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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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[. INTRODUCTION It thus seemed possible to describe all the intermediate situ-
ations where both pump and probe are elliptically polarized
Semiconductor microcavities have attracted a huge wavby simply decomposing the pulse pump it and o~
of interest since the discovery of stimulated scattering offomponents, one of which is strongly scattered and the other
exciton polaritong. This effect revealed the bosonic nature Which is not scattered at all.
of the exciton polaritons, the half-matter/half-light quasipar- However, this picture has been completely ruled out by
ticles formed from strongly coupling an exciton resonance’€cent experimental results of Lagoudakisal® who have
with an optical cavity mode. This has led to wide-rangingreported extremely unusual polarization properties of a mi-
discussions about the possibility of Bose condensing the pgerocavity excited resonantly at the “magic angléFig. 1).
laritons in microcavities that would open a way towards aTo briefly summarize these results, in the case of a linearly
new generation of optoelectronic devidesg., polariton la- polarized pump pulse and circularly polarized probe pulse
sers. The polariton spin dynamics during the course of thisthe observed signal was linearly polarized but with a plane of
stimulated scattering has special importance for understangpolarization rotated by 45° with respect to the pump polar-
ing the fundamental principles of the emission phenomenorization. In the case of elliptically polarized pump pulses, the
However, until now, very little has been known about theSigna| also became eIIipticaI while the direction of the main
spin selection rules of the polariton scattering and previougxis of the ellipse rotated as a function of the circularity of
experiments have shown a number of surprising effects thdhe pump. In the case of a purely circular pump, the polar-
remain unexplained. ization of the signal was also circular but its intensity was
In this paper, we present a complete set of experimentd’]a” that found for a linear pump. The polarization of the
data on the spin dynamics of resonantly excited exciton poidler emission emerging at roughly twice the magic angle
laritons in a microcavity. This is quantitatively described Showed a similar behavior, although in the case of a linearly
within an original theoretical model. We demonstrate the ex{olarized pump the idler polarization was rotated by 90°
istence of optically induced splittings of the exciton reso-with respect to the pump polarization. In the paper by La-
nance in both linearly and in circularly polarized pumping of
our system. We show that these splittings have a huge impac (2
on the polarization dynamics of the polaritons.
We start by recalling the main features of the experiment
in Ref. 1, which was the first observation of stimulated po- "
lariton scattering in semiconductor microcavities. A circu- ... 2
larly polarized ") pump excited the cavity at_the so-calle_d o\ Sieral ' 1[ ................. 1<
“magic angle” and generated a coherent polariton population -
at the inflection point of the lower polariton branch. Then a Probe! | ¥ <
circularly polarized probe pulse generated polaritons in the r r T Z % - i
ground state that stimulated resonant scattering of polariton: =165 Angle (dig')s S -
created by the pump pulse to the probed stat&=0). In
the first instance, it seemed that the scattering of polaritons giG. 1. (a) Dispersion relations of excitoru(,), cavity photon
from the pumped state towards the ground state could only,, ), upper @) and lower @) polaritons, showing the domi-
happen if the pump and the probe were cocircularly polarnant pair scattering for pump polaritori&) Poincaresphere, rep-
ized (both o™, for example. In case of cross-circularly po- resenting polarizations: right/left circular &;=+1 and linear
larized light, no stimulation should happen, at least if thearound the equatoP;=0. In experiments, the probe has always
spin-flip processes are not ultrafast as confirmed sepafatelyP;=+1, while the pump follows the dashed meridian.
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goudakiset al2 a qualitative interpretation of part of this data project it in the 3D polarization space, also known as Poin-
was presented in terms of the optical Josephson effect arzhresphere, as Fig. (b) shows. Each of the Stokes param-
stimulated spin-flip processes in the cavities. However, a desters can be associated with a pseudo$pjrojection on
tailed understanding of the observed effects has not beethree coordinate axes, so th&=P;, S;=P,, S.=Ps.
achieved. This defines the pseudospin model that will be discussed in
This paper is organized as follows. In the next section aletail in Sec. IV.
full set of experimental data on polarization and coherence of Thus, throughout the experiment the polarization vector
light emission by a resonantly excited microcavity in the of the probe pulse is lying on the north pole of the Poincare
parametric scattering regime will be presented. In Sec. Il wesphere. The polarization state of the pump pulse is moving
present a semiclassical model that allows all the data to be filong the meridian of the Poincasphere that passes through
using only two phenomenological parameters. In Sec. IV wahe equator at the states that corresponds to the horizontal
derive these parameters using a pseudospin model. In ttend vertical linear polarizations, as shown in Fi¢h)1 We
conclusion, remaining problems are discussed and possibharacterize the pumping light by its circular polarization
extensions of the approach to describe polariton relaxatiodegree

