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We investigate the cross-interactions in a two-component polariton quantum fluid coherently driven
by two independent pumping lasers tuned at different energies and momenta. We show that both the
hysteresis cycles and the ON/OFF threshold of one polariton signal can be entirely controlled by a
second polariton fluid. Furthermore, we study the ultrafast switching dynamics of a driven polariton
state, demonstrating the ability to control the polariton population with an external laser pulse, in less

than a few picoseconds.

Although electronic technology has dominated a wakare of the market for communication and
computation, becoming extremely sophisticated aetl studied, it seems now unable to keep up with th
same trend given the strong demand for fast neingrxerformances and low energy consumption. Recent
progresses on photonic integrated circuits prontgseovercome the limits of conventional electronic
technology [1-5], offering the opportunity to readiefficient signal processing at speeds much hitgjaa in
conventional electronic devices, with further adeges for low energy consumption and negligibleihga
Optical switching is an essential component ofagptcommunication networks and a fundamental nulest

for quantum computation, allowing one optical sigiwabe controlled by another photonic beam. Vagiou



mechanisms have been proposed to achieve all-bstigeching devices such as photonic-bandgap shift
[6,7] and defect-mode shifg[9]. Here, the refractive-index contrast of the eniat is modified via & non-
linearity by an external optical pump, which, hoegvrequires high intensities (often of the ordér o
GWi/cnf) to achieve large switching efficiencies [8,10-1Ahother approach is the use of materials with
large nonlinear optical coefficients but with slowson-linear response timd2]. Recently, a proof of
principle demonstration of excitonic switching des was reported [13]. The advantage of using @eniis
their strongx® non-linearities, with the drawback of being lintitby their very slow intrinsic lifetime. On
the other hand, microcavity polaritons, the strgngdupled quasiparticles between a quantum welt@xc
and a cavity photon, are especially interesting praimising systems to study, since they combine the
properties of photons with the high non-linearifyexcitons. As bosonic quasiparticles, polarittese
unique coherent properties that have led to theeaement of Bose—Einstein condensation and sujiitftu
[14, 15, 16]. In addition, polariton-polariton intetmn [17,18] is at the basis of phenomena suchpéisal
bistabilities [19, 20], OPO [21], spin dependertiwation of the bistable behaviour [22, 23], pdiani switch
operations via an additional non-resonant lasel], [aAd, more recently, transistor devices [25]. The
polariton system is thus the ideal candidate faghidpeed operations in logic devices at low energy

consumption.

Optical bistability in microcavities is the enhadceesonant absorption of a detuned optical lasenppu
because of polariton interactions [26]:at low lag@mwers, by tuning the pump above the polariton
dispersion, the driven polariton state is almosptgnfOFF state). Increasing the power, the polartitue-
shift due to interactions causes enhanced absor@isuperlinear growth of the polariton populatiand,
eventually, a jump into a high polariton densityN(Gtate). Theemission intensity versus the pumpgpasv
characterized by a hysteresis loop, which strodgiyends on the excitation conditions [27]. In theecof
two pumping lasers, however, the mutual interactiogtween the two driven polariton states, implicler

phenomenology.

In this paper, we investigate a two-component ftolarsystem coherently driven by two different iase
with independently tunable frequencies, wavevecamd intensities. Stimulated by the theoreticallyamis

of Refs.[28, 29], we demonstrate the possibilitycohtrolling the hysteresis cycles of a polarigtate via
another state. Further, using a combination ofinaotis wave (CW) and pulsed laser beams, we shew th
possibility of ultrafast control of a polariton staand in particular the ability to switch a stat¢ only ‘ON’

but also ‘OFF’ within a timescale of few picosecend

We use two spatially overlapping continuous waveVj(i:Sapphire lasers (P1 and P2) with different k-
vectors and frequencies which resonantly excitgiolariton states in the lower polariton branch ().RBa
GaAs/AlAs microcavity (front/back reflectors with1/24 pairs) containing three olpGay oAS/GaAs

quantum wells (the sample is kept at 10 K). We skdbe k-vectors and frequencies of both lasetBatdo



ensure optical bistabilitfor each >f the twostateindependently (upper panel ifig.1) Momentum space
images of the emission intensity m the two stat¢ S1 and S2 at the pump eneré; and & and momentum
of k; and k, respectivelywere deected in transmission geometry by using a-resolution imaging CCI

camera coupled to a spectrometer.

