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Optical bistability in semiconductor microcavities in the nondegenerate parametric oscillation
regime: Analogy with the optical parametric oscillator
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We report the observation of optical bistability in a microcavity pumped resonantly close to the inflection
point of the lower polariton dispersion. Experimental evidence is given in the form of a hysteresis cycle of the
nonlinear emission as a function of the pump intensity or the position of the excitation spot. The results can be
well understood with simple theoretical considerations that underline the fundamental analogy between our
system and an optical parametric oscillator.
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In semiconductor microcavities in the strong-coupling re-plane of the layers can scatter coherently to a pair of signal
gime, the eigenmodes of the system are mixed light-matteand idler modes of wave vectdr and X, respectively;
fields, the polaritons. This allows to achieve cavity QED ef-optimal efficiency is achieved if the angle of excitation is
fects involving a light-matter field. Exciting experiments, chosen so that the pump, signal, and idler are resonant with
such as coherent conttobr squeezing, have been per- the lower polariton branch, which has given rise to the term
formed using four-wave parametric scattering ofof “magic angle.’® The analogy with OPOs suggests that
polaritons®# Again, due to the composite nature of the po-bistability should also appear under certain conditions when
laritons of the system, microcavities can be compared eithehe three modes are detuned with respect to the exact reso-
with Bose—Einstein condensatéBECS, where pure matter nance condition. While in OPOs the detunings can be con-
waves are involved, or with optical parametric oscillatorstrolled by scanning the cavity length, in microcavities it can
(OPO3, where the nonlinear medium is excited in the trans-be done by moving the excitation spot over the sample sur-
parency regiof.The analogy with atomic BECs is most use- face, which results in the same thing due to the slight angle
ful in the context of nonresonant pumping experimentsbetween the cavity mirrorS. We did observe bistability, by
which are motivated by the realization of a “polariton scanning either the pump intensity or the position of the
laser.®-8 The analogy with OPOs applies to the case of reso€xcitation spot. The results are found to be in good agree-
nant pumping where two pump polaritons are converted intanent with a model similar to those developed for OPOs. This
a pair of “signal” and “idler” polariton§. The physics of is a completely new type of bistability in semiconductor mi-
OPOs may be used as a guide for the research of new effecgsocavities, achieved in the strong-coupling regime; it differs
in microcavities, such as the production of nonclassical stateom the one obtained by excitation of the microcavity at
of light.2° In this paper, we report the observation of polari- normal incidencéalso in the strong-coupling regimevhich
tonic bistability, which is analogous to the optical bistability is due to the polaritonic Kerr effeéf:>1¢
observed in a detuned triply resonant OPO. The experiments are carried out on ®/3 microcavity,

Optical bistability has been predictédand observeld in  described in detail in Ref. 17. The Rabi splitting is 5.6 meV
a triply resonant OP@.e., the cavity is simultaneously reso- and the lower polariton linewidth is of the order of 106V.
nant for the pump, signal, and idler mogle#f the three  The light source is a single mode, tunable, intensity stabi-
modes are detuned with respect to the exact cavity resdized Ti:sapphire laser. Spatial filtering by a fiber provides a
nance, the condition of oscillation imposes that the detuningwell-defined transverse distribution of intensity, described by
of the signal and idler modes normalized to their half widtha Gaussian curve with a waist of 304an. The nonlinear
at half maximum(HWHM) (A, and A;, respectively, be  emission is detected by a photodiode in transmission or re-
equal: A;==A;=A. Then, the following condition is required flection. CCD cameras allow to observe the far figidage

for the existence of bistability: in k-space in transmission or in reflection.
The sample is excited at a cavity-exciton detunifg
A A>T, (1)  (without any probe beajrtlose to the inflection point of the