addressed.
In this section we give a short review of the experimental | T—1-
conditions, presented in detail in Ref. 3. In addition, we p= R

show new experimental data relevant to the spin dynamics of
stimulated polariton scattering and reveal the behavior of thg,here | * is the intensity of theo* component of pump
idler emission that proves to be vital for a rigorous explana-pmSe and ~ is the intensity of itss~ component. The ex-
tion of the phenomena. The semiconductor microcavity useflerimental values of the components that correspond to the
is a conventional B.J/2, GaAs/ln odGaged/GaAs as de-  three polarization degrees vergugor the emitted signal and
scribed in Ref. 3. The experimgnt is perfqrm_ed at a tempergyjer are presented in Figs(8-2(c) and 3a)—3(c) corre-
ture of 10 K in the pulsed regime. The incident beams argpondingly. We observe that the linear components of both
derived from a 100 fs mode-locked Ti:sapphire laser and argjgna| and idler exhibit oscillations versus circular polariza-
spectrally filtered inside zero-dispersion grating compressorggn degree of pump, as was demonstrated for the signal
in order to selectively excite the lower polaritdrP) branch.  emission in Ref. 3. However, from a direct comparison of
The resulting 3 ps pulsgs are set in the st'andard geome_tricp|gs_ 2a)-2(c) and 3a)—3(c) it becomes evident that the
pump-probe configuration of resonant stimulated polaritonga) intensities of signal and idler emission verguexhibit
scatterlr_wgl. In particular, a pump pulse injects resonantly ayery different behavior. To demonstrate clearly the difference
reservoir of polaritons at the p0|_nt of inflection of _the_ LP \we plot in Fig. 4a) the total intensity of the emission versus
branch and a weak probe pulse is sent at normal incidengg,mp circularity for both signal and idler. It is now evident
onto the sample resonant to the LP branch, seeding polafnat for the signal the total emitted light intensity is doubled
tons of zero in-plane wave vector as shown in Fig).IThe o 3 Jinearly polarized pump compared tood polarized
stimulated pair scat_termg process _ampllfles the_probe OV&ump, while in the case of idler emission the total intensity
two orders of magnitude, resulting in a strong signal emiSyonotonically drops as the pump circular polarization degree
sion at normal incidence and gives rise to light emerging at ecreases. Note also that the coherence degree of signal and
higher angle(called the idley which comes from polaritons  §jer emission is different, as seen in Figgby4(c). We
with energy and wave-vector set from energy and momengefine the coherence degree as the length of the polarization
tum conservation for the scattering event. Throughout th§ecior on Poincdrephere. This parameter is always close to
experiment the polarization of the probe pulse is kept rightyne for the signal while it is only about 0.5 for the idler at
circular whereas we change the pump polarization from righfinear pumping. Enhancement of the idler coherence degree
to left circular hence varying linearly the relative spin popu-yith polarization degree of the pump pulse is correlated with
lations of the pump-injected polaritons while keeping theincreasing overall intensity of idler emission, Fig(a
pump intensity constant. This polarization selectivity in theThese gbservations can be intuitively understood having in
pulsed domain allows the details of the Coulomb dipole-ying that the idler polaritons have longer life-times and can
dipole scattering process to be sensitively investigated. e efficiently elastically scattered with much higher probabil-
In order to keep track of the polarization of the d|ff9ren_ti than k=0 polaritons that have a huge photonic compo-
injected and emitted beams we analyze each polarizatiofen This shows that spin polarized excitons are more resis-
state using three Stokes parameters that correspond 10 thGe and keep their polarization longer than linearly-polarized

following polarization degrees: excitons. This should be true if spin-relaxation processes are
slower than wave-vector relaxation, which is usally the case

b e b N o=ty () I quantum wells.
S PR I I N S P Furthermore, two new features appear from the compari-

son of signal and idler that will prove in the following sec-
wherel; ., - are the intensities of linear components attions to be of high importance for the understanding of the
0°,90°,£45° to the horizontal, and,, , are the circular spin dynamics in the parametric scattering of polaritons.
components. In this way, we can express any polarizatiofFirst, we observe that fdrorizontallinear pump polarization
state as a vector in the orthogonal basis of @gand we can the signal emission igiagonally linear polarized. This fea-
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FIG. 2. Intensity of signal emission, decomposed idn(d)