At the same time, we theoretic simulate the experimentaystem by mean:of a generalized Grc-

Pitaevskii equation for the cavi®c and excitonPy fields G=1):
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The fields arecoupled by the Ralsplitting Qg and resonantly driven by the twuternal lasers F =4(r) e
=B 1 £, (r) é% "B having frequencies and momenta close to the experimenes (E; = -4.25 meV [,
= -3.7 meV,measured with respetowy , k; = 0.2 uml, k, =0.3 urﬁl). Here,kc = 0.1 meV anky = 0.001
meV arethe photon and exciton cay rate, me= 2 x 10° methe photon mass (nis the electron mass), t
exciton interaction strengthyds set to one by rescaling both fiel#:.x and pimp intensities;,. The
method used teolve Eq.(1) is theame onemployed in Ref.[28], thugre give hee only a short account
it. We establish, within the line: response approximation and for homogen pumps ¢ xr)=f;,), the
stability of the system as a funm of the two pump intensities. In other w¢, we first solve the Gross-
Pitaevskii equation at the meéiakd level, and then, we establish the dynamicebility of each solution t
small fluctuations. In this regimewe approximate the me-field solutions of thi system with¥c x (r,t)=

T P x€M 5 where PS¢ «[ are the photon and exciton populations at frecy E; and momentum;k

For the system parameters sped above, we plot the stability phase diagramhe twopumped states as
a function of the two rescaled pp powers; and f’in Fig. 1. The colour schet means that the steS1
on the left panel and2Son the ricit panel areweakly populated (OFF) in the yow region; two solution:
either weakly (OFF) or strongly 'N) populated coexist in the two bistable reg in geen; finally, in the
red region only the strongly pojated (ON) solution is stablit is interesting v note that the threshc
values between the ON and theF states of one fluicanstrongly depend on ttintensity of the pumpf

the other state.

To better understand the behaviof the system, we compare, in Fig. 2, the expental (1e, 2e, 3e and ¢
and theoretical (1t, 2t, 3t and 4t mission intensitifrom the two stateby either fxing the pump power P
and changing P{eft column of fig. 2 andhorizontal black lines in the phaséagram of Fig. 1)or by
fixing P1 and changing P@Right column of Fig. . andvertical black lines in thehase diagram of Fig. 1
We choose the values of the fixeump powers so that to repres the most diferent configurations for th
initial andfinal state. In both expenental and theoretical plo the emission intendes are normalized to tl

maximum values of either the S1%2 state when they are excited independently.



In two cases (1 and 2) we start with the dresse tdel-detuned with respect to both lasers, whiléhin
other two cases (3 and 4) we start with the LPR{oletuned with respect to laser 1 but red-deturigd w
respect to laser 2. As it can be observed fron2Flgy controlling the power of one pump, and therethe
population of the corresponding state (the hysiereswhich is shown with solid lines) we are alde
control the population of the other polariton stédelid and open symbols for increasing and deargas

pump power, respectively).

In the first case (panels 1e and 1t), P2 is fixeldWw the hysteresis cycle threshold of S2 when PHede,
the LPB is red-detuned with respect to both pumpasgrs. By increasing P1, the LPB becomes resonant
with E;and is therefore pushed up far aboyel& these conditions, the system is filled withgpibons in S2
but with just few polaritons in S1, even when Pdctees values above the threshold it would have WA2en
0. When P1 is again reduced to zero, the inteidif2 is not sufficient to keep the LPB blue-dethiaed
therefore the system goes back to the initial erstdte. This demonstrates that a full hysteresiteayf the

state S2 can be completely controlled by the pufinp P

In the second case (panels 2e and 2t), the icibiadiitions are similar to the previous case. Heosyever,
P2 is varied and P1 is kept constant to a valugelanough to sustain the LPB in the ON state o@ien

P2 is turned on, the LPB enters again in resonaniteE, and is therefore far abow® and the cavity is
filled with polaritons in S2. In this case, howevethen P2 is decreased, even if the LPB red-dettmes
values smaller thah,, it is sustained in resonance wighby P1 and therefore the cavity remains now filled

with polaritons in S1. The net effect of this cydeéhat P2 can be used to turn ON the state S1.

