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Coherence measurements of polaritons in thermal equilib-
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We have created a spatially homogeneous polariton condensate in thermal equilibrium, up to very
high condensate fraction. Under these conditions, we have measured the coherence as a function of
momentum, and determined the total coherent fraction of this boson system from very low density

up to density well above the condensation transition.

These measurements reveal a consistent

power law for the coherent fraction as a function of the total density over nearly three orders of
its magnitude. The same power law is seen in numerical simulations solving the two-dimensional
Gross-Pitaevskii equation for the equilibrium coherence. This power law has not been predicted by

prior analytical theories.

I. INTRODUCTION

Bose-Einstein condensation (BEC) is a remarkable state
of matter in which a macroscopically large number of
bosons act as a single, coherent wave. The physics of two-
dimensional BEC has subtle differences from the three-
dimensional case because thermal fluctuations destroy
the long-range order in systems of reduced dimensions [1].
However, a quasicondensate state can exist with strongly
correlated coherence over finite distances, as predicted by
Berezinskii, Kosterlitz and Thouless [2, 3]. Microcavity
exciton-polaritons (called here simply “polaritons”) are
good candidates for the investigation of two-dimensional
boson systems because they allow direct experimental ac-
cessibility to the coherence in situ without destructive
measurements. In most experiments with cold atoms
that have tried to establish a phase diagram, only the
momentum distribution or spatial profile has been mea-
sured, not the coherence directly [4-7].

Polaritons can be viewed as photons dressed with an ef-
fective mass and repulsive interactions, due to the strong
coupling of a cavity photon state and a semiconductor ex-
citon state. These particles have been shown to demon-
strate Bose condensation and coherent effects in various
experiments for nearly two decades (e.g. [8-13]). Al-
though in many experiments the polaritons have fairly
short lifetime, leading to nonequilibrium condensates, in
the last ten years, microcavity structures have been avail-
able with polariton lifetime of several hundred picosec-
onds [14, 15], which has allowed demonstration of true
equilibrium, as seen in near-perfect fits to an equilib-
rium Bose-Einstein energy distribution up to the Bose-
degenerate regime [16] and in a thermal power law of the
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spatial correlation [17].

Ref. [16] showed equilibrium in the degenerate regime
up to 5-6 particles in the ground state, but at higher
densities, the occupation-number distribution N(E) de-
viated from a purely equilibrium distribution. We have
since established that this was primarily due to the con-
densate becoming spatially inhomogeneous. In this work,
we report new experiments in which equilibrium is well
established in a homogeneous polariton gas well up to
ground-state occupations in the range of 100-1000. Al-
though the particles have a lifetime for decay which is
replenished by a steady-state pump, the lifetime of the
particles is long compared to their thermalization time,
so that only a tiny fraction of the population is lost and
replaced at any point in time.

This allows us to perform accurate measurements of
the coherence of the gas over a wide range of density.
Because the gas is thermal and homogeneous, it allows
direct comparison to theories for the coherence of a Bose
gas in two dimensions (2D). Although this type of exper-
iment has been attempted with cold atoms [18], interfer-
ence measurements in a cold atom gas are intrinsically a
destructive measurement, and those measurements had
low resolution.

These experiments can be interpreted as measuring the
“condensate fraction” of the system, but in a 2D system,
the definition of the condensate fraction is somewhat con-
troversial. Several theoretical papers (e.g., Refs. [19, 20])
have defined the “condensate” as only those particles with
strictly zero momentum. These theories kept no track
of the phase coherence, only the populations of k-states.
However, the crucial aspect of the Gross-Pitaevskii equa-
tion, which allows superfluid behavior such as quantized
vorticity, is the phase coherence, and the Gross-Pitaevskii
equation makes no sharp distinction between the Fourier
components of a coherent wave with k£ = 0 and Fourier
components with nonzero k. Also, if the condensate is