circular, (b),(e) linear, and(c),(f) linear diagonal polarizations, as a FIG. 3. Intensity of idler emission, decomposed ifap(d) cir-

function of the pump circular polarization degree, whéag-(c) cular, (b),(e) linear, and(c),(f) linear diagonal polarizations, as a

show the experimental data afdj—(f) show the theoretical predic- function of the pump circular polarization degree, whéae-(c)

tions. The probe isr™ polarized. show the experimental data afdj—(f) show the theoretical predic-

tions. The probe isr™ polarized.

ture cannot be derived from a stimulation effect of the polar-, ] ) )
iton scattering, as in our case we seed only polaritons of onlon dipoles can only scatter in theY plane. Since the
spin componentd). As we will discuss in detail in Sec. Ill dipole-dipole interaction is strongly anisotropic, the polariza-

this effect originates from the pump-induced splitting of thetion Of the two resulting polaritons will by preferentially in
exciton resonance in directiob®th parallel and orthogonal theY direction. This is indeed what the idler emission shows.

to the linear polarization, which rotates the polarization of The Polarization of the signal cannot be described by using
signal polaritons. this argument because scattering to the signal state is stimu-

Secondly, for the saméhorizontally lineay pump polar- lated by an injected probe pulse which constrains the pair
ization, the idler emission turns out to bertically linear ~ Scattering. In Table | we have summarized the polarization
polarized. This feature is in fact in agreement with the cal-déPendence of signal and idler for the basic pump polariza-
culation by Ciutiet al* which showed that the matrix ele- tions (horizontal, cocircular, cross circular to the prpbehe _
ment of exciton-exciton interactiong is dominated by the €Xtremely pronounced and clear beats between the two lin-
term coming from carrier-carrier exchange. This Coulomb€&rly polarized components of emission both in signal and
interactionV/ is responsible for formation of signal and idler 'dl€r versus the circular polarization degree of the pump
polariton populationd.Thus, the dipole moments of two po- PulSe will be interpeted in the next section.
laritons that appear after the scattering should be oriented
along the axis connecting two initial polaritons. In the case
of linear pumping, the initial dipole moments of the interact-
ing excitons are aligned along thxedirection. Spin selection In this section, we will apply a semiclassical nonlinear
rules forbid the creation of circularly polarized excitons optical formalism to describe the stimulated scattering of po-
(which would not conserve angular momenjutinus polar- laritons. First, we consider the modification to propagation

Il. SEMICLASSICAL MODEL
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FIG. 5. Energies ofr* ando~ exciton resonance as functions
of the pump circular polarization degree.

then propagates freely within the cavity before tunneling out
of the confining mirrors. The propagation of a diffracted light
is described using the generalized scattering state
technique’®

The nonlinear aspect of the optical propagation in a
strongly pumped cavity is accounted through the renormal-
ization of the energies of the exciton resonance due to the
exchange interaction of two spin-polarized excitonic popula-
tions resonantly excited by the pump pulse. This renormal-
ization is not specific for the microcavities. It has been ob-
served and theoretically described in quantum wéefllShe
pump pulse generates large ( ando ) coherent polariton
populations. In what follows, we assume that on the time
scale of the experimer(several picosecongshe polariton
spin is conservedlf the o* population exceeds the™ one,
it provokes a blueshift of ther" exciton resonance and a

ence of signal and idler emission versus the pump circular polarizaredshift of theo~ exciton resonance. The reason is the re-

tion degree.

pulsive exchange interaction between two excitonic popula-
tions as has been observed by Magtral.” and theoretically

through the QW caused by optical pumping. Secondly, Wejescribed by Fernandez-Rossiral® and Savastet al®
consider diffraction of the pump pulse on the optical gratingThe main effect concerning our system is evidenced in Fig.
induced by the pump and probe pulses at the QW, which ig \hich shows the shift of the™ and o~ lower polariton
nothing but a four-wave mixing process. The diffracted pulseyeaks as a function of the pump circular polarization degree.