In the third case (panels 3e and 3t), the LPBug4oletuned by P2,so that is higher tiarand lower than

E.. The value of P2 is chosen in order to be stromgugh to sustain the ON state of S2. When P1 is
increased, it pushes the LPB in resonance Wwtland S2 turns ON while S1 remains poorly populated.
When P1 is decreased to zero, the LPB is sustamnegsonance witlie, by P2. The net effect of this cycles

is the opposite of the previous one, a cycle inntensities of P1 turns the state S2 ON.

Finally, in the fourth case (panels 4e and 4t),tR8 is blue-detuned so that to be higher tBaand lower
thanE,,. When P2 is turned on, the LPB enters in resomavith E,, it fills with polaritons in state S2 and
stay far abové&,, so that the population in S1 decreases almogrtm ¥Vhen P2 is turned off again, the LPB
red-detunes and goes back in resonance Ritland the system goes back to its initial cond#iofs a

consequence, the S1 state is reversibly switched@NOFF by turning OFF and ON a different S2 state

This allows to control not only the ON, but als@ tOFF state of a polariton quantum fluid via anothe

polariton state.



From this analysis it emerges that, for two intéracpolariton fluids, one polariton state can ledito
control the population of the other state. Depegdin both the relative intensities and the relatigeuning

of the two pumps, the system can be brouglandout of resonance with the pump frequencies, and so the
two states can be turned ON and OFF. As a finahrknwe would like to address some differences betw
the theoretical curves and the experimental dat&ign 2. While the theoretical curves present sharp
transitions between the ON and OFF states,as wwedxéremely low population in the OFF states, the
experimental curves display smoother crossoversiglitly populated OFF states. These differencesbea

in part ascribed to temperature fluctuations anttaveraging over different realization. Furtherepane
has to take into account that, while the theorbtrelysis is carried on with delta-like laser-Bnen the
experiments at least one of the two CW lasers wasimonomode laser, allowing for an effective bieva
excitation line, which justifies the observationiofermediate conditions. For the same reasonbigtable
region of S2 (see zoom in Fig. 1) depends on tmepppower {' in a much weaker way in the theoretical

analysis than in the experimental case.

In order to measure the ON/OFF switching time ef $kate S1, we pump the system in the state S2awith
Ti:Sapphire pulsed laser with a pulse width of 2@nd a repetition rate of 82 MHz , while the stat is
populated by the monomode CW laser with linewidth MHz. This has been performed on a different {poin
of the sample with a more positive detuning, whbeeON/OFF switch effect is more pronounced. Emsrgi
and momenta of the two lasers are chosen as shothie inset of Fig. 3(a): due to the wide spectabe of

the pulsed laser, P2 is always on resonance witH_LBB, whereas E and k of the CW laser P1 has been
chosen so that to avoid optical bistability for 8fien P2=0. Time resolved photoluminescence of the S
state is performed in transmission geometry by guisinHamamatsu streak camera coupled to a 0.55 m

spectrometer (time resolution 5 ps).

The effect of the pulsed laser on the state Shasvs in Fig. 3 for different excitation conditionBelow
threshold, whengis still slightly detuned above the LPB energy,iSOFF [black line in the inset of Fig.
3(b)]. The pulsed laser fast induces a blue-steffl [dashed line in the inset of Fig. 3(b)], leadim@ strong
increase of the polariton population in the state Bhis results in a switch ON of the S1 state [Bi)].
Once the pulse is gone away, the S1 state coméstbats original steady state, with a recoverydiof
hundreds of picoseconds. Conversely, above theoR&mthreshold [Fig. 3(c), 3(d)], when S1 is alneau
the ON state [black line in the inset of Fig. 3(dhe further blue-shift induced by the pulse taged
dashed line) brings the S1 state out of resonaasalting in a rapid reduction of the polariton plaion to
less than ¥ of its original density (OFF state)mifarly to the previous case, the S1 polariton ydapon
returns to the initial condition in many hundredgs. This effect is further enhanced for highewppof the
pulsed pump, resulting in a bigger variation of plodariton population between the ON and OFF stjidigs
3(d)], and in a longer recovery time. Such longxeey time could be ascribed to a dynamical pardmet

instability, which is temporarily triggered by thétrafast (and thus broad in energy) laser, sityileo what



it has already been observed in recent TOPO expat8}30]. In all cases, we estimate a switchingad
OFF times for the S1 signal state of 5 ps, whidimiged by the time resolution of the system [nigible in

the long time range used for Fig. 3].

