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Nonequilibrium condensates and lasers without inversion: Exciton-polariton lasers

A. Imamodu and R. J. Ram
Department of Electrical and Computer Engineering, University of California, Santa Barbara, California 93106

S. Pau and Y. Yamamoto
ERATO Quantum Fluctuation Project, E. L. Ginzton Laboratory, Stanford University, Stanford, California 94305
(Received 19 December 1995

We analyze elementary properties of exciton and polariton lasers — devices that generate coherent optical
and matter waves using final-state stimulation of exciton-phonon scattering. First we discuss the relation
between the conditions for the onset of equilibrium and nonequilibrium excitonic condensates. Provided that
the thermal de Broglie wavelengity exceeds the exciton Bohr radiag, an exciton laser operates without
electronic population inversion. In contrast to previous proposals, this is a different tylasesfwithout
inversionwhich utilizes many-body coherences. When the excitonic character of the polariton branch vanishes,
a polariton laser becomes indistinguishable from a photon 18S&050-29476)08506-X]

PACS numbg(s): 03.75.Fi, 42.50.Lc, 03.65.Bz, 71.35

I. INTRODUCTION where p,, C,, and a, denote the polariton, exciton, and
photon annihilation operatofsvith wave vectork), respec-
The impressive progress in laser cooling and trapping ofively. The dispersion curves of the two polariton branches
atoms has recently resulted in the experimental realization dfi=1,2) are determined by the exciton and cavity disper-
a Bose-Einstein condensa@EC) of cold rubidium, lithium,  sions; a single branch may be excitonlikpi|&>|v|) and
and sodium atomgl]. Similar results suggesting the exist- photonlike (v|>|ul|) for different values of the wave vector
ence of condensation effects were previously reported in exc. For condensation type effects, we are interested in the
citonic system$2]. The experiments in both domains are sok=0 region of the dispersion curve; we will assume that
convincing that the topic is now considered ripe enough forcondensation intdonly) a single branch is important and
applications: There are already several proposals for 88dm discard the other branch in our discussions. The analysis pre-
and exciton(polaritor) [4] lasers. In fact, recent experiments sented here pertains to the low-exciton density limit where
have provided evidence for the existence of polariton lasethe excitons(and polaritons satisfy bosonic commutation
action in semiconductor microcavity structuf&§, where a  relations[7]. The interactions between polaritons are ne-
coherent state of exciton polaritons is generated by final statglected, since theaturationand phase diffusior4] caused
stimulation of exciton-phonon interaction. In contrast to
Bose-Einstein condensatig 7], atomic or excitonic systems
are driven far from equilibrium in thesmatter lasers
Two well-known phenomena arising directly from Bose
statistics arg1) BEC of massive bosonic particlésuch as T thermal equilibrium A

BEC of excitons

87Rb) in thermal equilibrium and2) photon lasers; i.e., co-
herent light generation from incoherent nonequilibrigim
verted reservoirs. Even though both of these topics have nonequilibrium Texc—>Tph
been extensively studied, little is known about their connec-
tion. In this paper, we analyze fundamental properties of po-
lariton lasers, which in our opinion sheds light on the relation
between these two phenomena. Figure 1 shows a diagram
summarizing our viewpoint: For a thermal equilibrium res-
ervoir and a vanishinghoton charactef the exciton po-
laritons, one obtains a BEC of excitons. In the opposite limit

3D only

arbitrary dimension u—>1,v—>0

exciton-polariton laser

of a nonequilibrium(inverted reservoir and a vanishing ex- T no electronic inversion
citon character, the polariton laser is indistinguishable from a u-0,v-1
photon laser. l electronic inversion

In what follows, we discuss several basic results that per-

tain to polariton lasers. It is well known that the relevant

elementary excitations in a strongly coupled exciton-photon photon laser

system are polaritong8]. If a single cavity mode and a

single exciton band are coupled, one obtains two split polar- g, 1. piagram comparing the exciton polariton laser to the

iton brancheg9] more familiar concepts of Bose-Einstein condensate of excitons and

photon lasers. The annihilation operator for the exciton polariton
R quasiparticles is given bfa=u6+vé, whereu andv determine

