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Photoluminescence of high-density exciton-polariton condensates
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We examine the photoluminescence of highly excited exciton-polariton condensates in semiconductor micro-
cavities. Under strong pumping, exciton-polariton condensates have been observed to undergo a lasing transition
where the strong coupling between the excitons and photons is lost. We discuss an alternative high-density
scenario, where the strong coupling is maintained. We find that the photoluminescence smoothly transitions
between the lower polariton energy to the cavity photon energy. An intuitive understanding of the change in
spectral characteristics is given, as well as differences to the photoluminescence characteristics of the lasing case.
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Exciton polaritons are quasiparticle excitations in semi-
conductor microcavities consisting of a superposition of a
cavity photon and a quantum-well exciton. These particles
have been observed to undergo Bose-Einstein condensation
(BEC) thanks to their very light effective mass, which
they inherit from their photonic component [1-10]. The
achievement of exciton-polariton condensation has allowed
investigating fundamental quantum states of matter, such
as superfluidity [11] and quantized vortex formation in a
semiconductor chip [12,13]. Currently, the low-density regime
has been primarily investigated, where the average interparticle
distance is much larger than the Bohr radius. In this regime,
the polaritons are well approximated as bosonic particles, such
that at sufficiently low temperatures BEC may occur. As the
density is increased further beyond threshold, there has been
experimental evidence that condensation crosses over into a
lasing regime [5,14—-16]. This has been primarily interpreted
as a result of exciton dissociation, which results in the loss
of strong coupling. After strong coupling is lost, owing to the
fact that the structure of the system is identical to a vertical
cavity surface emitting laser, any coherence in the system
is more appropriately described as originating from photon
lasing, rather than polariton condensation.

However, the loss of strong coupling at high density is
not the only possible scenario. We can also think of a high-
density regime where temperatures are sufficiently low such
that strong coupling is maintained. Such a strong-coupling
high-density scenario has been the subject of many theoretical
investigations [17-24]. This regime is conceptually more
complicated than the low density due to the underlying
fermionic physics of the excitonic constituents. The bosonic
quasiparticle picture can no longer be applied, as phase-space
filling due to the Pauli exclusion principle gives a maximum
density of excitons, while no such limit exists for photons.
This has led to discussions of whether the exciton-polariton
BECs would undergo a crossover to photon-lasing-based
electron-hole plasma, or an electron-hole BCS-like phase.
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Another open question is how such phases would be probed
experimentally, and what experimental signatures would dis-
tinguish the various high-density scenarios.

In this Rapid Communication we investigate the photolu-
minescence (PL) of high-density exciton polaritons. The PL
is the most direct way of probing exciton polaritons, and is
desirable from an experimental point of view to know what
differences in spectra may exist between the two scenarios,
if any. We model the system as an open-dissipative system
of hard-core (excitons) and soft-core (cavity photons) bosons
with gain, loss, and an effective dephasing term
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where the Hamiltonian is
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and e; is the creation operator for an exciton at site i

obeying bosonic commutation relations but having a maximum

occupation of one (ej)2 =0, a and af are annihilation and

creation operators for the cavity photon, np, = a'a, ny =
Y M elei, and of =2ele; — 1. The first two terms in (2)
are energy terms for excitons and photons, the third is the
exciton-photon coupling, and U is a self-interaction energy
between two excitons. Also, g is half the splitting between
the lower polariton (LP) and upper polariton (UP) at low
density, and M is the total number of excitonic sites in the
sample. The decay, gain, and dephasing terms are assumed
to be of Lindblad form £(0,p) = 20p 0T — 0T 0p — pOtO.
The decay rate for the cavity photon is k and the dephasing rate
is I'. The gain term proportional to Prp pumps LPs according
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FIG. 1. (Color online) (a) The model considered in this Rapid
Communication. LPs are pumped into the condensate from the
reservoir modes (Prp). They decay from the condensate with either
the exciton decay rate y or the cavity photon decay rate «.
(b) PL measurement scheme: A laser injected into the semiconductor
sample in which the quantum wells are embedded. Photonic PL is
defined as the photon leakage from the sample surface. DBR stands
for distributed Bragg reflector.

to pf = %(\/LM >, ej —ab), where we have assumed zero
detuning wy = w.

