1-6
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signal polarization for linear pumping.
In the following we will obtain an expression for the com

plex amplitude of light diffracted at a quantum well using t
quantum theory of stimulated scattering.13,3 The stimulated
scattering implies that the polaritons generated by the pu
pulse scatter to thesamequantum state as those from th
probe pulse. However, in the case of linearly polarized pu
and circularly polarized probe, this process is formally f
bidden since it does not conserve the spin. On the other h
due to the exchange interaction between polaritons fr
pump and probe, the polaritons excited by the probe pu
can start rotating their spins. This picture is illustrated in F
8 showing precession of the pseudospin of the probe p
around the pseudospin of the pump pulse. This proces
described by the Hamiltonian14

Ĥ5
\

2
~v is i1vzsz!, ~12!

FIG. 7. Intensity of signal emission, decomposed into~a!,~d!,~g!
circular, ~b!,~e!,~h! linear, and~c!,~f!,~i! linear diagonal polariza-
tions, as a function of the pump circular polarization degree, ca
lated for different values of parameter C@~a!–~c! for C50, ~d!–~f!
for C51, and~g!–~i! for C5 i ]. The probe iss1 polarized.
19532
p

p
-
d,

m
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.
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wheres i are the Pauli matrices,\v i is the pump-induced
splitting of the exciton states linearly polarized alongX and
Y directions,\vz is the pump-induced splitting of the circu
larly polarized exciton statess1 ands2. The pump pulse is
much more intense than the probe pulse so that the recipr
effect of pump pseudospin precession around the probe p
dospin can be neglected. The second term on the right h
side of Eq. ~12! is zero in the case of linearly polarize
pumping, while the first term can be nonzero. The optica
induced splitting of the exciton resonance in two orthogo
linear polarizations has never been described theoretic
nor observed experimentally to the best of our knowledg15

However, it is not forbidden by symmetry and should exhi
the same features as the optically induced splitting of circu
polarizations, namely, the exchange interaction between
exciton populations having different pseudospin projectio
The exchange interaction of exciton populations with diffe
ent dipole moment orientations but the same spin is ap
ently much less efficient than the exchange interaction
volving spin flip. We estimate that the exciton resonan
splitting in horizontal- and vertical-linear polarizations is
the order of fewmeV. Nevertheless, it introduces precessi
of the pseudospin of the probe polaritons in thebc plane on
the pseudospin Poincare´ sphere~Fig. 8!. This explains why
the probe pseudospin starts to have ab component that cor-
responds to a diagonal linear in-plane polarization. Expre
ing the projections of the pseudospin of the probe pulse
thea andb axes using the Hamiltonian in Eq.~12!, for posi-
tive r one can express the signal amplitude as

FEx
sig

Ey
sigG5xaF1

0G1xbF 1

61G1xcF1

i G , ~13!

wherexa,b,c are the projections of the rotating pseudospin
the polaritons created by the probe pulse ona, b, andc axes
given by

xa5jrA12r2~12cosvt!, ~14!

-

FIG. 8. Rotation of the pseudospin of the probe pulse around
effective magnetic field created by the much stronger pump pu
shown schematically on the Poincare´ sphere.
1-7



e
/
t
e

-
e

m
e
th
he
eu
ien

t
de

t

o
t

e
n
n

-
th
re
er
of

e
le

p
d

ela

a
is

e
io
o

s

time
za-

s to
of

t is
ar-

by
of

lit
of

mp
of

ge

to
ed a
lar-

un-
tion
n be
in
ar-
ave
in

e
ing
of
is

. In
ing
pin
l to
ned
-
of
s a

dy-
ew
that
ts.

.I.
ent

n
-
1,

KAVOKIN, LAGOUDAKIS, MALPUECH, AND BAUMBERG PHYSICAL REVIEW B 67, 195321 ~2003!
xb5jA12r2 sinvt, ~15!

xc5Ar

2
~16!

with v5Avx
21vz

2 andt is the effective rotation time of the
probe pulse. The normalization constantj5$(11r)@r2(1
2cosvt)212 sin2vt#%21/2, and the plus/minus sign on th
right-hand side of Eq.~11! corresponds to the positive
negative value of the coefficientxb . Here we assumed tha
due to the spin conservation requirement, the percentag
the polaritons that contribute to the circularly polarizedc
component of the signal isr, while ~1-r) polaritons contrib-
ute to the linearly polarized signal emission.