ﬁi,k= Ui,ka+Ui,kékv (1) the exciton and photon character of the polariton, respectively.
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by such interactions are not relevant to the present discudetter: The observation of final-state stimulation requires an
sion. Even though we concentrate exclusively on the excitomxciton density which exceeds the minimum density required
polariton system, our results should in principle apply tofor BEC. However, we have made no assumptions about the

other nonequilibrium bosonic systems as well. functional dependence of,,{ w) on w. Extension of Eq(4)
to a two-dimensional exciton gas poses no difficulties: Since
Il. EXCITON LASERS AND BOSE-EINSTEIN phonons withw < @p;,=2m* c§/ﬁ do not contribute to pho-
CONDENSATES non absorption or emission, the divergence of the phonon

. . number as w—0 is irrelevant in the sense that
First, we address the connection between BEC and nong— {@)>n(w) only needs to be satisfied fo5= wy;
crer s . . . ex p = Wmin-
equilibrium condensates. We consider an exciton 1#er,  rparefore, even a thermal distribution of reservoir excitons
the photon character=0), where we assume that all but the (Noxc=1{exH (w— )/ (KTexd]— 1} ~1) with chemical po-
exc ex

ground-state excitons form an excitonic reservoir. Thlsc- tential <0 and temperaturd o, Top(1— w/fi @pi) Wil
trically neutra) reservoir is pumped by an exteral incoher- be sufficient to obtain net stin’?ﬁgteg emission cr;}”éxcitons.
ent sourceeither electrical injection or lightand therefore is The excess reservoir exciton density that is required for
out of equilibrium with the phonon reservoir that it interacts.the formation of a nonequilibrium condensate or an exciton

We assume that the excitation is weak enough that the excj; o, depends on the loss réte.. and the frequency depen-
tons (both reservoir and ground-statenay be treated as dence of the phonon emissionsi)r absorption ig(w). If

bosonic particles; in this limit final-state stimulation of |/ <c\1e 5 hypothetical system whEgg(w) =Ty, then
exciton-phonon interaction provides gain for the ground—We obtain

state excitonic mode. A straightforward analysis has shown

that to obtain a nonequilibrium condensate with a fluctuating Nthres_ 2-62+ Dioss )
phase(in contrast to BE(, one needs to satisf10,4,5 exc )\iph VI
Nexd K)>npy(K), 2

as the density required to obtain a nonequilibirum exciton
that is, for all modes that are contributing to ground-statecondensate. Heregz)\?. ) denotes the volume of the semi-
exciton-phonon scattering, the exciton resevoir ocCupanCyynqyctor(quantization {J/olum)ethat is assumed to be free of
has to exceed that of the phonons. The actual observation Qe g ang impurities. PhysicallM!'® corresponds to the
population buildup in the ground excitonic state also requiresg,

. ; servoir density at which net gain equals net loss, per unit
:E?etstﬂg%gsaturateﬁnet gainexceeds the loss, i.e., thaser volume. In the equilibrium limit [',,ss<—0), we naturally

obtain the requirement for BEC.
— — Before closing this discussion, we note that the densit
Ek: Ton(K)[Nexd k) =Npn(k) 1= Tioss, ©) requirement of qu(5) (obtained for a frequency independenty
phonon ratgis sufficient but not necessary in many particu-
where the sum is over all excitonic modds,,(k) and lar realizations. If we consider, for example, the case where
I''hss denote the acoustic-phonon absorption and decathe principal gain mechanism is the final state stimulation of
(spontaneous emissiprates of the ground-state excitons. If LO phonon emission, then the only requirement is a large
Eq. (3) is satisfied, a coherent state of excitons in the groundexciton reservoir occupancy at.,.=w o, Since the LO-
state with a slowly diffusing phase will form; the phase fluc- phonon scattering rate is much larger than the acoustic pho-
tuations have contributions from spontaneous excitonnon rates, i.e.l' o>I"y. In fact, the exciton occupancy at
phonon scattering and exciton-exciton interactions, both obther frequencies may be well below that of phonons so that

which remain significant al,,=0 K. In contrast to BEC, Nre"Xi2<2.62}\T‘p3h. Therefore, provided that we can keep the

the dimensionality of the excitonic system is notimportant ingyciton reservoir far from equilibrium, the condensation ef-

an exciton lasef11]. Throughout this work, we assume that ot may be observed at densities lower than is required for
the phonon reservoir remains in a thermal state with a wellggc.

defined temperaturép, .

