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The experimental realization of Bose-Einstein condensation (BEC) with atoms and quasiparticles
has triggered wide exploration of macroscopic quantum effects. Microcavity polaritons are of partic-
ular interest because quantum phenomena such as BEC and superfluidity can be observed at elevated
temperatures. However, polariton lifetimes are typically too short to permit thermal equilibration.
This has led to debate about whether polariton condensation is intrinsically a nonequilibrium effect.
Here we report the first unambiguous observation of BEC of optically trapped polaritons in ther-
mal equilibrium in a high-Q microcavity, evidenced by equilibrium Bose-Einstein distributions over
broad ranges of polariton densities and bath temperatures. With thermal equilibrium established,
we verify that polariton condensation is a phase transition with a well defined density-temperature
phase diagram. The measured phase boundary agrees well with the predictions of basic quantum

gas theory.

The realization of exciton-polariton condensation in
semiconductor microcavities from liquid helium temper-
ature [1, 2] all the way up to room temperature [3-5]
presents great opportunities both for fundamental stud-
ies of many-body physics and for all-optical devices on
the technology side. Polaritons in a semiconductor mi-
crocavity are admixtures of the confined light modes of
the cavity and excitonic transitions, typically those of
excitons in semiconductor quantum wells (QWs) placed
at the antinodes of the cavity. Quantum effects such as
condensation [1-5], superfluidity [6], and quantized vor-
tices [7-11] have been reported. The dual light-matter
nature permits flexible control of polaritons and their
condensates, facilitating applications in quantum simu-
lation. It is also straightforward to measure the spectral
functions, A(k,w), of polaritons, which can provide in-
sights into the dynamics of many-body interactions in
polariton systems. For cold atoms, the equilibrium oc-
cupation numbers can be measured [12], but the spectral
function is not readily accessible. Observations of non-
Hermitian physics [13] and phase frustration [14] have
shown that polaritons are an important complement to
atomic condensates.

However, in most previous experiments, the lifetime of
the polaritons in microcavities has been 30 ps or less [15]
due to leakage of the microcavity. Thus, although there
have been claims to partial thermalization of polaritons
[16, 17], no previous work has unambiguously shown a
condensation in thermal equilibrium, leading to the com-
mon description of polariton condensates as “nonequilib-
rium condensates” [18-20]. The theory of nonequilib-
rium condensation is still an active field [21-24]. Al-
though polariton experiments and theory have shown
that a great number of canonical features of condensa-
tion persist in nonequilibrium, e.g., superfluid behavior
[22, 23], some aspects may not [25, 26], and debates per-

sist over whether polariton condensates can be called
Bose-Einstein condensates [27-29], in part related to the
question of whether polariton condensation is intrinsi-
cally a nonequilibrium effect. It is thus of fundamental
importance to investigate whether polariton condensates
can reach thermal equilibrium. Of course, strictly speak-
ing, BEC cannot occur in an ideal infinite 2D system, but
it has been shown [30, 31] that a 2D Bose gas in a large
but finite trap has the same threshold behavior as a 3D
Bose gas in a finite trap of the same type. We can thus
talk of an equilibrium BEC in 2D and 3D finite trapped
systems using the same language.

Trapping polaritons in a high-Q) microcavity

The main challenge in reaching full thermalization in po-
lariton systems is to achieve a very long polariton life-
time, longer than their thermalization time. The ther-
malization time for the polariton gas was estimated to be
at least 40 ps for polaritons that are mostly exciton-like
[16], and can be even longer for more photon-like polari-
tons which are less interactive. However, most samples
used in previous experiments have polariton lifetimes on
the order of a few picoseconds. This suggests that an
improvement of the cavity @) by at least an order of mag-
nitude is needed, which is not trivial for GaAs fabrica-
tion technology. We have succeeded at this by growing
a GaAs-based high-Q microcavity structure by molecu-
lar beam epitaxy. The main change from samples used in
previous experiments [2] was to double the number of the
quarter-wavelength layers in the distributed Bragg reflec-
tors (DBRs) that make up the mirrors of the cavity; the
detailed recipe and the difficulties involved in fabricating
a long lifetime sample are described in the Supplementary
Information. The new microcavity structure has a @ of
~320,000 and a cavity photon lifetime of ~135 ps. This
corresponds to a polariton lifetime of 270 ps at resonance,