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

Pulsed regime

Pump Probe Signal Idler
0'Jr 0’Jr O'Jr 0'Jr
o~ o* no signall no idler
> (TJr / I
I ot AN —
CW regime
0'+ 0’+ 0'+
o o o
— nonpolarized nonpolarized
1 nonpolarized nonpolarized

This shift is responsible for giant Faraday rotationof the
polarization plane of light during its propagation within the
cavity!®! This Faraday rotation coupled to the initial rota-
tion produced by the self-diffraction of the probehen the
pump is linearly polarizedis mainly responsible of the ex-
perimental finding of Ref. 3. To gain an idea about the scale
of the Faraday rotation effect in microcavities it is instructive
to estimate analytically the amplitude of this rotation. In the
following paragraph, we follow the method proposed in Ref.
10. We consider the transmission coefficient of the quantum
well at the exciton resonance frequency which is given by

ir,

wg+"r_—w—i(y+ro) ’

1+ 2

to'*,o*

Wherewgmf is the exciton resonance frequency in the two
polarizations]'j is the exciton radiative decay rate, apds
the exciton nonradiative decay rate. If the inhomogeneous
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I on a polarization grating created in the plane of the quantum
well by pump and probe pulses near the exciton resonance
. frequency. The amplitude of light diffracted by a quantum
well is a product

T
- - - —8— experiment
— — theory

(rad)
y
T
7

ES%=T.p,sPsP%S;, 7

wherea, 8,7, 6 take the valueX or Y, P, P, are the com-
ponents of the pump puls&; are the components of the
probe pulse. We have omitted the diffraction of the pump
pulse on the optical grating induced by the pump signal and
and pump idler pulses because at the early times of the
stimulated scattering the signal and idler amplitude is negli-
1 I ! L gible. At longer times, scattering of the pump pulse on the
-1.0 -0.5 0.0 0.5 1.0 grating formed by pump-signal and pump-idler are becoming
o— Pump p ot important, but the polarization of signétller) must remain
the same as in the very beginning of the scattering process,
FIG. 6. Rotation angle of the linear polarization of signal emis- gtherwise bosonic amplification of the scattering would be
sion as a function of the pump circular polarization degree. lost. Here and further, we shall also neglect higher order

contributions to the diffracted field. The tensbis unknown

broadening is neglected, the polarization plane of a linearly priori put it should satisfy certain symmetry requirements.
polarized light passing through the QW rotates by the angl, order to reveal them we introduce the two-component ma-

trix

Azimuthal Orientation 0
th
a
}

- +
(wg —wg )l 3)

= — *

(2 (7+FO)2 Ma5_Taﬁ75PﬁP7 . (8)

In the case of a microcavity, the light emitted by a QW Rotatlongll\iyrrlmertlry O‘; the system allows us to decompose
circulates many times between the mirrors thus accumulatin§'® MatrixM into three terms
an enhanced rotation before escaping the cavity. The ampli-

— * * * *
tude of the emitted light can be found from Mop=A(PxPx+PyPy)dapt B(P.Ps+PgPL)

t +C(P,P5—P4PY), 9)
1

E=ty+tyrie¥+tyrie? o+ .. =————,
1-r.e'®

(4)  where A,B,C are constants independent of the pump and
probe amplitudes, * denotes the complex conjugate of the
wherer, andt, are the reflection and transmission coeffi- fields, ands, s is the Kronecker delta symbol. The first term

cient of the Bragg mirror, respectively. The angle of resultingin the right part of Eq.(9) describes the isotropic optical

rotation of the linear polarization is response of the system. The second term yields the in-plane
anisotropy induced by a linearly polarized component of the
r{Sing pump pulse. The third term describes the gyrotropy induced
Or=argE)= m- ©) by a circularly polarized component of the pump pulse. In a