defined as only particles with strictly zero momentum,
then the condensate fraction in 2D has vanishingly small
value in the thermodynamic limit; this is an unhelpful
definition for a finite system, because it is well known
[1] that a 2D system can have coherence on finite length
scales. Instead, one can define the “coherent fraction” as
the fraction of the particles which have 100% fringe visi-
bility in an interference measurement, which is equivalent
to the integral of the fringe visibility over the total set of
momentum states. This is well defined for any finite area.
This may be termed the “quasicondensate,” since it cor-
responds to that part of the gas which has a single-valued
wave function that obeys the Gross-Pitaevskii equation.
Some, however, may restrict the term “quasicondensate”
to a state with long-range, power-law correlation [21],
while at low density there is exponential decay of the
correlation of the coherence (as seen in our numerical
model, and presented in the Supplementary Informa-
tion). What we see experimentally is that there is no
sharp cutoff between the “coherent fraction” at low den-
sity and the “quasicondensate” at high density—the coher-
ence increases continuously from very low density up to
near 100% at high density. In this paper, we will use the
term “coherent fraction” to avoid confusion.

In this work, we undertake a detailed experimental and
theoretical investigation of coherence as a function of the
polariton gas density and determine the coherent fraction
as a function of total particle density. First, we estab-
lish the polariton gas is in thermal equilibrium. We then
determine the coherent fraction and compare it to nu-
merical solutions of a two-dimensional Gross-Pitaevskii
equation.

II. EXPERIMENTAL OBSERVATIONS

The microcavities used in this work consisted of a total
of 12 GaAs quantum wells with AlAs barriers embedded
within a distributed Bragg reflector (DBR). The DBRs
are made of alternating layers of AlAs and Aly2GaggAs.
The quantum wells are in groups of 4, with each group
placed at one of the three antinodes of the 3\/2 cavity.
The large number of DBR periods gives the cavity a high
Q-factor, resulting in a cavity lifetime of ~135 ps and a
polariton life time of ~270 ps at resonance. The long cav-
ity life time allows polaritons to propagate over macro-
scopic distances of up to millimeters [15]. Further details
about the samples are discussed in the Supplementary
Information.

The sample was cooled in a continuous-flow cold-finger
cryostat at ~5 K and excited non-resonantly with a
continuous-wave (cw) laser, which was modulated by an
optical chopper at 404 Hz with a duty cycle of 1.7% to
prevent sample heating. The pump profile was shaped
into a broad Gaussian with full width at half maximum of
~ 65 pm. The non-resonant excitation created a plasma
of electrons and holes, which spontaneously form exci-
tons. These hot excitons then scatter down in energy to
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Figure 1: Real-space polariton emission. Polari-
ton emission created by a wide area nonresonant pump.
The white dashed circle indicates the region where the
photoluminescence (PL) is collected.

become polaritons.

The cavity detuning was § = 2.5 meV, corresponding to
an exciton fraction |X|* = 0.55 for the lower polariton at
k = 0. The photoluminescence (PL) was collected using a
microscope objective with a numerical aperture (NA) of
0.75, and was imaged onto the entrance slit of a spectrom-
eter. The image was then sent through the spectrometer
to a charged coupled device (CCD) for time integrated
imaging. A spatial filter was placed at the real-space
plane to collect PL from a region where the gas was very
homogeneous (typical diameter of 12 pm, as shown by
the white dashed circle in Fig. 1).

To show that polaritons can achieve thermal equi-
librium, we measured the lower polariton occupation
and we compared it to occupation number predicted by
Bose—Einstein statistics. The lower-polariton occupation
was measured by angle-resolved imaging, giving the in-
tensity I (k,F), which is then converted to an occupa-
tion number N (E) using a single efficiency factor (the
calibration of this factor is discussed in the Supplemen-
tary Information). The measured polariton occupation
for different pump power values is shown in Fig. 2. The
measured occupation numbers were fit to a Bose-Einstein
distribution, given by

1
e(ELp-ELp(0)-p)/ksT _ 1’ (L)

N (Evp) =

where T and p are the temperature and chemical poten-
tial of the polariton gas respectively, Frp is the lower
polariton energy, and Erp(0) is the polariton ground
state energy at k = 0, which shifts to higher energy as
the density increases, due to many-body renormaliza-
tion [16]. The fits to Bose-Einstein distribution were
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Figure 2: Equilibrium distribution of polaritons.