which has been confirmed by the long-range (millimeter
scale) propagation of polaritons created through either
resonant [32] or non-resonant [33] optical excitation.
Due to the light effective mass and ineflicient scatter-
ing with phonons, polaritons can propagate over long dis-
tances, up to millimeters when they are mostly photonic
[32, 33]. In order to guide them toward equilibrium with
a specified location and geometry, we made a spatial trap.
We created an annular optical trap to localize polaritons
under non-resonant excitation. This method has been
used previously in several experiments to confine polari-
tons [34-38]. The excitation pattern on the microcavity
is an annulus with a diameter of 38 um, as shown in
Fig. 1a. In Fig. 1b, we show the normalized light inten-
sity plot for the x = 0 slice of the ring pattern in Fig. 1a.
The light intensity in the center is nearly negligible; as
discussed above, it gives rise to a nearly flat potential
for the polaritons in the center of the ring, in which the
variation in energy is much less than kpT. We also plot-
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FIG. 1. (color online). (a) Reflection of the excitation beam
from the sample surface. The white circle indicates the re-
gion of the sample that is observed in photoluminescence (PL)
imaging measurements after spatial filtering. (b) Normalized
excitation light intensity along the x = 0 line through the
center of the excitation ring pattern shown in (a). (c) Spec-
trally resolved PL along © = 0. The PL within the solid white
lines is collected and imaged onto the spectrometer CCD in
the far-field geometry for the polariton distribution measure-
ments. The dashed white line indicates the photon energy
gradient deduced from the low-density spectrum.

ted the intensity of the photoluminescence (PL) emitted
by lower polaritons as a function of both the PL energy
and the sample position for the case of moderate pump
power below the condensation threshold in Fig. 1c. The
white dashed line indicates the emission energies at very
low pump powers; the slope of this line arises from the
wedge of the cavity thickness, which causes a gradient in
the cavity photon energy. At the pump region, there is
a blue shift of the polariton energy due to their interac-
tions with each other as well as from repulsive interac-
tions between polaritons and excitons and free carriers.
As seen in Fig. 1c, the barrier is not constant around the
ring, varying by about 1 meV from one side to the other
due to inhomogeneity in the pump intensity. The barrier

is slightly wider than the laser profile, because excitons
propagate up to 10 pm. The potential landscape is nearly
flat in the region from —11 pm to 11 pm indicated by the
white circle in Fig. 1a and the horizontal lines in Fig. 1b
and lc. PL was collected from only this region for deter-
mination of the polariton energy distribution as discussed
below. The nearly flat potential profile corresponds to a
constant density of states in 2D. Additionally, a nearly
homogeneous distribution was established in the field of
view, as evidenced by little change in the energy-resolved
emission intensities in Fig. 1c (see Fig. S6 in Ref. [36]
for a direct measurement of spatial profiles under similar
conditions).

Polaritons are generated in the pump region and
stream away in all directions. However, only polari-
tons that propagate into the center of the trap can meet
and interact, leading to the accumulation of the densi-
ties high enough for condensation. A near-field image of
the sample was projected onto a spatial filter at a recon-
structed real-space plane of the sample surface to select
only the PL from inside the trap (within the white circle
in Fig. 1a), and a far-field image of the PL that passed
through the spatial filter was projected onto an imag-
ing spectrometer, giving the intensity of the PL, I, as
a function of both the in-plane wavevector component,
Ky, and the corresponding energy, E(kj). The disper-
sion E(k|) is given in the supplementary information.
Finally, I[E (k)] was converted into the number of po-
laritons, N[E(k)|)] (hereafter simply N (E)), by the use of
one single efficiency factor throughout the experiments.
Detailed information about how to determine the effi-
ciency factor can be found in Ref. [36]. Crucially, the
same efficiency factor was used for all the distributions
so that the absolute occupation numbers of different dis-
tributions could be compared.

Varying the polariton gas from nonequilibrium to
equilibrium
To see the effect of interactions on thermalization, N(E)
was measured at two different cavity detunings, 6 = —5
meV and § = 0 meV, for a series of pump powers. The
detuning § is the energy difference between the cavity
resonance and exciton energy at k) = 0. Changing the
detuning changes the underlying excitonic fraction of the
polaritons, which governs the strength of their interac-
tions. Positive values of detunings indicate polaritons
are more exciton-like, while negative values of detunings
give polaritons which are mostly photon-like. Here § =0
meV and § = —5 meV correspond to excitonic fractions
of 50% and 30%, respectively. This indicates that the
polaritons with § = —5 meV have interactions which are
weaker by a factor of 3 than those at 6 = 0 meV, and
less well thermalization is expected.

The measured distributions N(E) at both detunings
and various pump powers are shown in Fig. 2. The pump
powers are reported in terms of the threshold power,
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FIG. 2. (color online). Energy distributions of polaritons in
the center of the trap at (a) 6 = =5 meV (b) § =0 meV at a
bath temperature of Tyatn, = 12.5 K at different pump powers
(see supplementary information for values). The solid curves
are best fits to the equilibrium Bose-Einstein distribution in
Eq. (1). The fitted values of T' and p are shown in Fig. 3.
The power values from low to high are 0.12, 0.24, 0.45, 0.71,
0.93, 1.07, 1.10, 1.12 and 1.14 times of the threshold values
PgE, which are 382 mW and 443 mW for detunings § = 5
meV and § = 0 meV, respectively.

