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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 particular 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 thermal 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.

DOI: 10.1103/PhysRevLett.118.016602

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 studies
of many-body physics and for all-optical devices on the
technology side. Polaritons in a semiconductor microcavity
are admixtures of the confined light modes of the cavity
and excitonic transitions, typically those of excitons in
semiconductor quantum wells placed at the antinodes of
the cavity. Quantum effects such as condensation [1-5],
superfluidity [6], and quantized vortices [7—11] have been
reported. The dual light-matter nature permits flexible
control of polaritons and their condensates, facilitating
applications in quantum simulation. It is also straightfor-
ward to measure the spectral functions, A(k, ), of polar-
itons, which can provide insights into the dynamics of
many-body interactions in polariton systems. For cold
atoms, the equilibrium occupation numbers can be mea-
sured [12], but the spectral function is not readily acces-
sible. 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 common description
of polariton condensates as “nonequilibrium condensates”
[18-20]. The theory of nonequilibrium condensation is still
an active field [21-24]. Although polariton experiments and
theory have shown that a great number of canonical features
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of condensation persist in nonequilibrium, e.g., superfluid
behavior [22,23], some aspects may not [25,26], and debates
persist over whether polariton condensates can be called
Bose-FEinstein condensates [27-29], in part related to the
question of whether polariton condensation is intrinsically a
nonequilibrium effect. It is thus of fundamental importance
to investigate whether polariton condensates can reach
thermal equilibrium. Of course, strictly speaking, Bose-
Einstein condensation (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 a3D 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 polariton
systems is to achieve a very long polariton lifetime, longer
than their thermalization time. The thermalization time for
the polariton gas was estimated to be at least 40 ps for
polaritons that are mostly excitonlike [16], and can be
even longer for more-photonlike polaritons 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 Q by at least an order of magnitude is needed, which
is not trivial for GaAs fabrication technology. We have
succeeded at this by growing a GaAs-based high-Q micro-
cavity structure by molecular 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 reflectors that make up the mirrors of
the cavity; the detailed recipe and the difficulties involved
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in fabricating a long lifetime sample are described in the
Supplemental Material [32]. The new microcavity structure
has a Q of ~320000 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 [48] or nonresonant [49]
optical excitation.

Because of the light effective mass and inefficient
scattering with phonons, polaritons can propagate over
long distances, up to millimeters when they are mostly
photonic [48,49]. In order to guide them toward equilib-
rium with a specified location and geometry, we made a
spatial trap. We created an annular optical trap to localize
polaritons under nonresonant excitation. This method has
been used previously in several experiments to confine
polaritons [50-54]. The excitation pattern on the micro-
cavity is an annulus with a diameter of 19 pum, as shown in
Fig. 1(a). In Fig. 1(b), we show the normalized light
intensity plot for the x = 0 slice of the ring pattern in
Fig. 1(a). 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 kz7. We
also plotted the intensity of the 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. 1(c). 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 interactions with each
other as well as from repulsive interactions between
polaritons and excitons and free carriers. As seen in
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FIG. 1. (a) Reflection of the excitation beam from the sample
surface. The white circle indicates the region 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) Spectrally resolved PL along x = 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 measurements. The dashed white line indicates the
photon energy gradient deduced from the low-density spectrum.

Fig. 1(c), 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 um. The potential landscape is nearly flat in the region
from —11 ym to 11 ym indicated by the white circle in
Fig. 1(a) and the horizontal lines in Figs. 1(b) and 1(c).
PL was collected from only this region for determination 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 dis-
tribution was established in the field of view, as evidenced by
little change in the energy-resolved emission intensities in
Fig. 1(c) (see Fig. S6 in Ref. [52] 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 polaritons that
propagate into the center of the trap can meet and interact,
leading to the accumulation of the densities high enough
for condensation. A near-field image of the sample was
projected onto a spatial filter at a reconstructed real-space
plane of the sample surface to select only the PL from
inside the trap [within the white circle in Fig. 1(a)], and a
far-field image of the PL that passed through the spatial
filter was projected onto an imaging spectrometer, giving
the intensity of the PL, /, as a function of both the in-plane
wave vector component, k|, and the corresponding energy,
E(k||). The dispersion E(k|) is given in the Supplemental
Material [32]. Finally, I[E(k))] was converted into the
number of polaritons, 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 efficiency factor can be found in Ref. [52]. Crucially,
the same efficiency factor was used for all the distributions
so that the absolute occupation numbers of different
distributions could be compared.

Varying the polariton gas from nonequilibrium to
equilibrium.—To see the effect of interactions on thermal-
ization, N(E) was measured at two different cavity detun-
ings, 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 kj = 0.
Changing the detuning changes the underlying excitonic
fraction of the polaritons, which governs the strength of
their interactions. Positive values of detunings indicate
polaritons are more excitonlike, while negative values of
detunings give polaritons which are mostly photonlike.

Here 6 = 0 meV and 6 = —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 thermalized 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, Pgg,
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FIG. 2. Energy distributions of polaritons in the center of the trap
at (a) 6 = -5 meV (weak interactions, nonequilibrium) and
(b) 6 =0 meV (strong interactions, nonequilibrium) at a bath
temperature of T,5, = 12.5 K at different pump powers (see
Supplemental Material for values [32]). The solid curves are best
fits to the equilibrium Bose-Einstein distribution in Eq. (1). The
fitted values of 7" and y 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 Pgg, which are 382 mW and
443 mW for detunings 6 = 5 meV and 6 = 0 meV, respectively.