lower polariton dispersion at around 12°, above the paramet-
whereA,, is the detuning of the pump mode normalized to itsric threshold, which is of the order of 500 W/cftn The
HWHM.!3 Bistability can be evidenced by observing a hys-intensity of the signal beam emitted arouke0 is opti-
teresis loop in the variations of the signal intensity versus thenized, so that thex.-OPC can be considered as perfectly
pump intensity, or versus the cavity length for a pump intentuned. Then, we slightly detune the pump laser by a quantity
sity above threshold. Very good agreement has been obtaineYk, typically of the order of a few hundreds géV, which
between experiment and thed?y. results in the disappearance of the parametric oscillation. In
In semiconductor microcavities pumped resonantly, twoorder to obtain it again we have to partially compensate for
polaritons of the pumped mode of wave vectqy in the  the pump detuning by moving the excitation spot on the
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FIG. 1. Variations of the signal output powén transmission FIG. 2. Variations of the signal output powgn transmission

as a function of the spot position in the region of bistability, The @ @ function of the pump power for a pump detuniag

pump power is 1150 W/cfy the pump detuning iSAE =—O._42 meV. The gray curve is the result of a fit using ELp). _

=-0.35 meV. The insets are far-field images taken at the lower andN€ iNsét shows more clearly the unstable branch and the series of
upper point of bistability. The transmitted purta 129 appears as mter_medlate §tate_s that are obtained when varying the input inten-

a bright spot on the right-hand side of the image, in a ring correSity in both directions. The used parameters age=2.05 andA

sponding to Rayleigh scattering, where speckle patterns are visibl& 1-175.

The nonlinear emission appears at an angle of about +6° above

threshold(on the same side as the transmitted putogether with  speckles are well resolvéd When crossing one of the bista-

a second Rayleigh scattering ring. bility turning points, the nonlinear emission suddenly ap-
ears(or disappeansaround 6°, well away from th&=0
irection, together with a ring corresponding to the Rayleigh

'Scattering as for the pump mode.

In the following, we simply denote the signal and idler
fhodes by the indiceis s; their wave vectorgk 2Ky =k} will

be determined later on. The evolution equations for the three

polariton modes are

sample. This results in changing the cavity length, thu
changing simultaneously the frequencies of the three pola
iton modes involved; the direction of the motion must be
chosen so as to bring the polariton frequency back toward
the laser frequency.

For an initial cavity-exciton detuning=0 and a range of
laser detunings\E in the window(-0.14,-0.42 meY, we
observed a hysteresis loop in the variations of the signal dp, _ .
intensity versus the position of the excitation sgior large P [vs +iE p(k9) 1ps + EintP; pf,, (2)
enough pump intensitigsAn example is shown in Fig. 1.

Then, by choosing a position within the bistable regioor-
responding to a new cavity-exciton detuni®j) one can
observe a hysteresis loop in the variations of the signal in-
tensity versus the pump intensity. An example is shown in
Fig. 2. We now show that this bistability regime can be well
understood by a simple model of the parametric process in dp ~ -
the microcavity. e [y +1ELp(K)]pi + EintPsPps 3

The microcavity under resonant excitation can be de-
scriped as a system of three interacting po'afit"” médeswhere E.: is the nonlinear coupling constant between
provided it is not too far above the parametric threshold, _ ~ )
when multiple scatterings can occur and more modes have fplaritons and E, p(k;) the lower polariton energy at the
be taken into accour We use a classical modevhich is ~ Wave vector of the modg taking the renormalization by the
sufficient to describe the main features of the bistability re;PUmp mode into account. It is related to the bare polariton
gime. energyE, p(kj) by E; p(kj) =E p(kj) + 2a;|pp|?, whereq; is the

