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Parametric luminescence of microcavity polaritons
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The spectral and dispersive emission properties are analytically determined for the two-dimensional system
of exciton-polaritons in microcavities excited by a resonant and coherent optical pump. New collective exci-
tations result from the anomalous coupling between one generic polariton state and its idler, created by the
scattering of two pumped polaritons. The corresponding parametric correlation is stimulated by the emitter and
idler populations and drives very efficiently the luminescence. The intrinsic properties of the collective exci-
tations determine a peculiar emission pattern.
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In their pioneering experiments, Weisbuehal! discov-  shows a very peculiar distortion with respect to the bare po-
ered a kind of two-dimensional quasiparticles, resulting fromlariton dispersiorf:® Moreover, the emission is characterized
the strong coupling between quantum well excitons and conby a finite angular width which appears to be an intrinsic
fined photons in a semiconductor microcavity. These pecuproperty of the systei® Indeed, the whole phenomenology
liar particles, called microcavity polaritons, have a verysuggests that the interacting polariton matter provides a kind
sharp dispersion due to the very light mass of the cavityof collective excitations. The nature of these excitations and
photon. Remarkably, this represents a condensed-matter sy§e connection with the stimulated scattering mechanism are
tem of small mass quasiparticles which can be manipulatetiot yet known. The explicit solution of this intriguing prob-
through laser beams both in frequency and momentum spackem is the motivation and main result of our present investi-
In principle, the low polariton density of states could allow gation.
large occupation numbers at relatively small densities of par- In this paper, we present a theoretical analysis of the po-
ticles, well below the critical saturation value due to the fer-lariton nonlinear emission in the case of resonant and coher-
mionic nonlinearities. In other words, the polariton systement pumping. The coherence induced by the pump field al-
could exhibit bosonic properti€sFurthermore, unlike un- lows an anomalous coupling between a generic polariton
bound electron-hole pairs in ordinary semiconductor lasersstate and its idler, originated by the fission of two pumped
microcavity polaritons have a relatively short time of recom-polaritons. The anomalous coupling gives rise to new collec-
bination into external photons. All these ingredients are indive excitations. The luminescence is driven by the emitter-
deed very promising for applications in the domain of ul-idler parametric correlation which is stimulated by the emit-
trafast all-optical switching and amplification. ter and idler populations. We establish how the intrinsic

Recently, Dangt al® measured photoluminescence spec-properties of the collective excitations determine the rich
tra from a 1I-VI microcavity excited with anonresonant emission features. In particulafi) the peculiar dispersion,
pump. A threshold was observed in the dependence of théi) the line-shape features afid) the two-dimensional pat-
polariton luminescence intensity as a function of the inputtern are provided by our results.
power. Similar results were reported by Senellart and Bloch In order to investigate the nonlinear emission of micro-
in a I1l-V microcavity* These experiments have been inter-cavities in the strong exciton-photon coupling regime, we
preted in terms of enhanced scattering of reservoir excitonwork directly in the polariton basis. The polariton states have
into the emitting polariton modes. The origin of the enhance-a two-dimensional character and are described by the in-
ment has been attributed to bosonic stimulation due to finalplane wave vector and their spin. In the following, edch
state occupation. will be a two-dimensional vector in the quantum well plane.

More recently, great insight into the subject has beerMoreover, we will consider the case of a circularly polarized
given by angle-resolved experiments undesonantexcita- pump beam. Neglecting the spin relaxation, only the
tion.>~% In this kind of experiment, polaritons are optically polariton states with a definite circular polarization will
excited at a desired energy and momentum, allowing a diredie retained. When showing numerical results, we will use
control of the polariton dynamics. In particular, Savviéis the angular coordinates 6¢,6,) defined by ky.k,)
al.®> have uncovered a kind of polariton parametric amplifier= w/c(sin 6y,sin 6,), wherew is the emission frequency. Ac-
through pump-probe experiments. The angular selectiotually, these coordinates represent the angles of the far-field
rules for the parametric conversion of pumped polaritonsmages in current experimer§? Since we consider the
into the probe and idler modes are unambiguously given bituation of resonant pumping of the lower polariton branch,
the energy and momentum conservation for the polaritonwe can neglect the nonlinear contribution due to the upper
scattering. In the case of an applied probe, the nonlinearitpranch. The destruction operator for a lower polariton with
can be explained in terms of phase-matched wave-mixing ah-plane wave vectdk is p,= X b, + Cray , whereb, anday
polariton matter beants.Remarkably, giant nonlinearities are the exciton and photon Bose operators, respectively, and
occur also when the probe beam is absent and the spontang;, C, the corresponding Hopfield coefficientx, >0 and
ous emission is detectéd:® Spectrally, the luminescence C,<0). The lower polariton Hamiltonidnis H=H,p

