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Stimulated spin dynamics of polaritons in semiconductor microcavities
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Time-resolved polarization spectroscopy of polariton pair scattering in semiconductor microcavities enables
complete measurement of the polariton spin dynamics. In addition to spin-preserving interactions previously
reported, we observe two additional even stronger scattering processes, which mix polaritons of opposite spin.
Because of the polaritons’ bosonic character, this results in the stimulation of spin flips. Such mechanisms
should allow realization of spin-sensitive interferometers.
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The strong coupling of light to electronic transitions in cw measurements conversely show that elliptically polarized
semiconductors has recently become of great interest bg@umping produces stronger emission, however it remains un-
cause of the additional interactions allowed. These interacelear what processes can be involVédVe show here that
tions originate from the complete mixing of photons with additional parametric interactions can occur with a flip of the
hydrogenically bound electron-hole pairs, which producesspin. Because polaritons behave as bosons, this spin-flip pro-
mixed quasiparticles called exciton polaritons with radicallycess can bstimulatedby occupation of the final spin state.
different propertie$= In particular, pair scattering events Our results access a previously unobserved regime of para-
between the polaritons become possible, which can be exwetric interactions in which polarization mode degeneracy
ploited for optical amplification, with gain per unit length introduces a new degree of freedom based on the relative
greater than in any other materfal These polaritonic scat- phase of competing macroscopically coherent electronic
tering interactions are so strong because they are stimulategkates.
in contrast to normal electronic scattering, which exhibits & The semiconductor microcavity consists of two pairs of
fermionic saturation. This has allowed demonstration of ehree 100-A IngosGagosAs quantum wells (QWs) in 100-A
submicron optical parametric oscillatbiSuch interactions GaAs barriers, placed between 17 (20) pairs of
can be described either through nonlinear wave mixifigs ~ GaAs/Aly3Gag g,As distributed Bragg reflectors on top (bot-
as the parametric scattering of pairs of electronic tom). The optical cavity length is ~3\,,/2 and the cavity
quasiparticles. While stimulatedphonon-polaritonscatter- — resonance (w,,,) is tuned resonantly with the exciton energy
ing has been observed in bulk sampi®snly the exciton ~ ®,,. The sample is held in a cold-finger cryostat at a tem-
polaritons considered here are readily modified throughperature of 10 K. The strong coupling of exciton and cavity
sample design. Polaritons in these devices can condense irmodes produces two additional polariton branches of which
a ground state possessing macroscaegctroniccoherence, only the ——-shaped lower polariton dispersion w;p is of
resembling a superfluid or atomic condendaénce the po-  concern here [Fig. 1(a)]. Each branch is doubly spin degen-
laritons possess well-defined spin, magnetic-field-sensitiverate (J=*1), with circularly polarized light of each heli-
interferometers based on these coherent spin states shouldcity able to couple to one spin only. Thus we can simply
feasible® However the crucial spin-dependent pair scatter-track polariton spins using polarization analysis of the emit-
ing needed for such spintronics devices is not wellted photons.
understood? In order to track the spin dynamics of the parametric scat-