PpE, defined below. The sample was immersed in a he-
lium bath that was kept at a temperature Tpqp, = 12.5
K for both detuning positions. The measured values of
N(E) were fit to a Bose-Einstein distribution, given by

1

Npp(E) = ST el _ 1’ (1)

where T and p are the temperature and chemical poten-
tial of the polaritons, respectively, and kp is the Boltz-
mann constant. The ground state (k)| = 0) of the lower
polariton shifts to higher energy as the density increases,
due to the repulsive interpolariton interactions. We de-
fined the ground state energy in each case as F = 0 so
that u = 0 corresponds to the condition for Bose-Einstein
condensation. The best fits of the data to Npg(E) were
determined using 7" and p as free parameters in nonlinear
least-squares regressions, and are shown as solid curves
in Fig. 2.

When the polariton states are negatively detuned and
have very weak interactions, the fits to the Bose-Einstein
distribution are poor. As seen in Fig. 2(a), for the case
of § = —5 meV, at low density the distribution has a rea-
sonable fit to a Maxwell-Boltzmann distribution (which
corresponds to a single exponential, i.e., a straight line on
a semi-log plot), but as the polariton density is increased,
the distribution is no longer fully thermal. The hump at
E = 0.5 meV is a manifestation of the bottleneck effect,
as was also observed in Ref. [17]. As the density is in-
creased further, a peak occurs which is condensate-like,

but the rest of the distribution does not fit the Bose-
Einstein functional form in Eq. (1), indicating that the
polaritons are not in thermal equilibrium. This behav-
ior is similar to that seen in many other experiments
with short-lifetime polaritons, e.g. Refs. [1, 17], and is
consistent with a nonequilibrium polariton condensate.
The nonequilibrium distribution has been reproduced by
numerical solution to the quantum Boltzmann equation
[39]. Despite the long cavity lifetime, the photon-like
polaritons with weak interactions do not reach thermal
equilibrium.

In contrast, N(E) at § = 0 is well described by
Npg(F) for all pump powers up to P = 1.1Pgg. At
pump powers well below Pgp, N(F) is well described by
a single exponential function, i.e., a Maxwell-Boltzmann
distribution. Between P = 0.9Pgp and P = 1.1Pgg,
an upturn in the distribution at £ = 0 meV is ob-
served, indicating that N(FE) deviates from Maxwell-
Boltzmann statistics and must be described by a Bose-
Einstein distribution with the reduced chemical potential
|/ksT| < 1. The fit values of T' and p used in Fig. 2b
are shown in Fig. 3 as the blue symbols. As seen in this
figure, when the density is increased, T decreases from
around 20 K to a lowest value of 13.9+0.2 K and p/kgT
smoothly goes from —2.93 4+ 0.16 to —0.28 4+ 0.01. For
pump powers greater than 1.1Ppg, a condensate in the
ground state appears. In the weakly-interacting limit,
the condensate peak should be delta-function like, which
is broadened in the presence of finite-size fluctuations
[40].The high-energy tail of the top two curves has the
same absolute value, indicating that the population in
the excited states saturates when there is a condensate,
consistent with a Bose-Einstein condensation phase tran-
sition for bosons in thermal equilibrium.
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FIG. 3. (color online). (a) Effective temperatures of polari-
tons for bath temperatures 7' = 12.5 K (blue points) and
T = 22.5 K (red points) at different pump powers, extracted
by fitting the energy distributions (shown in Fig. 2b for the
12.5 K case) to the equilibrium Bose-Einstein model. The
dashed lines indicate the helium bath temperatures. (b) Re-
duced chemical potential o = u/kpT for bath temperatures
T = 12.5 K (blue points) and T' = 22.5 K (red points) at
different pump powers .

The upturn in the shape of N(E) in the low en-



ergy states unambiguously distinguishes N (FE) as a Bose-
Einstein distribution rather than a Maxwell-Boltzmann
distribution. Previous reports using short-lifetime sam-
ples [16, 17] showed fits of N(E) but did not show this
behavior; although a condensate peak appeared in some
cases, there was not a clear density-dependent evolution
from a thermal Maxwell-Boltzmann distribution to a de-
generate Bose-Einstein, condensed distribution. Further-
more, short-lifetime samples thermalized only when the
microcavity was positively detuned [16] and the polariton
characteristics were mostly exciton-like so that the mo-
tion of the polaritons was severely restricted (see Sup-
plementary Information for a detailed discussion). In
contrast, the long lifetime polaritons seen here at zero
detuning follow Bose-Einstein statistics throughout the
phase transition and propagate to fill the trap in spatial
equilibrium.