The basis of such a model is as follows (see Fig. 1).
The pump laser initially excites polaritons at high energy
and momenta, which cool via phonon emission along the
LP dispersion [2]. As the polaritons cool to the vicinity of
k =0, a bottleneck develops where a large population of
polaritons accumulate due to inefficient phonon cooling. Due
to polariton-polariton interactions, the polaritons are now able
to directly scatter into the condensate, with rate Prp [25,26].
Due to exciton-photon coupling, the quasiparticle excitations
at k = 0 are approximated as polaritons (rather than photons
or excitons), hence the pumping is with respect to p. To
account for the effects of phase-space filling, the excitons have
a hard-core nature with a maximum occupancy of M, which is
dependent on the sample size. Related models in the context of
polariton condensation were considered in Refs. [17,20,21]. In
the context of quantum dots, similar models were considered
in works such as Refs. [27-31]. However, these do not consider
the above cooling mechanism leading to pumping of the
condensate. In these works generally the pumping is therefore
with respect to excitons or photons, rather than polaritons, as
we consider here.

Figure 2(a) shows the dependence of the PL on the LP
pumping rate (see Supplemental Material for calculational
methods [32]). At low density only the usual LP is visible
due to the direct pumping of the lower energy branch. As
the density is increased, the overall behavior is that the
peak PL shifts from the LP energy toward the cavity photon
energy, consistent with previous calculations presented in
Refs. [18,20]. The linewidth of the PL spectra is typically
of the order of the photon decay rate x at low densities, but
increases significantly as the pump power is raised [Fig. 2(b)].
As the high-density regime is reached, the linewidth narrows
again to the photon decay rate «, a behavior consistent with
current experimental observations [33,34] (see Supplemental
Material showing additional experimental data). The mean
number of cavity photons (np,) and excitons (nex) is shown
in Fig. 3(a). At low pumping powers and at steady state, we
see that the mean numbers of photons and excitons are of
the same order, as would be expected from the low-density
polariton picture. In the limit of zero density, there are exactly
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FIG. 2. (Color online) PL of exciton-polariton condensates.
Parameters are chosen with (a), (b) no dephasing I' = 0 and no
interaction U = 0, (c) no dephasing I' = 0 and with interactions
U/k =3, and (d) with dephasing I' = aPp, « =10, U/k = 0.
Common parameters are M = 3, g/k = 10, and the cavity photon
energy w/k = 1000 is labeled with the dashed lines. In (c), the mean
PL energy for U/k = 3 (solid line) and U/x = 0 (dotted line) are
shown for comparison.

the same number of excitons and photons at zero detuning.
At high densities, mean-field theory predicts that the wave
function approaches [18]

1
exp[ra’ — A%/2] 1—[ ﬁ(l — E,T)|0), 3)

where A is the coherent amplitude of the light. Our numerics
show that for high pumping rates the exciton number per site
(nex)/M approaches 0.5, in agreement with this. In contrast,
we see that the cavity photon number continues to increase
with pumping strength. This is due to the soft-core nature
of photons, which unlike the excitons, do not have to obey
the Pauli exclusion principle. As the density increases further,
the large photonic population starts to dominate the dynamics
of the system. In Ref. [18], this dominant photon population
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FIG. 3. (Color online) (a) The mean number of cavity photons
(npn) and excitons (n¢) for I' = 0. (b) The exciton-photon coherence
parameter (X) = ——(a' Y, ei +a ), e!). The parameters used are
g/k =10, w/k = 1000, and M = 3.
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caused an effective binding of electrons and holes with a
reduced Bohr radius.