If the system is perfectly tuned, the signal and idler modesionlinear coupling constant between the mgdand the
arek=0 and k=2k, respectively. But if the system is de- pump mode.y; and y, are the linewidths of the modeand
tuned, the signal and idler wave vectors are not necessarilgf the coupling mirrorA? is the incoming laser field reso-
{0,2k,}; the pair of oscillating modegk , 2k, -k} is the one  nant with the pump moore. We choose the origin of phases so
with the lowest threshold. This is in sharp contrast with thethat AT be real.C,, is the Hopfield coefficient representing
case of triply resonant OPOs, where the signal and idlethe photon fraction of the polariton in the pump mdfe.
wave vectors are fixed by the cavity. On the contrary, micro- In experiments, the system is first set at resonance for a
cavities have a large angular acceptance and do not imposggven cavity-exciton detuning, and then detuned by chang-
the signal and idler wave vectors. This effect is illustrated ining the pump energgby AE) and the cavity-exciton detuning
the far-field images of the nonlinear emissin transmis-  (to a new valued’). In order to introduce the corresponding
sion) shown in the insets of Fig. 1. Both images show thedetunings for the three modes, the equation for each mode
transmitted pump and the Rayleigh scattering ring, wherds rewritten in the rotating frame

R * [
dt == ['yp + |ELP(kp)]pp - 2Eintpppspi - Cp\’yz')’a I;?a
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5_(t):p_(t)eiEj(6/)t/h (4) lation is clamped at a fixed value above the parametric
_ ) ) _ threshold, this only results in a constant shift/ofand &,
whereE;(d") is the energy of the modgfor the detunings’.  with respect to the equations of the OPO.

We also introduce the normalized quantities As a consequence, we obtain the same conditions for the
12 1/2 existence of a bistability regime. X,A <1, there is at most
2F, ! 2F, A\ - e N
5t [Ys) = (5t [N = one stable stationary state for each value of the input inten-
PS pS! PI 1y . . ape . .
Yo Y Yo Vs sity. ForA,A> 1, bistability appears in the interval
Eie |2 A +A)2 —
Pp: < ’Lt) Pps (_E% < |pg1|2 <1 +AF2)' (13)
VsV 1+4
U2~ 5 Ain Figure 2 shows a fit of the experimental curve with the
pin = _ ( Eint ) CoV27aAp ' (5) theoretical curve given by E@12). Very good agreement is
P VYsYi Yo obtained. The theoretical curve shows an additional negative-

, . ) ) slope branch in the bistability region, which can be proved to
The stationary regime is given by the following equations:p, " \nstable. Thus the signal tumns on and off at the two
0=-(1+iA)P.+ pgpi*, (6) turning points, as schematized in the inset of Fig. 2.

The model also allows to calculate the wave vectors of the
signal and idler modegk, 2k, —k}. To do this, we minimize
the oscillation threshoI¢P',?|2:\s“‘1+A2(1+A§) as a function
) - of k. One finds out that when the system is detuned, the

0==(1+i4)P; + PP, (8)  signal-idler pair having the lowest threshold is no longer
where A, is the detuning of the modpwith respect to the {0,2Kp}. For the parameters of Fig. 1, the angle of propaga-
polariton branch normalized to the relaxation rate; tion of the signal beam is found to shift by abe®. This is
:[ELP(kjy(s,)_Ej((S,)]/,yj' These equations are similar to in good qualitative agreement with the images in Fig. 1,

those used in the description of a triply resonant OPO OnWhere the angle of emission of the signal beam is atédt
difference is that two pm hoto [j)n)gtead of on aré his behavior differs from the one observed in Refs. 14 and

! ! pump p rt : P . ..21, where the signal occurs kt=0 whatever the excitation
needed for the parametric process, but this does not Slgmﬁ(fonditions
cantly alter th_e_ dynamics .Of the system. More 'mpofta”.“y' Finally, let us comment on the parameters of observation
there are additional Kerr-like terms due to renormalization