0163-1829/2001/63)/0413034)/$15.00 63 041303-1 ©2001 The American Physical Society



RAPID COMMUNICATIONS

CIUTI, SCHWENDIMANN, AND QUATTROPANI PHYSICAL REVIEW B63 041303R)

+HER+Hgm. The free termH p==E p(K) pipy contains ~Where the coupling matrix is

the lower polariton energy dispersi@h (k). The polariton- ~ . Eintp2
L : ELp(K) =iy k Tk
polariton interaction term reads K1par— _ P )
1 N2 “ —E'Py2 2hwp—Epp(Kigier) — i vk
Hel=> 3 Vb pliqPi_oPePi (1) P P dler
P2 g A TRKaTiratiTa ’ The off-diagonal term contains the energyE™

PP PP .
. . . . . = + - -
where\ is the two-dimensional exciton radius aAds the (Vkp'kp'k*kp Vkp'kp'kp*")/z and the pump-induced polar

macroscopic quantization area. The interaction potential is ization Pkpz()\x/\/ﬂxpkp). We point out that |7>kp|2

= np)\;< is thecoherent densitpf pumped polaritons in units

of Ax . The diagonal proces,kp}—{k,kp} produces the
+(6e2/e)\x)xk+qu,}xk,,qu, renormalization of the energy dispersi@nueshify), namely

= PP ; -

with ngo=7/(16m\%) being the exciton saturation density ELP(k)ZELP(k)JFZV‘j'kvalPkp'Z' Notice the equality of the
ande being the quantum well dielectric constant. Notice thatdiagonal elements d¥1*" is equivalent to the exact energy
Vet o I positive and represents a repulsive interaction. Thé&onservation for the proceky, ,kp}—{k,Kige,}- Finally, the
cavity system interacts with the external electromagneti&UPIing to the external photons is responsible for a radiative
field through the standard quasimode coupling Hamiltoniarﬂarnplng sz,%qu IC/*/# and a Langevin forceF(t)
Hqm=JdQ{Z,gCy pL @ o+H.cl. The operatora  de- —fSQgCﬁe a‘f'%(o)' . for th q
structs an external photon with in-plane wave vedtaand rom the coupled equations for the operatpit) an

. . ._Ppi(t), we can obtain the physical quantities of interest. Let
frequencyQ). The spectrum of the polariton luminescence ISis consider the polariton  occupation numb, (t)

=(pl(t)pk(t)>. From the equations fagp,(t), we get
(d/dt)Ny(t) = = (2 )N (1) + (2/5) IM{( Py () Fi (1))

int —i2opt/ AT t
wherep,(t) is the time-dependent polariton operator. Here +Ey Pﬁpe P(Pk(t) Py, (D)} 5
and in the following we use the Heisenberg representation ofhis equation shows that the polariton populatiNp(t)
time-dependent operators and take expectation values on tie driven by the anomalous quantum correlation
stationary state. In the steady-state regime, the two-time co(plﬁ(t)plidler(t)). The anomalous correlation evolution reads
reIation(pl(tJr 7)pk(t)) depends only on the relative timg oo
and not ort. This implies that the stationary spectrum can bei i (d/dt)(p,(t)p (1))
calculated at a fixed time=t, when the steady-state regime

Vi o= {20 0IMNgah 3 (| Cici o Xicr+ | Cicrl Xic )

+OC . .
PL(k,t.wwlcklzRef dre @107 pl(t+ 1)py (1)),
0

is achieved. For simplicity, we choosdy,=0 and =[—ELp(k) ~ELp(Kige) — i (71t Vkimer)]
2 ~+t =
hence PLw)=ICd” Rel(Pi{w)plON}, where pi(e) X(PLVPL,_(0)+(PLOFL_(0)+(FlvpL (1)
ZIO dre (0 )Tpk(T)- idler idler idler
An applied cw-optical pump with in-plane wave-veckor - EL“IPEEeiZ‘"pt[1+ Ni(t)+ Ny, (D)]. (6)

drives a polariton poIarization(pkp(t))=e‘i“’pt|<pkp>|,

wherew, is the laser frequency resonant with the lower po-  Notice that the emitter-idler correlatiofpl(t)pi_(t))
lariton mode. We are interested in the generic polariton ophas a generation term proportional to the Boson enhance-
eratorpy(t) with k#k,. The polariton-polariton interaction ment factorf 1+ Ni(t) + Ny, (1) ]. This means that there is a
couplespy(t) to the pumped mode and to the idler polariton spontaneousnhomogeneousontribution and a stimulation
operatorpy, (t), where Kige/=2kp—k. This corresponds  term due to the emitter and idler populations.