The shift of the PL spectrum from LP to cavity pho-
ton energy can be understood as follows. As the density
approaches and exceeds the Mott density [npoq = 1 /(naé),
where ap is the exciton Bohr radius], the photon pop-
ulation increases beyond the exciton population due to
phase-space filling. Using the high-density mean-field wave
function (3), the energy of the high-density states can be evalu-
ated to be E(npp) = woM /2 + nppw — g/ Mnpy, + UMM —
1)/8, where we have used the fact that 22 = nph. As the PL
emission corresponds to a loss of a single photon, let us
consider the removal of a single photon from the system.
The transition energy is then AE = E(npy) — E(npy, — 1) =

_ 8 /M ;
© =5 — w, when np, is large. Thus as the system

evolves towards high density, the peak PL approaches the
cavity photon energy w. This general behavior holds even in the
presence of polariton-polariton interactions [Fig. 2(c)]. While
there is a blue shift to the spectrum as the density increases,
we still see the same general behavior where the peak PL
energy shifts towards the cavity photon energy. Eventually the
PL converges to the cavity photon energy as the particles in
the system are primarily photonlike [Fig. 2(b)], which do not
possess an interaction.

We note that despite the similarity of the model to resonance
fluorescence, there is no characteristic of a Mollow’s triplet
spectrum. The largest factor which explains the lack of side
peaks is the way in which the PL is being measured. The
PL spectrum for exciton polaritons is measured by accessing
the light which escapes out of the microcavity. In general the
photon decay rate is much faster than the exciton spontaneous
decay. This means that the appropriate two-time correlation
function to be calculated in the PL is between the cavity
photons, and not the excitons. In order to reproduce Mollow’s
triplet spectrum, it is necessary to evaluate the two-time cor-
relation between the matter (or exciton in this case) operators,
not the photon operators. As discussed in Refs. [18,35], this
gives a completely different set of transitions, which gives
rise to side peaks, but are absent here. A secondary difference
between the two scenarios is that resonance fluorescence starts
in the weak-coupling regime, but in this case the excitons
strongly couple to the photons even at low densities. Thus
the transition from the LP energy to the cavity photon energy
as seen in Fig. 2(a) is absent in Mollow’s triplet spectrum,
where the central peak is pinned to the cavity photon energy.
The evolution of the spectrum from the LP energy to the
cavity photon energy is similar to that known from highly
excited quantum dots in the strong-coupling regime [18,35].
In comparison to the quantum dot case, the PL spectrum
evolves from the LP energy to the cavity photon energy more
smoothly, which is due to the increased number of possible
optical transitions. This confirms the original prediction of
Ref. [18] which was based on a mean-field calculation.

We now compare the PL to the lasing scenario described in
the introduction. In this case, the strong laser pumping adds
a dephasing effect to diminish the strong coupling between
excitons and photons, modeled by the term proportional to I"
in (1). This may occur, for example, due to the presence of
a large population of electrons and holes that are excited by
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the nonresonant laser. In a realistic experiment, it is likely that
the amount of dephasing I" depends on the lower polariton
pumping Prp. Increasing the pumping contributes to effects
such as heating of the semiconductor sample which results
in increasing I'. To model this, we use a phenomenological
relation I' = o PLp. We see in Fig. 2(d) that this causes a
discontinuous jump between LP and cavity photon energy,
due to the increased dephasing. Thus, in this regime, excitons
and photons coexist with no superposition between the two.
As the energy of a photon is then not modified from its
original cavity photon energy, the PL emerges at this energy
when the dephasing is large. This is in contrast to the smooth
evolution of the peak PL without dephasing in Fig. 2(a). In a
photon-lasing scenario, one may wonder about the validity of
the polariton pump model that we use in (1). While it is more
conventional to pump in either the exciton or photon basis
in this regime, due to the large dephasing I', polaritons are
dephased immediately into half photons and excitons. Thus,
regardless of the pumping scheme, photon lasing is achieved,
and at equilibrium no exciton-photon superposition is present.

The general behavior of the system may be summarized
by drawing a phase diagram as shown in Fig. 3(b). Here
we plot the exciton-photon coherence parameter, defined as
the expectation value at steady state of X = \/Lﬁ(aT diei+

ay, e}L ). For a photon laser, we expect that this parameter is
zero as photons and excitons are not present as a superposition
in this regime. For a high-density polariton condensate, strong
coupling can persist to high densities, which allows for this
expectation value to take a nonzero value. We see that for
large dephasing this parameter is zero, consistent with photon
lasing, while large values are taken when the dephasing is
small and strong pumping is present. This points to the
presence of generally two possible phases, of photon lasing
and a high-density polariton condensate, with a crossover
connecting the two [24]. Strong pumping is seen to compensate
somewhat for a large dephasing, which can be attributed to
the large photon number reinforcing the coherence-generating
term in (2) due to bosonic amplification.