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

1

NBE(E) :m, (1)

where T and u are the temperature and chemical potential
of the polaritons, respectively, and kg is the Boltzmann
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 defined the
ground-state energy in each case as £ = 0, so that 4 =0
corresponds to the condition for Bose-Einstein condensa-
tion. The best fits of the data to Ngg(E) were determined
using 7 and u 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
0 = -5 meV, at low density the distribution has a reason-
able fit to a Maxwell-Boltzmann distribution (which
corresponds to a single exponential, i.e., a straight line
on a semilog 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 increased
further, a peak occurs which is condensatelike, 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 behavior 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 [55]. Despite the long cavity lifetime,
the photonlike polaritons with weak interactions do not
reach thermal equilibrium.

In contrast, N(E) at § = 0 is well described by Npg(E)
for all pump powers up to P = 1.1Pgg. At pump powers
well below Pgp, N(E) is well described by a single
exponential function, i.e., a Maxwell-Boltzmann distribu-
tion. Between P = 0.9Pgg and P = 1.1Pgg, an upturn in
the distribution at £ = 0 meV is observed, indicating that
N(E) deviates from Maxwell-Boltzmann statistics and
must be described by a Bose-Einstein distribution with
the reduced chemical potential |u/kgT| < 1. The fit values
of T and y used in Fig. 2(b) 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 u/kgT smoothly goes from —2.93 +
0.16 to —0.28 £0.01. For pump powers greater than
1.1Pgg, 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 [56]. 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 transition for bosons in thermal equilibrium.

The upturn in the shape of N(E) in the low-energy states
unambiguously distinguishes N(E) as a Bose-Einstein
distribution rather than a Maxwell-Boltzmann distribution.
Previous reports using short-lifetime samples [16,17]
showed fits of N(E) but did not show this behavior;
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FIG. 3. (a) Effective temperatures of polaritons for bath temper-
atures 7 = 12.5 K (blue points) and 7 = 22.5 K (red points) at
different pump powers, extracted by fitting the energy distribu-
tions [shown in Fig. 2(b) for the 12.5-K case] to the equilibrium
Bose-Einstein model. The dashed lines indicate the helium bath
temperatures. (b) Reduced chemical potential o = u/kgT for
bath temperatures 7 = 12.5 K (blue points) and 7 = 22.5 K (red
points) at different pump powers.
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although a condensate peak appeared in some cases, there
was not a clear density-dependent evolution from a
thermal Maxwell-Boltzmann distribution to a degenerate
Bose-Einstein condensed distribution. Furthermore, short-
lifetime samples thermalized only when the microcavity
was positively detuned [16] and the polariton character-
istics were mostly excitonlike, so that the motion of the
polaritons was severely restricted (see the Supplemental
Material [32] 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 parameter
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 powers. When the
value of y in the Bose-Einstein distribution is increased
toward zero, this increases the absolute value of Ngg(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, T
and p. This constraint is reflected in the very small relative
uncertainties in the fit values of x4 shown in Fig. 3(b).

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 T, and at higher densities they settle to temperatures
slightly above T},;, while for a bath temperature of
T = 22.5 K, the fitted temperatures stay pinned to the bath
temperature, within the uncertainty. The chemical potential
increases smoothly toward zero in each case as the density is
increased.

Now that we have a well-defined temperature ranging
over which thermal equilibrium is established, it is straight-
forward to determine the phase diagram of polariton
Bose-Einstein condensation. To determine the phase dia-
gram, i.e., we want to plot the total number of polaritons N
as a function of the fit value of T at the threshold, to check
the expected scaling law that the particle separation should
be of the order of the de Broglie wavelength at the
threshold:

hZ
kaT

oV )
We choose the threshold as the onset of Bose amplification,
ie, N(ky=0)=1.

Based on this methodology, Ngg were determined for a
series of T,y values ranging from 10.0 to 25.0 K. The fit
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FIG. 4. (a) The critical temperature as a function of lattice

temperature for 6 =0 meV. The solid black line indicates
Tgg = Tpam- (b) Phase diagram of the transition to a degenerate
Bose gas. The solid black line shows the best fit of a linear
relation NBE X TBE'

values of 7T at the onset of Bose-Einstein statistics are
plotted in Fig. 4(a), showing the general trend of Tyg
slightly higher than T}y, 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. 4(b). The black line
is the best fit of a linear proportionality. Within the
uncertainty, the data are consistent with a linear increase
in threshold 7" with Ngg, 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.

It has been a long-standing assumption that the Bose
condensation effects seen in polariton systems are a direct
result of the quantum nature of the system when r; ~ A7,
but up to now it has not been possible to directly 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 thermal Bose-Einstein statistics.
This clearly distinguishes polariton condensation from the
conventional lasing effect 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. Additionally,
studies can be conducted of the excitation spectrum 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 tailored 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
the excitation profile to tailor the potential landscape.
Dynamical relaxation into the equilibrium state can also
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be studied by using pulsed rather than continuous-wave
excitation followed by time-resolved measurements, as
well as the coherence properties as the system passes
through the Berezinskii-Kosterlitz-Thouless transition. The
results are also encouraging for applications in quantum
simulations of condensed matter systems that exploit
equilibrium BEC properties [32].
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