quantum picture the second term reflects the energy splitting
Figure 6 shows the evolution @i calculated using Eq5) of the exciton resonance iK- and Y-linear polarizations,
vs the circular polarization degree of the pump pulse usingvhile the third term reflects the*, o~ polarized exciton
the splitting @§ _wg+) taken from the experimental data energy splitting. Note that the second term vanishes for a
shown in Fig. 5. The points show the experimentally meafurely circularly polarized pump while the third term van-
sured polarization rotation angle of the signal emission. Onéshes if the pump is purely linearly polarized.
can clearly see that the rotation of the polarization plane by As long asA#0, its specific value does not change the
more than 2r observed experimentally is due to the Faradaydynamics observed, so we take for simplicky=1. Correct
rotation of the light polarization which is induced by the degrees of signal and idler polarizations at purely linear
spin-split polariton resonance. pumping can only be obtained using the following choice of
We now describe a procedure that allows us to calculat®: B=(i —1)A/2 for the signal,B=—A/2 for the idler. In
numerically all the polarization characteristics of the emittedorder to have a circularly polarized emission at purely circu-
light.12 We will represent an electric field of any wave propa- lar pumping it is sufficient to kee@ imaginary. In order to
gating in our structure as a vector have a correct course of the emission intensity vepsuge
must choseC=iA/8 for the signalC=2iA/3 for the idler.
Note that at this stage the coefficieBt&ndC are nothing
) (6) but free parameters of a phenomenological model. In the
next section we will justify their choice from a microscopic
whereEy ,Ey are the field components in the plane of themodel using the pseudospin formalism. From the point of
microcavity. We consider the diffraction of the pump pulseview of nonlinear optics Eqg7)—(9) fully describe the po-

Ex
Ey

-
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larization of light diffracted at a quantum well. In order to assumption given the negligible birefringence of the Bragg
account for the intensity dependence of the stimulation onenirrors at these angles. In fact, a signature of such a break-
should multiply the amplitude of Eq7) by a prefactoff that  down would be the appearance of a nonzero circular polar-
reflects the dependence of the observed scattering efficienigation emitted for linear pumpintf. No experimental evi-
on the polarization of the pump pulse. This incorporates thelence of this was obtainddee Figs. &)—2(c), 3(a)—3(c)].
spin selection rules found in Ref. 1 which are not yet in- The semiclassical model described here yields an impres-
cluded in the nonlinear mixing. In order to deri¥€p) we  sive agreement with all the experimental data. Figulei3-2
follow experiment in taking the efficiency of spontaneous2(f) shows the calculated intensities of signal emission in
scattering of exciton polaritons equal to zero. This is the caséwo circular and four linear polarizations as a functionpof
for a fully o~ -polarized pump, whose stimulated scatteringThe agreement with the experimental measurements is sub-
by a fully o*-polarized probe is forbidden when spin-flip stantial. Note especially that the period and amplitude of
processes are excluded. Thus we impose the condiftion oscillations in linear polarizations, the ratio of intensities of
(—1)=0, which arises from the experimental observationsthe diagonal components of the emission at circular and lin-
Previous theories have shown that the energy shifts and thear pumping, and the polarization orientation at zero pump-
gain of the parametric amplification being considered depenthg, are all correctly predicted. Figuresdp-3(f) shows the
on the repulsive potential of the exciton interaction and thesame kind of theoretical calculations for the idler. The polar-
coherently macroscopically occupied mod&ghis means ization is now found to rotate by 90° when the pump is
that we expect that the efficiency of stimulated scatterindinear. The oscillations remain, even if their visibility de-
should follow the same trend @f dependence as the energy creases. Another remarkable agreement is that the intensity
shifts in Fig. 5. Thus we approximate this using a simpleof the idler is now higher when both pump and probe are
form of f: circular, in contrast with what happens for the signal. In Fig.
7 we have plotted the calculated intensities of signal emis-
f(p)=1+pO(—p), (100 sion as in Figs. @)—2(f) for different values of the param-
eterC. It is evident that paramet& has a negligible impact
on the period and amplitude of oscillations in linear polar-
jzations and on the polarization orientation at zero pumping.
The only influence of paramet&® that one could account

where®(x) is the Heavyside step function.
The saturation of the functiohat p>0 seems to be a
consequence of the saturation of the pair scattering previ

ous_ly s_eer?. In principle f can be galculgted microscopically for, is on the ratio of intensities of the different components
taking into account the spin-configuration dependence of tth the emission at circular and linear pumping. Overall, the

exciton-exciton scattering probabilities, which would requ"etheory—experiment agreement is extremely good. The oscilla-

gﬁqai“s/)s/io(;]alg?Ifilggtnsbybzy%zinttzem S\(/:v(;ﬁeisozlézicsrit\),\:a%rkt-)yotgfﬁons’ overall intensity evolution versus the pump circularity
th ° rotati f the i Il tl
amplitude of Eq.7) multiplied by the function of Eq(10), and the 90° rotation of the finear pump are all correctly

one can directly calculate polarization and intensity of light

emitted by the cavity using the following procedure. The

complex electric field of light is decomposed into two circu- Ill. PSEUDOSPIN MODEL
larly polarized components

described.