The above cases have been restricted to the steady-state
regime where a constant pump P p is used. In a realistic
experimental situation probing the high-density regime, a
pulsed excitation is typically used in order to excite the
condensate due to limitations in the laser power [33,34]. It
is therefore a relevant question whether the inherent transient
dynamics of the pumping gives any qualitative differences to
the PL spectra. In order to simulate the pulsed excitation, the
LP pump profile is assumed to take the form

. Pl exp[—yt] (t = 0),
P& = 0 (t <0). @

Here y is the decay rate of the excitons, and the zero of
time is taken to be the moment the pulsed excitation is
commenced. Typically, the duration of the pulsed excitation is
extremely short (approximately picoseconds), hence one may
wonder why the relatively long time scale of 1/y associated
with the exciton lifetime is used in the exponential decay.
After the initial excitation, excitons cool relatively slowly and
accumulate in the reservoir, some of which may contribute
to the condensate, and others decaying within the exciton
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FIG. 4. (Color online) Time evolution of (a) the mean number of

cavity photons (ny) and excitons {n.)/M and (b) the photolumines-

cence pumped by a time-dependent Pjp. The dashed line indicates

the cavity photon energy. The parameters used are g/xk = 10, w/k =
1000, " =0, y/k = 0.01, P[> = 0.88, and M = 3.

lifetime. Therefore, in terms of the pumping of the condensate
in Fig. 1, the reservoir exists for a time ~ 1/y after which the
reservoir depletes due to the finite lifetime of the excitons.

Figure 4 shows the PL for the pulsed-pump model. We see
that the PL has a strong peak close to the cavity photon energy
and decays towards the LP energy. The behavior is consistent
with the results for constant pumping, but with a time
dependence to the density. The time scale of the transition is of
the order of the exciton lifetime, which is a direct consequence
of the pumping profile used. The dynamics occurs on this time
scale as the photon lifetime is much shorter than the exciton
lifetime, which means that the condensate quickly responds
to changes in the pumping strength. This explains the similar
features seen in the constant-pumping case, where a transition
from the cavity photon to LP energy is seen.

In summary, we have investigated the photoluminescence
properties of highly excited exciton-polariton condensates. By
assuming a model of LP pumping, we have shown that the
PL shifts from the LP to cavity photon energy as it reaches
the Mott density where the proportion of the cavity photons
becomes dominant. This occurs without the loss of strong
coupling between excitons and photons, in contrast to past
interpretations where such a transition was assumed to be a
lasing transition. Introduction of a dephasing term between
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excitons and photons simulating the lasing case has a similar
effect of pushing the PL towards the cavity photon energy.
However, there is a distinct difference from the zero dephasing
case that the PL jumps from the LP energy to the cavity photon
energy at a certain point while the PL shifts smoothly for
the zero dephasing case. Therefore, there are at least three
mechanisms that can give rise to a blue shift in the spectrum:
(i) polariton-polariton interactions; (ii) tendency of the PL to
shift towards the cavity photon energy with high density; and
(ii1) dephasing reducing the Rabi splitting. In realistic systems,
it is likely that a combination of all three effects plays a role
in both the linewidth and the PL energy.

The exciton-photon coherence parameter was found to be a
suitable observable distinguishing between a photon lasing
and high-density polariton condensate, where a crossover
exists between the two regimes, depending upon the pump
rate and the amount of dephasing. A time-dependent pumping
profile was found to have similar qualitative results in probing
the low- to high-density regime, by taking advantage of
the relatively slow decay of the excitons. Due to the large
difference in time scales of the exciton and photon lifetimes,
the system adapts rapidly to the changing densities due to the
reservoir population. While we have based our calculations on
amodel with no underlying fermionic structure to the excitons,
our calculations using a BCS wave function have revealed
qualitatively similar results, although for this case a rigorous
calculation of the PL is more difficult. We thus believe that
many of the conclusions would hold for either model, and the
qualitative behavior is common in either case.
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