To conclude, we have studied the stability of a-b@mponent polariton quantum fluid coherently dnivey

two independent pump lasers. We clearly demonstratewe are able to control the hysteresis loop of
polariton quantum fluid by changing the populat@ira second polariton state and show how the ofari
non-linear optical properties can be used to switgchonly ON but also OFF a polariton fluid. Fiyalive
have observed a very short, of the order of a feegeconds, switching time between the ON and OFF

state,establishing microcavity polaritons as pramjisystems for ultrafast optical operations.
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Figure 1. Upper panel: experimental polariton dispersioratieh with superimposed the two laser pumps at the
corresponding energy (E 1.482 eV and £= 1.4826 eV) and momenta,(k 0.2 pm* and k = 0.4 pnm") used to
excite two different polariton states. Lower panéfeoretically evaluated phase diagram showingQR& and ON
states of S1 (left panel) and S2 (right panel) Amation of the rescaled pump intensitfes = V9x f; , [meV??]. In

the yellow region the state Si can only be weakigylated (OFF), while in the red one can only bersly populated
(ON). In the green region both ON and OFF solutiooexist (bistable region). The black thick vertiaad horizontal
lines correspond to the cases studied in Fig 2revbre pump is kept constant while the other sdéferent intensity
values.



10 T T T —— T T : —
0.9 P2=50mw - -O- s2 |1 P1=60 mW — i

T - -+ S1 K
0.8} 1
0.7} - |
0.6 00O~ I
0.3}
0.2}
0.1
0.0F

10F +—— 1 ————+—+ +——+
0.9 | P2=100mw = P1=160 mW
0.8f RN .
0.7L O @ ®-0--0 I ]

L g ) T tk -
0.6 , T 1

05} , I

04t :
0.2 T+

0.1 ! 3e) 1
OO 1 1 1 1 1 1 1 1
0 50 100 150 200 0 50 100 150 200

P1 Input Power (mW) P2 Input Power (mW)

Normalized Emission Intensity (a.u.)

u :

“E----EH----m

1.0F ' ' ' ' 7 ' ' ' '

o8l - 1 o]
07 -_ (( @ B
0.6F
0.5F
0.4}
0.3F
0.2+
0.1F B T

0.0} @O 1

1)

10p ' T '
s e

(MU«
0.7

0.5F
0.4}
0.3F
0.2+
0.1F

0.0 Ojl 0j2 0j3 0.4 0.5 OjO 0.1 0.2 0.3 0.4 0.5
Pump Intensity f, Pump Intensity f_

Normalized Emission Intensity

4t)

Figure 2.Experimental (1e, 2e, 3e, 4e) and theoreticalAtlt3t and 4t)normalized emission intensitiesfrdma two

states S1(black) and S2(red) obtained by eithanging the pump power P1 for fixed P2 (left colupur)changing P2
for a fixed P1 (right column). Arrows and symbotsrespond to the power change variation: increapmger, solid
symbol, decreasing power open symbols. Note thatHe theoretical emission intensity we consid&t|[> and

|¥S5cf respectively, which are proportional to the eipental emissionintensities when the Hopfield fastare
taken into account.
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Figure 3: Time resolvedphotoluminescenceintensity of theesgt excited by a CW (P1) and a fs pulsed (P2) lase
under the conditions shown in the inset of Fig. R4:= 0.35 unt and E1 = 1.494 eV, k2 = 0.73 [frand E2 = 1.491
eV. The spectra shown in the figure are obtainedeu four different excitation conditions: (a) theate is pumped
only by the CW laser P1 at a very low pump powe8.8fmW. Under this condition S1 is on an OFF st@eS1, same

as in (a) but a fs pulsed laser exciting the systétima low power P2=6 mW switches ON the S1 st@te]) S1, in an
ON state (continuously pumped by P1 at 30 mW)wisched OFF by the pulsed laser. The inset in (i) @) shows
the influence of a fs pulsed laser (P2) pumpingsystem resonantly. The continuous pump P1 is satieed by the
red dots.