to the fission procesgkp,kp}—1{K,Kiger}. Disregarding In order to obtain the frequency spectrum of the stationary
the pump noise, we can perform the replacementuminescence, we have to come back to the equations for
pl(t)plidler(t)pkp(t)pkp(t):pﬁ(t)plidler(txpkp(t)}z. Further-  py(t) andp.(t). In the frequency spacghrough the trans-
more, we neglect multiple scattering, that is interaction beformation [e/(“*1°")tqt), the coupled equations read

tween modes other than the pumped dne., {k,k’}—{k ~
+q,k’—q}). The limit of validity of this approximation will ( Pr(®) )
be discussed later on. With these assumptions, the Heiseft®| ~

berg equations of motion read pkidler(pr—w)

d Pk(t) _ apar ()
Iha plidler(t)e_lzwpt “ Blidler(zwp_w)
ol PO Fi(t) N Fi(w)+ifpy(t=0) .
"M pr ezt | | Bl ezt 3 Bl (20p-w)+ifip] (t=0)]
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FIG. 2. Contour plot of E; p(k) + E_p(Kigier) = 2E_p(kp)| (MeV) as a
function ofk= w/c(sin 6,,sin 4,). The white dashed line represents the zero
value contour, i.e., exact energy-momentum conservation for the process
{kp Ko} =1k, Kigierf- The x direction is that of the pump wave vecti.

Of course,Nﬁidlerz Nﬁyk/ykidler. As we will show below, the
PL signal(as well as the parametric amplitugtg} and popu-

FIG. 1. Lower polariton energy dispersi@ p— E,,(0) (meV) versus  lation Ny) diverges when the pump denslf?kp|2 reaches a
the angles), and ¢, (deg. A sketch is shown for a parametric fission of two  threshold value. In fact, above threshold, the pump polariza-
pumped polaritons. tion can be no longer treated as a parameter. This means that
_ the equation of motion for the pumped mode has to be in-
Neglecting the noise sourde,(w) due to the external cluded, accounting for the pump depletion. Moreover, when
photons, the solution of this linear inhomogeneous system ithe transfer from the pump wave vector to the other ones
) B b2yt B becomes very massive, multiple scattering can be no longer
- A(w)ifipy(t=0)+Ey Pﬁp'ﬁpkidb,(t_o) neglected. Hencehe results here presented are valid only
Pr(w)= (ho—E, )(ho—E_ ) . (8 below the threshold of the parametric luminescence
' ' For sake of illustration, we present our analytical results
—2hw,. The com- by using GaAs parameters for a realistic microcavity struc-

; . ture with Rabi splitting equal to 7 meV. We consider the
lex pole energies and E_ | are the eigenvalues of the .~ . . .
pexp gies E K g situation of zero exciton-photon detuning, i.€q,{0)

parametric matrix AI_\/far and describe the new collective ex- _ E...(0). Forsimplicity, we consider a k-independent po-
citations of the microcavity systerfrom the steady-state |5t0n jinewidth y,~0.4 meV(for large k, the decreasing of
version of Eq.(2) (namely through REPL(®)pk(0))}  the radiative width is usually compensated by nonradiative
=Re{(p;(0)px(w))}) , we can obtain the stationary lumi- broadening The two-dimensional dispersion of the lower
nescence as a function of the steady-state populdtipn Ppolariton branch is shown in Fig. 1. We consider a pump
—(pl(0)p,(0)) and parametric correlation amplitudd$*  Which resonantly excites the polariton branch at the critical

with A(w)=%w+Ep(Kige) +i 7k

idler

=(pr(0)py,,, (0)). The result is wave-vector such ai, p(0)+E_p(2kp) =2Ep(kp), allow-
idler ing the particular polariton fissiofkp,ky}—1{0,2k,} (with
A(w)NEJrEikaE A increasing pumping, one has to consider the renormalized
PL(K,w)*|Cy|?Re] i Gro—E. 0 —pE [ ©) dispersionE, p instea_d ofE_p). Figure 2 contains the con-
@74 K ROTE- K tour plot of the quantityE p(k) + E_p(Kigier) = 2ELp(Kp)| in

Simple algebra shows that steady-state solutions of Eq& SPace , is along thex direction. The white-dashed line
(5),(6) are(p(t)pr.. (1))=ASe 1295t andN,(t)=NS. The  represents the zero value contour, i.e. exact energy conserva-
L) . - k - k .