The laser inversion conditiofne,dk)>npn(k)] corre- lll. EXCITON-POLARITON LASER AS A COHERENT

spon_ds to a minimum reservoir exciton densitd,? that_ls LIGHT SOURCE
required to have net final state stimulated emission of
ground-state excitons It has been shown theoreticall¢] that when the above
_ = o oo o mentioned conditions are satisfied, a coherent state of exci-
Nove= fo dwp(w)neXC(w)>f0 dop(w)npp(w) tons with a diffusing phase is formed. The output from such

a nonequilibrium condensate is either a coherent matter wave
o 1 (obtained when the condensed excitons are allowed to tunnel
:j dwp(w)ﬁ—zz.GZ\-Fi, (4) out into another semiconductor mediupr a coherent light
0 ex;{ @ }_ P wave (obtained when the coherent excitons hit a physical
boundary, or when they couple taadiation field reservoiy.
B ) P ) ] Since conventional coherent light sources depend on the ex-
wherep(w) =3/4m?(2m*/%)>?|/w is the 3D exciton density jstence of an electronic population inversion, it is important
of states andr = y2mA*/(M*kTppn) denotes the thermal o determine if a similar condition is necessary for an exciton
de Broglie wavelength of an exciton gas at temperalye  (polariton matter laser.
(=Texc in thermal equilibrium. This is the first result of our Semiconductor Bloch equation$2] specify the relevant

KTpn
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inversion operator for generation of coherent light from anearlier proposals for 1I-VI exciton lasers, where a BCS-type

incoherent(uncorrelategl electron-hole reservoir as state of excitons is utilized for coherent light generafibal;

a BCS state of excitons wheler|?|¢(p)|?/V=1 is elec-

tronically inverted according to the definition we have intro-

duced.

erator. If(1.)>0, ¥p, then all appliedweak electromag- _S_o far we have cons_idered an exciton laser, which is the
: P ’ ’ limiting case of a polariton laser when the photon character

netic fields will experience net log42]. of the quasiparticle —0. In the opposite limit oli— 0, the

acrl;ig\?é dg%ne;a;'gne?tégﬁigrzog)?g{;:%tﬁ g;«f:r'teoen;lrsgttr’ggfzgo:%olariton laser should be indistinguishable from a photon
y perp aser. Next, we consider the transition between these two

pairs, I.e., radiation field reservoir modag couple to exci- limits and its implication for the electronic population inver-

lp=1—gp—n _p, (6)

wheren, , (N _p) denotes the electrothole) number op-

gaa
ton modesC, with sion requirement.
~y 1 - - For a photonlike exciton polariton, we expect two gain
C =sz ®(P) €12 +pNkiz2 —p (7)  mechanisms to be significant: Final-state stimulation of

exciton-phonon scattering and stimulated photon emission.
Due to the presence of band-gap renormalization and Cou-
lomb enhancement of interband transiti¢hg] together with

many-body coherences, it is extremely difficult to find a gen-
7 1 eral analytic expression for net gain. To address the question

¢(p)=8ymag [1+ (pag)?]? ®  of electronic population inversion, however, it is sufficient to

consider final-state stimulation of phonon scattering, since

is the Fourier transform of the hydrogenis wave function.  stimulated photon emission requires inversion and will not
Since we are interested in coherent light generation fronbe effective unless there is inversion. Therefore, for a non-
excitons, we evaluate the expectation value of the averagaverted electron-hole system the lasing condition is given

where&] andh' ) denote the electron and hole creation op-
erators, and

inversion operatof=(1N)Ep|<p(p)|zip. We find by
(Hy=1- 283 Noyot 2 ) Pgain() =2 [ul?Tpn(K)Nexd K) ~Npr(k)]
V 1

. _ =T 0ss= |U[°T rag+ [v]°T can 11
where n, is the average ground-state exciton occupancy. to5s= Ul raq [0 T ca D

Provided that Klexc+No/V)ag<1, there is no electronic in-  where we assumed that reservoir exciton-polaritons are exci-
version in the systerti.e., (I)>0). This result is not unex- tonlike (Juy?>|v|?). The factor|u|? multiplying the pho-
pected sincéz[é,éT] and the bosonic character of the ex- hon emission or absorption rate appears due to the fact that it
citons implies absence of electronic inversion. is the excitonic character of the ground-state polaritons that
As we have already seen, coherent light generation frondletermines the phonon emission or absorption. The polariton
an exciton laser in most cases I‘equiNﬁé(c)\.?.ph> 2.62. By decay ratd’|,sis determined by a combination of excitonic

choosing a low enough temperature, we can guarantee th§?ontaneous emission to all other radiation field modes
Ar,>a5. In this limit, Nexa3<1 will be satisfied. To 1 ras) and the cavity decay rate of the photon mode