Comparing Eqs.~13! and ~7!–~9!, one can obtain the co
efficientsB, C for the signal. A remarkable fact is that th
coefficientB is independent of the parametervt and is given
by B5( i 21)/2. This value can be easily understood fro
the pseudospin picture~Fig. 8! as the precession of the prob
pseudospin about the effective pseudomagnetic field of
pump will always give rise to a diagonal component to t
signal polarization which is then amplified. Thus, the ps
dospin model yields exactly the same value of the coeffic
B as the fit to the data. This is an important argument
justify that the basic assumption of the pseudospin mo
namely the existence of a pump-inducedX2Y splitting of
the exciton resonance is correct. To obtain the coefficienC
@and additionally the functionf (r)] one needs to know the
polariton-polariton scattering rate dependence onr which is
not described within this simple picture. In fact, this idea
the probe pseudospin precession only helps to describe
polarization of the signal emission. This latter is mostly d
pendent on coefficientsA,B. The pseudospin precessio
does not have any apparent impact on the intensity of sig
emission that is sensitive toC or f.

For the idler, Eq.~13! cannot apply since no initial polar
ized seed of the final scattering state is supplied, and
there is more freedom in which spin of polaritons scatte
into these states. The idler polaritons are initially all pref
entially Y polarized~because of the directional anisotropy
the dipole-dipole interaction, as discussed in Sec. II!. Subse-
quently, the light emitted in the idler direction experienc
the Faraday rotation that leads to the oscillations in the id
polarization as a function ofr.

To conclude this part, let us underline that the pseudos
model presented above is confirmed by the following ad
tional experimental observations.

~i! Strongly enhanced signal emission is observed at d
times between the pump and probe pulses exceeding;1 ps
in the case of a linear pump and a circular probe.3 This
confirms our assumption that the probe pulse should haveb
component of pseudospin to stimulate the scattering. Thb
component is initially zero but appears with a;1 ps delay
as a result of the pseudospin precession.

~ii ! The signal emission is nonpolarized in the CW regim
for a linearly polarized pump. This experimental observat
is in excellent agreement with the model prediction based
the fact that in this case there are no seeded probe p
19532
of

e

-
t

o
l,

f
he
-

al

us
d
-

s
r

in
i-

y

n
n

eu-

dospins and the spontaneous pair scattering over a long
yields equal populations of all possible emission polari
tions.

IV. CONCLUSIONS

We have presented a semiclassical model that allows u
explain the surprising behavior of the polarized emission
resonantly excited microcavities. We show that the effec
governed by the diffraction of the pump pulse on the pol
ization grating created by the pump and probe pulses and
the resonant Faraday rotation of the polarization plane
light propagating in the cavity in the vicinity of the spin-sp
exciton resonance. The rotation of the polarization plane
the emitted light at 45°~for signal! and 90°~for idler! with
respect to the polarization plane of a linearly polarized pu
pulse is a consequence of the optically induced splitting
the exciton resonance for twolinear polarizations~for sig-
nal! and of the anisotropy of the exciton-exciton exchan
interaction~for idler!. The oscillations of polarization of both
signal and idler as a function of pump circularity is found
be a resonant Faraday rotation effect. We have present
microscopic pseudospin model explaining the signal po
ization behavior for the linear pump regime.

The theoretical analysis presented here was aimed at
derstanding the basic reasons for the surprising polariza
effects observed experimentally. Briefly, these reasons ca
summarized by optically induced excitonic splittings both
circular and linear polarizations, and the resulting giant F
aday effect. In order to reveal this essential physics we h
used a very simple formalism that should be completed
further works, first of all, by a micromodel calculation of th
polarization dependence of the exciton-exciton scatter
rate. This would allow us to describe in detail the intensity
emission versus polarization degree of pumping which
only phenomenologically described by our present model
future, we will extend the pseudospin model by develop
kinetic equation for cavity polaritons in the three pseudos
projections. This would then become the appropriate too
also analyze experimental polariton spin dynamics obtai
under nonresonant pumping.7 Accurate theoretical descrip
tion of the predicted effect of optically induced scattering
the exciton resonance in two linear polarizations deserve
separate work indeed. We underline that polariton spin
namics in microcavities is an area extremely rich on n
effects and not yet substantially investigated. We believe
this work will help understanding of a part of these effec
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