Occupation of the lower polariton as a function of en-
ergy. The solid lines are best fits to the equilibrium
Bose-Einstein distribution in Eq. (1). The temperature
and chemical potential extracted from the fit are shown
in Fig. 3. The power values from low to high are 0.008,
0.031, 0.132, 0.530, 0.653, 0.821, 0.940, 1.164 and 1.265
times the threshold pump power. The threshold power
P;y, is defined in the Supplementary Information.

done by using T and p as fit parameters. As seen in
Fig. 2, the experimental polariton occupation is well
described by a Bose-Einstein distribution for all densi-
ties indicating that the polariton gas is in true ther-
modynamic equilibrium. At densities well below the
condensation threshold, the Bose-Einstein distribution
becomes a Maxwell-Boltzmann distribution N (Epp) ~
etlFoTe=ELp/ksT \which corresponds to a straight line on
a semilog plot. However, when quantum statistics be-
come important (i.e., N (Erp) ~ 1), the shape of the dis-
tribution changes and an upturn at in low-energy states
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Figure 3: Extracted temperature and chemical po-
tential. (A) The effective temperature of the polari-
ton gas and (B) the reduced chemical potential obtained
from the fits to the Bose-Einstein distribution. The ver-
tical dashed line denotes when the occupation at £ =0
becomes equal to one, i.e N(E =0) = 1.

appears. The temperature and the chemical potential
obtained from the fit to Bose-Einstein distribution are
shown in Fig. 3. We emphasize that a single efficiency
factor is used for all the distributions and only 7" and p
were varied.

The coherent fraction was measured by interfering the
light emitted by the polariton gas E (k,, ky,to) with its
mirror symmetric image E (~kg, ky,to) using Michelson
interferometry. The resulting intensity pattern exhibits
interference fringes, indicating the emergence of extended
coherence. A typical interference pattern in k-space is
shown in Fig. 4 for different pump powers. We use these
interference patterns to extract coherent fraction of the
polariton gas as the fringe contrast gives a direct mea-
surement of the level of coherence.

To extract the coherent fraction, we assume that inter-
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Figure 4: Interference pattern. The interference pat-
tern in k-space obtained from the experiment (left col-
umn) and the numerics (right column) for three different
densities, (A) n = 1.5 um™2, (B) n =4.5 um~2 and (C)
n=9.3 pum>2

ference pattern is described by a partially coherent wave
with a momentum-dependent amplitude N (k)

I(k) = N(k) [1+ae ™" cos (\k)], (2)

where k is a fit parameter giving the region of coherence,
a is a fit parameter ranging between 0 and 1 giving the
degree of coherence, and ) is the component associated
with the fringe spacing. Therefore, the coherent fraction
can be defined as:

ny _afd?k N(k)e k"
net  J d2k N(k)

3)

In the limit k — oo, Eq. (2) reduces to the interference
pattern for fully coherent classical waves and the coherent
fraction ng/neer > 1.

A striking result of these measurements is that the in-
crease of the coherent fraction obeys a well-defined power

law over a wide range of density, nearly three orders of its
magnitude, as the density increases through the critical
value. Figure 5 shows a typical data set; as shown in the
Supplementary Information, many different data sets, in-
cluding different values of the aperture size for the area of
integration, can all be collapsed onto a single, universal
curve. As discussed in the next section, this power law
behavior is reproduced by a simple numerical solution of
the Gross-Pitaevskii equation with no dissipation.

III. THEORY AND NUMERICAL SIMULATION

Because the experimental Bose gas is thermal and ho-
mogeneous, we can model the system using the Gross-
Pitaevskii equation for the simplest case to get a univer-
sal result, which applies to any number-conserving, spa-
tially homogeneous, two-dimensional Bose gas in thermal
equilibrium.