- i : of bistability. We did not observe bistability for a laser de-
by the pump mode._By combining E() with the conjugate tuning —0.14<AE<0 meV. This can be explained with the
of Eq. (8), one obtains

bistability conditionA,A>1: the pump has to be sufficiently
ps[|pp|4_ (L+AA+i(As—-A))]=0, (99  detuned. We did not observe bistability for large detunings
) o N such asAE<-0.42 meV, which is probably due to the fact
from which we deduce the oscillation conditidq=A;, and  that the bistability threshold actually increases more i
the pump mode intensityPy|*=\1+A% with A=As=A;.  than predicted by the model. In order to get a better agree-
Then Egs.(6) and (8) give [P4*=|Pi[>. From Eq.(7) we  ment with experiments, the model has to be refined by in-
know that the sum of the phases of the two final modes ig|yding the precise dependence of the polariton linewidths as
fixed: o5+ ¢ =0, wherePs=|Pe'*s and P;=|Pj|€“. On the 3 function of the cavity-exciton detuning and the wave
contrary, the phase difference can take any value. Making thgector.

choice of phaseps—¢;=0, one getsP;=P; and the system  Thys the main features of this bistability regime are re-

0=-(1+iA)P,—PPP,+ P, 7)

(6)~«(8) reduces to the two following equations: produced by a model adapted from the theory of bistability
0= Pi'? —(1+iAy)P, - ngg’ (10) in OPOs, that also allows to understand previous experimen-

tal results obtained by Houd® al. on the same samplé€.

, - They observed a very steep thresholdlike behavior of the
0=-(1+iA)Ps+PyPs. (11) emission intensity aroun&=0 versus the pump intensity,

The equations for the stationary state of the four-wavestrongly deviating from the standard shape of the parametric

mixing are found to be formally the same as in the case oPScillation threshold curves. By taking the parameters in
frequency degenerate four-wave mixitB=P;). The solu- Which this curve was obtained, we have checked that the

tions are given by system does present bista_bility because it i_s detgneq with
B o - respect to the optimal conditions of parametric oscillation.
||:>g1|2 =(1+A?)|PJ*+2(1- ApA)|PS|2 +1 +A§ (12) A further point requiring investigation is the transverse

_ _ shape of the nonlinear emission. While the images in the
with Pp'=P(1+A2)~Y andP,=Py(1+A? /4 This equation inset of Fig. 1 are well understood in the frame of our model,
is similar to the equation giving the stationary solutions in aby varying the experimental conditions one observes com-
triply resonant OPQ! In our case however, the detunings plex patterns changing with the cavity-exciton detuning and
andA, depend on the polariton population in the pump modethe excitation intensity. Very similar results were obtained in
due to renormalization effects. Since the pump mode popuRefs. 19 and 22. In Ref. 15 we have developed a simple
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model of transverse effects which gives satisfactory results imodel adapted from the theory of bistability in OPOs. Fur-
the degenerate configuration of the parametric processher studies should be devoted to transverse aspects. Experi-
showing that the transverse patterns can be attributed to ments under pulsed excitation would also provide interesting
modification of the shape of the active region, due to thenformation on the dynamics of polariton bistability, which
combined effect of exciton renormalization, the angle beshould be very different from the dynamics of OPOs, be-
tween the cavity mirrors, and the Gaussian distribution of the;ause reajand not virtual material excitations are involved
excitation spot. A similar study in the nondegenerate geom the parametric proces3.Finally, this work confirms the

etry would be an important step forward, since ransversgopsiness of the analogy between microcavities and OPOs,

gffects should ce'rtainly be'taken into accoupt in the eva_luaat the base of the prediction of quantum correlated light-
tion of the polariton density and the polariton occupationatter waved024

number.

In a conclusion, we have reported the observation of bi- We would like to acknowledge fruitful discussions with
stability, which is a unique feature of the nonlinear dynamicsC. Fabre, L. Longchambon, S. Kundermann, and N. Treps.
of polaritons in the parametric oscillation regime. Experi-We thank R. Houdré for providing us with the microcavity
mental results are in good qualitative agreement with asample.
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