The advantages of the phenomenological model described

E;ig 1 1 in the previous section are twofold. It allows us to establish a
sig| = Ftl |+F~ } (12) connection between the observed oscillations in emitted lin-
Ev —I ear polarization with the observed optically induced splitting

of the exciton resonance in two circular polarizations via the

+(-) ici
\év:ea:realt:el rsrz C;[gﬁ'?fgﬁg'“? nctg'ngﬁgn\f;eaﬁlcfmzte well-known Faraday rotation effect. It also allows us to fit
P Y propag 7 P the model paramete8,C from the comparison of theory

Tihitaer?nﬁilttggebs ?r]:eb,?qtir;rgg;\lj:?r%ggla;ﬁ:d ecr?ggl?zne%n;scgand experiment and thus to describe all the data with a very
t(grin state teychni e Withiny,this t%chnigue described ir4imited number of free parameters. The evident disadvantage

9 que. q . of this model is that it does not explain in any way the choice
Refs. 5,6 we solve the complete Maxwell equations that de-

scribe the light propagation within the cavity. All multiple of B andC. A micromodel analysis is needed to justify this

, . s : choice.
reflections of light within the structure are taken into account™ ", " section, we present a simple micromodel that con-

by a full transfer matrix procedure. As a result, the Complexfims some of the assumptions made in the previous section.

amplitudes of light emitted by the cavity" (*) related to the  This micromodel involves a new effect, namely, the optically

two circul+ar polarizations are obtained. Note that generally, ifinquced splitting of the exciton resonanceXnand Y-linear

wg #wd , thenF"/F*+F~/F~ which results in a super- polarizations. The scale of this splitting is much less than the

imposed giant Faraday rotation effect. observed excitonic splitting in circular polarizations, dis-
This procedure for calculating the amplitude of light emit- cussed in the previous section. That is why tHig splitting

ted by the cavity from the amplitude of light emitted by a has not been directly experimentally detected and does not

guantum well is exact if no optical anisotropy of the cavity is manifest itself in the properties of linear propagation of light

present. That is, we assume that we can use the circular basigthin the cavity. Our analysis shows nevertheless that this

states for the photons inside the cavity, which is a reasonableffect is present and moreover it has a huge influence on the
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E FIG. 8. Rotation of the pseudospin of the probe pulse around the
B effective magnetic field created by the much stronger pump pulse,
% 4 shown schematically on the Poincasghere.
=

where o; are the Pauli matriceshw; is the pump-induced

0 splitting of the exciton states linearly polarized alodgnd
Y directions,h w, is the pump-induced splitting of the circu-
12 . : L . :
larly polarized exciton statas™ ando ™. The pump pulse is
% much more intense than the probe pulse so that the reciprocal
g g effect of pump pseudospin precession around the probe pseu-
o dospin can be neglected. The second term on the right hand
£ . - . . .
<z side of Eq.(12) is zero in the case of linearly polarized
‘é 4 pumping, while the first term can be nonzero. The optically
g induced splitting of the exciton resonance in two orthogonal
= linear polarizations has never been described theoretically
0 nor observed experimentally to the best of our knowletige.

+1r 1 a However, it is not forbidden by symmetry and should exhibit
-~ -— -~ the same features as the optically induced splitting of circular
o Pump p 0 Pump p GO Pump p e polarizations, namely, the gxcha)rgge interac?ion bgetween two
FIG. 7. Intensity of signal emission, decomposed i@(d),(g) exciton populat_ions haying differ_ent pseudospin pr_oject_ions.
circular, (b),(e),(h) linear, and(c),(f),(i) linear diagonal polariza- | N€ €xchange interaction of exciton populations with differ-
tions, as a function of the pump circular polarization degree, calcu€nt dipole moment orientations but the same spin is appar-
lated for different values of parameter[@)—(c) for C=0, (d)—(f)  ently much less efficient than the exchange interaction in-

splitting in horizontal- and vertical-linear polarizations is of
signal polarization for linear pumping. the order of fewueV. Nevertheless, it introduces precession