L L . r . For simplicity, we assume that these two rates are
evaluate the contribution to electronic inversion from the( cav) Plclty

, ) . equal, eliminating thei,v dependence of the loss.
ground-state excitons, we recall that despite the finite phase " Ao \ve discussed earlier. the threshold of the polariton

fluctuations the condensate wave function may be approxil-aser is obtained whef g4in(U) = T'ss. By assuming once

mated by{7] again thatl",,(k)~T ,, We obtain a simple expression for
X , 1 2o(p) v the thresholdreservoir exciton density14]
)= —e°C|oy=—]T | 1+ etht,|10), 262 1 T
W N iesu 222, L Tloss 12
10 TN T Ty
P

where|a|= \/n—o is determined by the net gain and saturation
mechanisms andV is the normalization constant. Since when N, @3~1: As the exciton character of the polariton
¢(p)<¢(0)=8ymag, for small enough coherent state am- o.omes negligible, an electronic inversion is required for
plitudes(i.e., «<V/64raz) we obtain|al?|¢(p)|V<1.  the formation of a coherent state of polaritons by stimulated
This condition implies that the occupancy of the statescattering. We remark that the weakly interacting boson gas
&th’ |0y satisfies ao(p)/\W+[a[?l¢(p)[> < 0.5 Vp,  model we have been using for excitons breaks down at this
i.e., all optically active electron-hole states are noninverteddensity limit and it is not even correct to talk about stimu-
In this limit, we have aénolv<1. lated exciton-phonon scattering. Our result only implies that
Since a coherent exciton stdtéq. (10)] generates coher- as the excitonic character of the polaritons diminishes, it be-
ent light by spontaneous radiative recombination, an excitotomes impossible to obtain gain without electronic inver-
laser may be viewed as photon laser withoutinversion  sion.
when inversion is defined a4)<0. There is a significant At the Mott density limit[ (Ngyc+No/V)a3~1], the ex-
difference between the exciton laser described here and thaiton binding energy diminishgdl5], due to the combined

For|u|2<(a§/V)F|OSS/th, laser action will take place only
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(and comparab)eeffects of screenin§12] and anharmonic strongly coupledbulk) exciton-microcavity system has been
ground-state  exciton-exciton interactiong7,4]. For  recently demonstratdd 7], experimentally the more relevant
Nex@s>1, an(inverted electron-hole plasma forms. In this scheme is that of a two-dimensional microcavity exciton-
limit, the cavity (i.e., polariton with|u|?<a3/V) mode en- polariton systen5]; the extension of the present discussion
ergy is larger than the band-gap energy, but smaller than thi@ this scheme is straightforward.

sum of the electron and hole chemical potentja. Stimu- In summary, we have presented three basic results per-
lated photon emission into the cavity mode is allowed undefaining to exciton and exciton-polariton lasers. We found that
these conditions and we obtain a semiconducpitoton the sufficient condition for the formation of a nonequilibrium

laser that operates with electronic population invergiti®j. ~ condensatéor net gain in an exciton matter lagés a direct
extension of the condition for the onset of equilibrium BEC.

IV. CONCLUSION In the second part, we demonstrated th_at an exc_i'Fon laser
_ . . does not require an electronic population inversioe.,
Can we regard exciton-polariton matter lasemith N, a3<1) providedag <\ . Since it is only in this limit

1=|u|*>ad/V) as photon lasers without electronic inver- that excitons may be treated as bosons, an exciton laser is a
sion? For a below-threshold laser where Dgain<I'ioss, 80 ell-defined concept as long as there is no inversion. Finally,

applied weak probe field will experience net gain despite thgye showed that if the coherence in the matter system van-
fact that there is no electronic population inversion. In thisishes, as is the case when polaritons become dominantly

limit, the exciton-polariton laser can be regarded as a regershotonlike, an electronic population inversion becomes nec-
erative(photor) laser amplifier without inversion, which uti- essary for coherent light generation.

lizes a many-body coherence within the electron-hole sys-

tem. This is_ in contrast to _previous_inversionless laser ACKNOWLEDGMENTS
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