We solve the following Gross-Pitaevskii equation with
noise introduced in the initial conditions,

2w2
Lovt) [ A%V

ot o TP (e, (4)

where m is the mass of the polaritons and g. is the re-
pulsive polariton-polariton interaction. Significantly, we
do not include any terms for generation or decay of the
polaritons, because as discussed above, the lifetime of the
polaritons is long enough that these can be taken as neg-
ligible for the relevant dynamics, so that the system can
be treated as number-conserving and in equilibrium.

To eliminate a computationally expensive transient
regime, we start the system in an incoherent equilibrium
state,

Y (z,y,t=0)=>"%" N(« /K2 + k?n) oi(bna+kmy) 5
kn km 5

Xei(ekn +0k,, )7

where N (k) = (e(F(R)=m)/ksT _1)=1 is the Bose-Einstein
distribution and E(k) = h*k?/2m. The phases 0, and
0k,, are random numbers that are uniformly distributed
in the interval [0, 27r]. The system is then evolved in time
until the system reaches a constant degree of coherence.
To calculate the coherent fraction from the simulations,

we first compute the interference pattern between k, and
_k:cv

1 tmax .
I(keoky) = [ At (k) €
+) =k, ky, ) e F 0,

(6)

where x( is a constant that defines the fringe spacing
and tmax is the total simulated time. v (ky,ky,t) is the
Fourier transform of the wavefunction in real space. Since
in the experiment we use a pinhole to only collect light
from an area A = 72, we apply the same kind of filtering
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Figure 5: Coherent fraction. Black circles: exper-

imentally measured coherent fraction as a function of
the total polariton density for a pinhole with an area
A = 7(6 pm)?. The quasicondensate fraction is defined
in the text. Red triangles: coherent fraction defined the
same way, for the numerical simulations. Blue line: n3-2
power law. The vertical dashed line denotes the critical
density, which is defined as the total density of polari-
tons at the threshold power P/Py, = 1, defined in the
Supplementary Information.

in the numerics for the real space wavefunction ¢ (x,y,t)
before calculating the Fourier transform v (k,, k,,t). The
interference pattern I (k;,k,) is evaluated by averaging
over several independent stochastic paths for each ran-
dom initial condition as described by Eq. (5). Figure
4 shows a comparison between the experimentally mea-
sured interference pattern and the results obtained from
the theoretical modeling, showing very good agreement
for the fringe visibility for different densities.

IV. CONCLUSIONS

The coherent fraction from the numerical simulations
is then calculated by following the same fitting proce-
dure that was described in the previous section, namely
Egs. (2)-(3) (for more details, see the Supplementary In-
formation). In both the experiment and the numerics, we
subtracted the coherent fraction found in the zero-density
limit, which corresponds to the coherence due to instru-
mental response, seen even in the Maxwell-Boltzmann
limit. As seen in Figure 5, our experimentally measured
and numerically calculated coherent fraction show very
good agreement, with the same n32*0-12 power law over
nearly three orders of magnitude of the value of the co-
herent fraction. At the highest densities, the coherent
fraction of course cannot exceed unity, and therefore sat-
urates.

As discussed in the Supplementary Information, the
numerical model also gives us the in-plane coherence
length of the gas as a function of density, which gives
the same power law of 3.2 when converted to an area. In
general, the numerics allow us to explore a wide range of
conditions, that agree with the experiments in all of the
areas where we can compare them.

The agreement with the Gross-Pitaevskii numerical
simulations for a homogeneous gas in equilibrium shows
that the results of our experiments are truly universal,
realizing the textbook paradigm of a uniform Bose Gas
in two-dimensions in thermal equilibrium.