We emphasize that not only the curvature of the fits
in Fig. 2 but also the absolute vertical scale of the fits is
constrained by the value of . We do not have a free pa-
rameter to change the overall intensity scaling factor for
each curve. The data points give the absolute occupation
numbers as indicated by the vertical scale in addition to
the relative occupation numbers at different pump pow-
ers. When the value of p in the Bose-Einstein distribu-
tion is increased toward zero, this increases the absolute
value of Npg(E). Thus, the fits are tightly constrained
by the requirement that we fit not only the shape of the
distribution but also the relative heights of all the curves
with only two parameters, 7" and p. This constraint is
reflected in the very small relative uncertainties in the fit
values of u shown in Fig. 3b.

Phase diagram of polariton Bose condensation
The bath temperature was also varied in the range of
10.0-25.0 K. Good thermalization has been achieved
across this range. In Fig. 3, we plot the fitted values
of T and u/kpT for different pump powers. As can be
seen, when the bath temperature is low, the fit values
of T at low densities are much higher than Ty, and
at higher densities they settle to temperatures slightly
above Tpqin, while for a bath temperature of T = 22.5
K, the fitted temperatures stay pinned to the bath tem-
perature, within the uncertainty. The chemical potential
increases smoothly toward zero in each case as the den-
sity is increased.

Now that we have a well defined temperature rang-
ing over which thermal equilibrium is established, it is
straightforward to determine the phase diagram of po-
lariton Bose-Einstein condensation. To determine the
phase diagram, i.e., to check the scaling law in Eq. (2),
we want to plot the total number of polaritons N as a
function of the fit value of T" at the threshold.

k2
kaT

re ~n Y2 Np ~

(2)

We choose the threshold as the onset of Bose amplifica-
tion, i.e., N(k; =0) = 1.

Based on this methodology, Npg were determined for
a series of Tpqp values ranging from 10.0 K to 25.0 K.
The fit values of T" at the onset of Bose-Einstein statistics
are plotted in Fig. 4a, showing the general trend of Tgg
slightly higher than Tyq:p, as discussed earlier in the text.
The relative deviation is highest at low bath temperature,
when the heat capacity of the sample is lowest, allowing
the local sample temperature to rise more due to the laser
heating.

The phase diagram of Bose-Einstein transition, i.e., the
relation of Ngg to Tgg is shown in Fig. 4b. The black
line is the best fit of a linear proportionality . Within the
uncertainty, the data are consistent with a linear increase
in threshold T' with Npg, consistent with the expected
phase boundary of a weakly interacting boson gas in two
dimensions implied by the relation (2). This line can be
viewed as a phase boundary: above the line, the gas is
quantum-degenerate, and below it, the gas is classical.
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FIG. 4. (color online). (a) The critical temperature as a func-
tion of lattice temperature for 6 = 0 meV. The solid black line
indicates Tgeg = Tvath. (b) Phase diagram of the transition
to a degenerate Bose gas. The solid black line shows the best
fit of a linear relation Ngr < TBE.

It has been a longstanding assumption that the Bose
condensation effects seen in polariton systems are a di-
rect result of the quantum nature of the system when
rs ~ Ar, but up to now it has not been possible to di-
rectly test this. By using high-quality microcavities with
lifetimes over an order of magnitude longer than those
of previous samples, polaritons within a two-dimensional
flat optical trap are seen to unambiguously show ther-
mal Bose-Einstein statistics. This clearly distinguishes
polariton condensation from the conventional lasing ef-
fect in semiconductor materials.

Now that we have samples in which true equilibrium
can be established, more new experiments are possible
to test theoretical predictions of interacting Bose gases
which have been elusive in cold atom experiments. Addi-
tionally, studies can be conducted of the excitation spec-
trum of the interacting Bose gas, and of the crossover
from 2D to 1D equilibrium which can be controlled
by spatial shaping of the excitation light to make tai-
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lored potential energy landscapes. Characteristics of the
nonequilibrium state can also be studied systematically
by varying the cavity detuning to control the polariton
interaction strength and excitation profile to tailor the
potential landscape. Dynamical relaxation into the equi-
librium state can also be studied by using pulsed rather
than c.w. excitation followed by time-resolved measure-
ments, as well as the coherence properties as the system
passes through the Berezinsky-Kosterlitz-Thouless tran-
sition. The results are also encouraging for applications
in quantum simulation of condensed matter system that
exploit equilibrium BEC properties [41].
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