In this paper we comprehensively analyze the polarizatioriering mechanism we perform our measurements in a regime
dynamics of the light emitted from microcavity samples,that shows strong stimulated gdiPulsed experiments allow
which are resonantly pumped at a critical angle to the norus to disentangle the different scattering processes, while re-
mal, in order to understand the underlying spin dynamics ofnaining below threshold for parametric oscillation. A pump
the polaritons. In this regime, strong angular asymmetries arpulse, incident at the critical angle of 16.5° injects polaritons
observed in the photoluminescehté® produced by para- at the point of inflection on the dispersion relation, and a
metric scattering between polaritons with different in-planenormally incident probe pulse seeds polaritons with zero in-
momentum and energy. Strong nonlinearities in the emissioplane momentuniFig. 1(a)]. This seed is amplified by over
are produced when this scattering is externally stimulated bywo orders of magnitude, producing emerging beams at 0°
seeding the final polariton state. This process has been showfsignal”) and 35° (“idler” ). The incident pulses are de-
to provide extremely strong gair 10° cm !, building up  rived from a 100-fs mode-locked Ti:sapphire laser and are
substantial polariton populations in the lowest-energy stateseparately spectrally filtered inside zero-dispersion grating
which emit normally from the sample. In previous studies,compressors in order to selectively excite the lower polariton
parametric scattering was found to be strongest when theranch. The polarization of each 3-ps pulse is set by tunable
spin of the interacting quasiparticles was identfc®ecent wave plates and arranged to compensate Fresnel losses at the
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FIG. 1. (a) Dispersion relations of exciton, cavity photon, upper 5 8
and lower polaritons, showing the dominant pair scattering for %
pump polaritons(b) Poincaresphere for representing polarizations: -2
right/left circular atP;= =1 and linear around the equaté&;=0. x4
In experiments, the pump follows the dashed meridian, while the
signal emission follows the solid spirdt,d) Emitted signal for(c) .

cocircular pump and probe, arid) linear pump and circular probe, _
as a function of their time delay, polarization analyzed as specified. ()
Pump Ellipticity, P,
sample surface. Throughout the measurements we keep the
probe pulse right-circularly polarized), seeding only FIG. 2. Emitted signal intensities decomposed itpcircular,
spin-up polaritongf). The spectral, temporal, and polariza- (b). Ilpgar, and(c) linear diagonal, plolarlzatlolns, as a functllon of the
tion composition of the emitted light is analyzed as the pumdelllpthty of the pump. _The probe is right-circularly polarized. The
polarization is systematically varied from right to left circu- "S€t in(@ shows predictions from the model.
lar passing through intermediate states of elliptical, horizon-
tal, and vertical polarizatiorThis varies the ratio of spin-up
to spin-down polaritons injected by the pump, while keepin
the total polariton density fixedTo keep track of the spin
states we use the Stokes parameters defining the vieanor
the Poincaresphere

If circularly polarized pulses are used, injecting polaritons
f one specific spin, stimulated gain of the probe polaritons
s seen only for cocircularly polarized pump and probe near
zero time delayFig. 1(c)]. In this case the emitted signal is
completely circularly polarized indicating the absence of sig-
nificant polariton spin flips within their 3 ps radiative life-
time. However, when the pump pulse is horizontally polar-
_h=le o _lo=lo ized, which injects equal populations of spin-up and spin-
= =L = (1) ' . : . > .

down polaritons, the emitted signal is linearly polarized at

45° [Fig. 1(d)]. Moreover, the gain is nearly twice as large
wherel; . - are the intensities of linear components atfor this configuration even though the density of polaritons
0°,90°,+45° to the horizontal, and,, , are the circular with the same spin as the probe is halved. Despite the large
components. On the Poincasphere the Stokes vector of the variation in gain magnitude in these two cases, the speed of
injected pumpP moves around a meridian passing throughresponse is very similar and the gain is maximized at the
horizontal and vertical polarizatiori§ig. 1(b), dashedl In  same(within 1 ps pump-probe time delajfFigs. 1c,d)].
order to keep track of how the polarization of the emitted To explore this phenomenon in more detail, Fig. 2 plots
light evolves asP is varied, we perform three independent the intensity of each polarization component as a function of
measurements that correspond to the three orthogonal axgése pump ellipticity P5, which corresponds to the ratio of
of the Poincaresphere. By judicious settings of/2)\/4  spin-up to spin-down polaritons injectégrmed thenet spin
plates and a polarizing beam splitter we thus extract the signjected. The total gain is maximized for the linear pump
nal (S) and idler () Stokes vectors as a function of the ratio (P;=0), while to maximize emission from the spin-up
of injected spin-up to spin-down polaritons, which is set byseeded polaritons requires an elliptical purRg=0.15[Fig.
the pumpellipticity componentP5. 2(a)]. Light also emerges from nonseeded spin-down polari-
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g 0 iR Az < (l). This dramatic contrast with the fixed pump azimuthal
% -k \ Z orientation is seen in the spiraling trajectory of the signal
E 2k z Stokes vectofFig. 1(c)]. We have confirmed that the com-
g plete set of these observations amdependenof the pump
< 1 0 X} 0 1 power, strongly suggesting a fundamental origin in the mi-

Oy } ) - Oy croscopic interactions.