Although the coherent fraction depends on the area
from which the light is collected, we show in the Sup-
plementary Information that the same power law is ex-
perimentally observed for different pinhole sizes. The
largest pinhole that was used experimentally has a diam-
eter of 12 um since for larger pinhole sizes, the assump-
tion of homogeneity breaks down. However, our numeri-
cal model allows us to explore the effect of larger pinhole
sizes. In agreement with the experiment, our numerical
model shows that the effect of the aperture size gives a
shifted curve with the same n32 power law (see Supple-
mentary Information). Of course, for an infinite system,
the coherent fraction goes to zero since an infinite two-
dimensional system cannot have long-range order at any
finite temperature, but for any finite area of observation,
the same power law will be valid.

The density dependence of properties of a two-
dimensional condensate has not been deeply explored
in the literature, because typical experiments and the-
ory assume a constant density and variation of temper-
ature. We are not aware of any predictions of the ob-
served power law for the coherent fraction, but since this
appears in clearly in both the experiments and simula-
tions for a thermal, homogeneous gas, this should be a
universal result. We emphasize the need for further the-
oretical exploration to give more physical intuition into
the origin of the observed power law. It is our hope that
our findings will inspire additional theoretical research to
understand more deeply this universal power law.

It is quite surprising that any new universal behaviors
could be found in a field as well studied for the past
50 years as two-dimensional condensates. This is made
possible by the experimental advances of very fine control
over the polariton density and long lifetime which allows
equilibrium over a wide range of density, as well as the
direct in situ measurement of coherence, which is not
possible in liquid helium or cold atoms.
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I. SAMPLE DESIGN AND
EXPERIMENTAL DETAILS

We have repeated the experiment using two different
samples grown at Princeton and at Waterloo, with sim-
ilar design and cavity Q-factor. The results in the main
text are all obtained from the Princeton sample. The two
samples have identical design but with different quantum
well thicknesses. The Princeton sample has a quantum
well thickness of 7 nm, while the Waterloo sample has
a quantum well thickness of 8.8 nm. We have designed
both sample such that there is a slowly varying cavity
gradient allowing us to have multiple detunings across
the sample. We chose a location on the Waterloo sample
that has the same detuning as the Princeton sample (near
resonance) so that a direct comparison can be made. Im-
portantly, the cavity gradient in these samples over short
distances is negligible and therefore the polaritons do not
feel a force because of this gradient.

The two samples were pumped with different wave-
lengths since they had different thicknesses, resulting in
different wavelength locations for the reflectivity mini-
mum of the cavity. The Princeton sample was pumped
with a laser tuned to the second reflectivity minimum
(719.5 nm), about 113 meV above the lower polariton
resonance. Similarly, the Waterloo sample was pumped
with a laser tuned to the second reflectivity minimum
(723.7 nm), about 144 meV above the lower polariton
resonance.

Since the two samples have a similar strcture and
therefore a similar lifetime for the cavity photon, we ob-
served evidence of thermalization in both samples. Typ-
ical examples for the occupation number as a function of
energy for the Waterloo samples is shown in Fig. S1.

II. DENSITY CALIBRATION

We used two different methods to calibrate the density
of the polaritons and found consistency between them. In
this section, we describe the procedure for each method.

* Address correspondence to: haal08@pitt.edu
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Figure S1: Equilibrium distribution of polaritons.
Occupation of the lower polariton as a function of energy
of the Waterloo sample. The solid lines are best fits to
the equilibrium Bose-Einstein distribution.

In Fig. 5 of the paper, we have used the photon count-
ing method to calibrate the density of the polaritons.
To do this, we tuned the laser wavelength to 775 nm to
match the polariton emission wavelength. This laser was
then sent to a mirror at the sample plane. The mirror
at the sample plane reflects the laser beam through the
same optical path that was used in the experiment. We
then imaged the reflected beam with the CCD camera.
Since the total CCD count is proportional to the number



of photons, the CCD counts can be written as:
1 Nph

Icep =
where 7 is the efficiency factor, At is the integration time
of the camera and Ny, is the number of photons detected
by the camera. To find the number of photons sent to the
camera, we measured the power of the laser. The number
of photons that the camera detects during a time At is
then:

PAt

= m, (82)

ph

where P is the measured power of the laser, h is Planck

constant, ¢ is the speed of light and A is the wavelength

of the laser. The efficiency factor is then given by:
_PXx 1

" e Toon

(S3)

Therefore, this allows to relate the number of counts on
the camera to the number of photons detected. We used
this factor to calibrate the density of the polaritons. The
total density of the polaritons for a given Iccp count is
then given by:

_ nlcepT
Ntot = ———,
Aobs

(54)

where 7 is the average radiative lifetime of the polaritons
and Agps is the observed area on the sample from which
the light was collected. Since the excitation laser beam
was chopped in the experiment with a duty cycle d =
1.7%, then the total number of polaritons is

nlccpT
Aobsd ’

Ntot =

(S5)

where 7 » Teay/ |C’;CH |2. Here |C’fu |2 is the photon fraction
and Teay = 135 ps [15] is the cavity lifetime. The observed
area is given by the pinhole area Agps = (6 pm)?.

For the second method to calibrate the density of the
polaritons, we make use of the fact that our system is
in thermal equilibrium. To find the efficiency factor 7,
we minimized the mean-squared error in fitting a set of
distributions N(FE) collected at different pump powers
to the Bose-Einstein distribution with 7" and p as fit pa-
rameters for each distribution. This allows us to deduce
one single collection efficiency that gives the best fit for
distributions simultaneously. This means, for a set of n
number of distributions, we have a total of 2n + 1 free
parameter, i.e n temperature parameters, n chemical po-
tential parameters and one single efficiency factor.

We have found consistency between these two meth-
ods. At the threshold power P/P;, = 1, the photon
calibration methods predicts a density of n = 3.20 pm™2
while the best fit to the Bose-Einstein distribution in
which both p and T were allowed to vary predicts a
density of n = 3.12 ym™2.
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Figure S2: Condensation threshold. Polariton den-

sity as a function of pump power. The blue vertical line
indicates the threshold, which is defined when the the
measured curve deviates from being linear by approx-
imately 10%. The threshold density is approximately
Ny = 3.2 um‘Q.

III. DEFINING CRITICAL DENSITY

To determine the critical density threshold of BEC, we
measured the total emission intensity for different pump
powers. The threshold of condensation is defined from
the “S” curve in Fig. S2. Near the condensation thresh-
old, a nonlinear increase in intensity is observed, which
becomes linear again at much higher pump power. This
nonlinear increase in intensity is what we used to define
the threshold of condensation.

The procedure we used to define the power threshold
and correspondingly, the density threshold is as follows:
We first fitted the data in the linear regime with constant
line in a log-log scale. We then defined the threshold at
the point when the measured curve deviates from being
linear by approximately 10%. Figure S2 shows the fit
in the linear regime and the density threshold from the
method discussed. The critical density we find is approx-
imately ng, = 3.2 ,urn_Q.

The BKT transition density as a function of tempera-
ture has been calculated in Ref [21], which is given by

mk:bT h2§
- m| s
L “(mg | (56)

where £ = 380. For a temperature of 7' = 20 K, the
calculated BKT transition density of our system is n. =
6.3 pm=2.



IV. METHOD OF EXTRACT-
ING OCCUPATION NUMBER

We have used angle-resolved imaging to measure the
energy resolved emission in k-space I(k, F) of the lower
polariton. A typical I(k, E) at low density is shown in
Fig. S3(A). To extract the occupation number N(F)
from the I(k, F) image, we take vertical slices at each k
value to obtain I(FE) for each k slice. This I(F) curve is
then fit with a Lorentzian function to extract the polari-
ton energy for each k slice (see for example Fig. S3(B)).
The occupation for each k slice is then given by:

N(ki):CT(ki)de I(ki, E), (S7)

where 7(k) is the k-dependent radiative lifetime, and
C is an overall constant that can be determined from
photon counting. The value of C is found by insur-
ing that the total density for the extracted N(FE) curve,
[ dE D(E)N(E) is equal to the density no extracted
from photon counting, that is

- JAEDE)N(E) (s8)

Ntot

The same C efficiency factor is then used to calibrate the
density for each pump power and D(E) = gm/27h? is the
density of states in two dimensions, with g = 2 to account
for the spin degeneracy.