ider . tion for the fission{k,,,Kp}—1{K,Kigier} - ReEmarkably, the con-
anomalous correlation amplitude reads servation is only weakly forbidden in a large squeezed por-
tion of k space(dark region aroundk, . This implies that the
parametric coupling is efficient on a broad angular range.
This is actually found in Fig. &), where a typical contour
plot of the photoluminescendtg scalg is shown as a func-
tion of the angleé, (6,=0) and of the emission energy.
dier/ Moreover, Fig. 8) shows the two-dimensional pattern of
Moreover, the steady-state population is the spectrally integrated emissidimear scalg The depres-
s_ int sx sion of the emission at large angles is due to the vanishing
= (LIyoIm(Ey 7DﬁpAk ): (19 cavity fraction|C,|?.

EXPX,

|8l =[ (v vk, ) YeYidier] |E:<m7)5p|2 ’

idler

S_
K=

(10

with o=[2h wp_ELP(k) _ELP(kidIer) —i(nt ')’k-mer)]-
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FIG. 4. (a) Normalized emission line shape arounegX (6,= 6,=0;
angular acceptance of 2 defgr 5 densitiegA-E). Inset: log-log plot of the
emission intensity versus pumped density, ¢ units). (b) Dispersions
(meV) versusé, (deg for 6,=0 at the highest pump density. Thin dashed
line: unperturbed polariton dispersidf) . Thick dashed line: blueshifted
dispersionE, » . Thick solid line: ReE.) with Re(E_)<Re(E,). The bi-
furcation occurs when the violation of the energy conservation is large
enough and implies negligible parametric emission.

be orders of magnitude smaller than the exciton saturation
FIG. 3. (a) Contour plot of the parametric photoluminescetiog scalé density ng,;. With the realistic material parameters em-
as a function of the anglé, (deg and energymeV) for the pumped density ployed here, we havathrav 0.05g4;-
n,=0.03n¢, and 6,=0. The dashed-line is the unperturbed dispersion of Finally, Fig. 4b), shows explicitly the energy dispersions
Fhe lower pola_lrit(_)n branchb) Two-dimensional pattern of the spectrally f the collective excitations. When the energy conservation
integrated emission. for the parametric fission is well satisfied, [ e (k))
~E_p(k). On the other hand, when the energy conservation
To determine the dependence on the pump intensity, wig strongly broken and consequently the parametric lumines-
just need to analyze the evolution of the eigenvaldes; . cence is negligible, R&_(k)) and R&E. (k)) bifurcate,
For a givenk satisfying exactly the energy-momentum con-tending to the diagonal elements of the matkf®", i.e.,
se~rvat|on for the parametric scattering the Re() E (k) and lep—ELp(kimer)- In the intermediate case,
=E_p(k). Moreover, the imaginary part of the pole energy consistently with experiments, the dispersion(Re(k))
E_ ¢ becomes smaller at the expense of the other Ralg. shows peculiar features such a change of sign of the in-plane
Consequently, the photoluminescence spectin(k,»)  group velocity around2k, and a flattening® aroundk=0
gets spectrally narrower. The threshold density for the parasee also the emission spectra in Fig. 3
metric luminescence is defined by IB(,)=0, ie., In conclusion, we have theoretically described the para-

Eind P |2= /7k7kid|er' For this value, the PL signal, the metric luminescence of microcavity polaritons, showing the
P subtle interplay between parametric correlation and stimu-

. ‘ . s
par ame;[rlc_ correlation amplitudéy;, and steady-s_tate POPU- ated scattering. The collective excitations resulting from the
lation N diverge and therefore the pump depletion has 10 beynomalous emitter-idler coupling produce a very peculiar lu-
mc_:luc_ied. AII_these features_ can be_ seen explicitly in F_'g-_4-minescence pattern in frequency and momentum space, giv-
With increasing pump density the Img shape of the emissiofyg a key to recent experimert&® Further investigations
aroundk=0 blueshifts and narrowgFig. 4@]. The output  gre in progress for the regime above threshold not treated in
intensity (see the log-log plot inseshows a threshold be- g paper, but investigated in experimetfts.

havior as a function of the coherent density of pumped po- \ye wish to thank J.J. Baumberg, B. Deveaud, R. Houdre
laritons np:|7)kp|2/)\§<' Notice that when the polariton . Saba, P.G. Sawidis, R.P. Stanley, F. Tassone, and C.

dampingyy is small enough, the threshold density,, can  Weisbuch for fruitful discussions.
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