Pump Ellipticity, P, (net spin injected) Our data implies that fresh processes occur when polari-
tons of both spins are simultaneously present in the sample.
FIG. 3. Signal emission as a function of pump ellipticity, de- Because of the shape of the polariton dispersion relation,
composed intda) ellipticity and (b) azimuthal orientation of polar- only two-particle scattering processes can satisfy energy and
ization ellipse. momentum, allowing us to restrict the interactions to third
order!”® The nonlinearity is driven by nonlocal dipole-
tons: the intensity of this unexpected contribution can bedipole Coulomb interactions between colliding polaritons
even larger than that from the spin-up polaritons, and theifwhich behave as interacting bosons at these densifi€®-
emissions are matched when the pump injects equal spigusing discussion only on the dominant polariton spin popu-
populations. Examining the linear componeffiggs. 2b,9]  lations at signal, idler, and pump wave vectors allows de-
shows that they rapidly oscillate in strength nd2y~0, composition of the basic parametric processes using six
changing from near vertical to near horizontal with only astates(Fig. 4). While the spin-preserving procesa) has
5% change in net spin population. As seen in Figl)lthe been seefitwo previously unobserved processes are identi-
emission is completely diagonally polarizedRg=0. This  fied: a cross-spin scatterirtg) in which pump polaritons of
graphically demonstrates the necessity of complete polariz&dpposite spin collide and a stimulated spin i@ in which
tion analysis to resolve the true spin dynamics of the dy-£lastic collisions between polaritons mutually flip their spins
namical processes. The simple description of spin-preservingt & rateenhancedy the occupation of the final spin states.
parametric scattering completely fails to predict this largeSurprisingly, the cross-spin proce@® must be more than
enhancement. twice as strong asa), in order to match the experimental
To summarize the polarization behavior, we plot the netobservation of strongest gain for the linearly polarized pump.
spin of the signal polaritons, evidenced by the ellipticity of Otherwise it would always be favorable to concentrate the
their emissionS; [Fig. 3@]. The idler emission is 50 times PuUmMp polaritons in the same spin state as the seeded polari-
weaker than the signal emission due to exciton scatteringPns. By similar reasoning, observation of strong emission
processes competing for these higher-energy polaridms; ~ from spin-down signal polaritons requires strong stimulated
follows a similar trend. The steep gradient of Figa)3dem-  spin flips,(c). The direct observation of these spin anomalies
onstrates the delicate spin balance controlled by théroves the dramatic influence of extra spin-cooperative para-
pump—a small net spin in the pump polaritons creates &netric processes.
much larger net spin in the signal polaritons. Incorporating the parametric ternta)—(c) from Fig. 4
Due to the stimulation process, the phase of each pardnto the previously derived modetesults in six equations
metrically scattering polariton is set by the phase of thosdor the complex signal, idler, and pump fields, i, p,
polaritons already in the final state. Thus the two separatériven by the injected field
spin populations of signal polaritons can have different mac-
r_osco_pic phase&pm. As well as_therqtio of spin popula- j'sﬂz 5ssﬂ+ai;{pﬁ+ biﬁpﬂpqucsﬂ(pl‘[pﬂJriliﬂ)+f%eed,
tions in the signal, we track theirelative phaseA ¢= ¢,