In the following we will obtain an expression for the com- of the pseudospin of the probe polaritons in beplane on
plex amplitude of light diffracted at a quantum well using thethe pseudospin Poincasphere(Fig. 8). This explains why
quantum theory of stimulated scatteritig. The stimulated the probe pseudospin starts to have @emponent that cor-
scattering implies that the polaritons generated by the pumpesponds to a diagonal linear in-plane polarization. Express-
pulse scatter to theamequantum state as those from the Ing the projections of the pseudospin of the probe pulse on
probe pulse. However, in the case of linearly polarized pumphe a andb axes using the Hamiltonian in E¢L2), for posi-
and circularly polarized probe, this process is formally for-tive p one can express the signal amplitude as
bidden since it does not conserve the spin. On the other hand,
due to the exchange interaction between polaritons from
pump and probe, the polaritons excited by the probe pulse
can start rotating their spins. This picture is illustrated in Fig.
8 showing precession of the pseudospin of the probe pulse o _ )
around the pseudospin of the pump pulse. This process wherey, ¢ are the projections of the rotating pseudospin of

sig
Ex

sig
Ey

1
0

1
+1

1

=Xa ~| T Xb Xl | (13

described by the Hamiltonidh the polaritons created by the probe pulseaph, andc axes
given by
A= f + 12
=5 (0i0i T 0.07), (12 Xa=Ep\1—p(1—coswT), (19
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xb=&V1—p?sinwr, (15) d_ospins and the spontaneous pair sc_attering_ov_er a long time
yields equal populations of all possible emission polariza-

tions.
p
Xc— \[E (16

with = \/w>+ w? and 7 is the effective rotation time of the . .
probe pulse. The normalization constait{(1+ p)[p?(1 We have presented a semiclassical model that allows us to
—coswr)?>+2 sifwr]} Y2, and the plus/minus sign on the explain the surprising behavior of the polarized emission of
right-hand side of Eq.11) corresponds to the positive/ resonantly excited microcavities. We show that the effect is
negative value of the coefficient,. Here we assumed that governed by the diffraction of the pump pulse on the polar-
due to the spin conservation requirement, the percentage ifation grating created by the pump and probe pulses and by
the polaritons that contribute to the circularly polarized the resonant Faraday rotation of the polarization plane of
component of the signal is, while (1-p) polaritons contrib-  light propagating in the cavity in the vicinity of the spin-split
ute to the linearly polarized signal emission. exciton resonance. The rotation of the polarization plane of
Comparing Eqgs(13) and(7)—(9), one can obtain the co- the emitted light at 45%for signa) and 90° (for idler) with
efficients B, C for the signal. A remarkable fact is that the respect to the polarization plane of a linearly polarized pump
coefficientB is independent of the parameter and is given  pulse is a consequence of the optically induced splitting of
by B=(i—1)/2. This value can be easily understood fromthe exciton resonance for twimear polarizations(for sig-
the pseudospin pictur@ig. 8) as the precession of the probe na)) and of the anisotropy of the exciton-exciton exchange
pseudospin about the effective pseudomagnetic field of thgyeraction(for idler). The oscillations of polarization of both
pump will always give rise to a diagonal component to thegjgna| and idler as a function of pump circularity is found to
signal polarization which is then amplified. Thus, the pseuye 3 resonant Faraday rotation effect. We have presented a
dospin model yields exactly the same value of the CoemCie”Fnicroscopic pseudospin model explaining the signal polar-
B as the fit to the data. This is an important argument tQ,ation behavior for the linear pump regime.
justify that the basic assumption of the pseudospin model, The theoretical analysis presented here was aimed at un-
namely the existence of a pump-induckeY splitting of  gerstanding the basic reasons for the surprising polarization
the exciton resonance is correct. To obtain the coeffid®nt effects observed experimentally. Briefly, these reasons can be
[and additionally the functiori(p)] one needs to know the symmarized by optically induced excitonic splittings both in
polariton-polariton scattering rate dependencepamhich is  circular and linear polarizations, and the resulting giant Far-
not described within this simple picture. In fact, this idea Ofaday effect. In order to reveal this essential physics we have
the probe pseudospin precession only helps to describe thgsed a very simple formalism that should be completed in
polarization of the signal emission. This latter is mostly de-fyrther works, first of all, by a micromodel calculation of the
pendent on coefficient?\,B. The pseudospin precession polarization dependence of the exciton-exciton scattering
does not have any apparent impact on the intensity of signghte. This would allow us to describe in detail the intensity of
emission that is sensitive 1 or f. _ o emission versus polarization degree of pumping which is
For the idler, Eq(13) cannot apply since no initial polar-  onjy phenomenologically described by our present model. In
ized seed of the final scattering state is supplied, and thugture, we will extend the pseudospin model by developing
there is more freedom in which spin of polaritons scatteredkinetic equation for cavity polaritons in the three pseudospin
into these states. The idler polaritons are initially all prefer'projections. This would then become the appropriate tool to
entially Y polarized(because of the directional anisotropy of 3|5 analyze experimental polariton spin dynamics obtained
the dipole-dipole interaction, as discussed in Sec.3ubse-  ynder nonresonant pumpifigiccurate theoretical descrip-
quently, the light emitted in the idler direction experiencestion of the predicted effect of optically induced scattering of
the Faraday rotation that leads to the oscillations in the idlethe exciton resonance in two linear polarizations deserves a
polarization as a function qf. separate work indeed. We underline that polariton spin dy-
To conclude this part, let us underline that the pseudospiRamics in microcavities is an area extremely rich on new
model presented above is confirmed by the following addieffects and not yet substantially investigated. We believe that