— ¢, which corresponds to the azimuthal orientation of the o + 2 + Sy +

emitted polarization ellipsey=tan 1(S,/S;)=A ¢/2 [Fig. Jip= Gilg+aspy+bsypypy+Ciy(pypy+5y5y),

3(b)]. The axis of the signal polarization ellipse twists rap-

idly depending on thg net spin injected into the system, jbﬂzéppﬂ+2apﬁsﬂiﬂ+ b(sﬂiu+sﬂiﬂ)pﬁ

A pS;. On the Poincarsphere, 2 is the longitude of the £y um

Stokes vector, which rotates through more than two full +e(sysytigi)py+ P 2
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along with the equivalents with reversed spin states. Hereontal linear pump. However it does show that the phase
bsip=Awsipt]vsip contain the intensity-dependent de- shift between spin-up and spin-down signal polaritons can
tunings of the emission frequencies from the lower polaritordiffer from the relative phase shift imposed on the pump
branch,Aw, and the polariton decay rates(andj=—1).  polaritons,S;#P;=0. In addition, experimentally the en-
Numerical solutions of this model successfully predict thathancement due to the spin-flip parametric scattering is found
the largest gain results from linear pump polarizations, pro®nly close to the linear pump condition, whereas the model
videdb~c~ 2a. This factor of 2 arises because for two col- Prédicts that this can exist over a wider range of pump cir-
liding spin-antiparallel polaritons, both a tripled<2) and cularities. We suggest that additional spin-dependent energy

singlet 0=0) pathway are availabk.The stimulated spin- shifts of the polariton states are responsible for this

. ?) Pe . - discrepancy?
flip scattering s thus indeedstronger than the - spin- The emergence of two populations of polaritons with a
preserving process.

. . . . . ._specific electronic phase differendep is reminiscent of Jo-
Previous demonstrations of peculiar microcavity spin

. . itation h d that bi sephson coupling between two superconductors. Instead of
properties using cw excitation have suggested that DiexClznqensates of Cooper pairs, cw-pumped semiconductor mi-
tonic resonances are responsitflélthough biexcitons are

. lsed i h bsent i crocavities (at this critical anglg produce nonequilibrium
seen in pulsed measurements on QWAthey are absentin Conqencates composed of signal polaritorEhe macro-

the low-density stimulated regime. Bound biexcitons are un'scopic phase of each condensate is set by a spontaneous sym-

involve exciton states out to very large(due to the small ., qensates with a magnitude set by their phase difference.
Bohr radiug, while the parametric interactions remain local- With the possibility of two different spin populations, which

ized at very smalk. Indeed, our results are not strongly o.q jinked by spin-flip parametric scattering, the microcavity
influenced by changing the detuning of the microcavity, SUgxystem mirrors that of a Josephson junction. The possibility

ggstmg the IacK of a resonant b'eXC'Fon lnteracthn. HOW?V%f an optical Josephson device is of general interest for its
simple calculations of the spin-antiparallel exciton-exciton

. _ : al -ONgensitive interferometric applicatioAs! and we are activel
interaction (which lead to coefficientd,c) show that it pp y

o . : investigating one of these. In addition, spin coherences and
should be negligib®—this issue remains to be resolved. daind P

) : » . . _stimulated spin flips are of interest for developments in
This spin-sensitive parametric scattering reveals a f'”%pintronics.

balance between thamplitude and phase of the spin-

antiparallel signal polariton populations. Although many as-

pects of our observations are reprodudédg. 2(a)], the We are very grateful for critical comments from D. Mar-
model still fails to account for the phase difference betweertin, A. Kavokin, G. Malpuech, and C. Cuiti, and acknowl-
the two signal populationg\ ¢. In particular although it pre- edge the support of the HEFCE JR98SOBA, EC
dicts a rapid change in azimuthal orientation arof@&0, CLERMONT HPRN-CT-1999-00132, and EPSRC GR/
it cannot produce a 45° linearly polarized signal from a hori-N18598.
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