tional experimental observations. this work will help understanding of a part of these effects.
(i) Strongly enhanced signal emission is observed at delay

times between the pump and probe pulses exceedihgps
in th_e case of a Ilne_ar pump and a circular probEhis ACKNOWLEDGMENTS
confirms our assumption that the probe pulse should hdwve a
component of pseudospin to stimulate the scattering. Bhis ~ We have greatly benefited from the discussions with M.I.
component is initially zero but appears with~al ps delay Dyakonov, who, in particular, has proposed to us to represent
as a result of the pseudospin precession. the matrixM , z in the form of Eq.(8). We acknowledge very

(ii) The signal emission is nonpolarized in the CW regimehelpful discussions with K. Kavokin. This work has been
for a linearly polarized pump. This experimental observationsupported by the EU RTN “CLERMONT” program, con-
is in excellent agreement with the model prediction based otract Nos. HPRN-CT-1999-00132, HPMT-CT-1999-00191,
the fact that in this case there are no seeded probe pseEPSRC GR/M43890, and HEFCE JR98SOBA.

IV. CONCLUSIONS

195321-8



POLARIZATION ROTATION IN PARAMETRIC . .. PHYSICAL REVIEW B 67, 195321 (2003

1p.G. Sawvidis, J.J. Baumberg, R.M. Stevenson, M.S. Skolnick,®J. Fernadez-Rossier and C. Tejedor, Phys. Rev. Lé&. 4809

D.M. Whittaker, and J.S. Roberts, Phys. Rev. L&d, 1547 (1997).

(2000. 9Salvatore Savasta, Omar Di Stefano, and Raffaello Girlanda,
2p.G. Sawvidis, J.J. Baumberg, R.M. Stevenson, M.S. Skolnick, Phys. Rev. B4, 073306(2001).

D.M. Whittaker, and J.S. Roberts, Phys. Rev6B R13 278 10a, Kavokin, M.R. Vladimirova, M.A. Kaliteevski, O. Lyngnes,

(2000. J.D. Berger, H.M. Gibbs, and G. Khitrova, Phys. Rev.58

3p.G. Lagoudakis, P.G. Sawvidis, J.J. Baumberg, D.M. Whittaker, 1087 (1997).
P.R. Eastham, M.S. Skolnick, and J.S. Roberts, Phys. R66, B 'C. Flytzanis(private communication
161310(2002. 12y R. Shen,Principles of Nonlinear Optic{New York, Wiley,
4C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani, and P. 1984, Chap. 10.
Schwendimann, Phys. Rev. 58, 7926(1998. Bp G. sawvidis, C. Ciuti, J.J. Baumberg, D.M. Whittaker, M.S.
5Guillaume Malpuech, Alexey Kavokin, Wolfgang Langbein, and ~ Skolnick, and J.S. Roberts, Phys. Rev6®& 075311(2000.
Jgrn M. Hvam, Phys. Rev. Le#85, 650 (2000). 14R.1. Dzhioev, H.M. Gibbs, E.L. Ivchenko, G. Khitrova, V.L. Ko-
6Guillaume Malpuech and Alexey Kavokin, Semicond. Sci. Tech- renev, M.N. Tkachuk, and B.P. Zakharchenya, Phys. Rex¥6,B
nol. 16, R1(2001). 13 405(1997.
"M.D. Martin, G. Aichmayr, L. Vira, and R. AndrePhys. Status 153.L. Oudar, A. Migus, D. Hulin, G. Grillon, J. Etchepare, and A.
Solidi A 190 351 (2002. Antonetti, Phys. Rev. Let63, 384 (1984.

195321-9