We note that an alternate approach to find this effi-
ciency factor is by using the second method described in
the density calibration section. That is, to treat C' as a
single efficiency factor that minimizes the mean-squared
error in fitting a set of distributions N(E) collected at
different pump powers to the Bose-Einstein distribution.

V. ENERGY DISPERSION
AND EFFECTIVE MASS

Throughout the paper, we have assumed a parabolic
dispersion with a fixed effective mass, namely in the den-
sity of state calculations and the G-P equation. Account-
ing for the full polariton dispersion should only provide
a small correction, because over the range of wave vec-
tors that we measure, the polariton dispersion is very
parabolic (see Fig. S4). The maximum value of wave
vector we can measure is determined by the numerical
aperture of the microscope objective, which allows a max-
imum cone of light to exit the lens. Since the polariton
dispersion is well approximated by a parabolic dispersion
over the experimentally measured wave vector range, we
have used a fixed effective mass in the density of states
calculations. Non-parabolic effects will only enter for
much higher wave vector, i.e. much higher temperature
than the experimental conditions.

We note that many-body effects are expected to lead to
renormalization of the mass, i.e density dependent mass.
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Figure S3: Polariton occupation extraction
method. (A) A typical energy dispersion of the ther-
malized polariton gas. (B) A vertical slice in (A) at
ky = 0 showing the CCD counts. The red line is a fit to a
Lorentzian function predicting an energy 1599.7 meV for
the polaritons at k, = 0. The occupation number for this
energy is proportional to the area under this Lorentzian
curve.

Figure S5 shows the effective mass of the polaritons as a
function of density. Over the range in which we measure
the coherent fraction (ni¢ > 1 pm™2), we find that the
mass remains mostly constant as the density is increased.
We cannot reliably extract the mass for densities larger
than in Fig. S5. This is because at very high density, the
condensate at k = 0 becomes too bright and the occupa-
tion of states k # 0 are too dim that they are comparable
to the noise in our measurements.
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Energy dispersion of the lower polariton. Typical energy dispersion images of the thermalized

polariton gas at (A) 0.008 P/P:y, (B) 0.132 P/Pyy, (C) 0.530 P/P¢, and (D) 1.265 P/Pyy,

VI. ENERGY LINEWIDTH

In addition to extracting the occupation number from
the fitting procedure described in the previous section, we
have also extracted the energy linewidth I(E) at k = 0 for
each pump power. The linewidth is extracted by fitting
I(FE) at k =0 with a Lorentzian as shown in Fig. S3(B)
for each pump power. In this case, it is more helpful
to plot the linewdith as a function of the occupation at
ground state energy rather than the total polariton den-
sity. As shown in Fig. S6, the linewidth stays constant at
low density and then increases due to collisional processes
as the density increases. However, when the polartion

gas becomes degenerate (i.e, N(E = 0) ~ 1), significant
line narrowing is observed, which is a hallmark of Bose-
Einstein condensation.
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Figure S5: Polariton effective mass. The extracted
lower polariton effective mass as a function of density.
The dashed line is the mass used in the simulations.
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Figure S6: Linewidth narrowing and broadening.
Energy linewidth at & = 0 as a function of the ground
state occupation. Red line: power law of 1.0 indicating
the regime of homogeneous broadening. Magenta line: a
horizontal line indicating the regime of inhomogeneous
broadening. Blue line: The crossing regime between
inhomogeneous broadening and homogeneous broaden-
ing. When the occupation becomes comparable to 1, the
linewidth decreases sharply due to linewidth narrowing
near the onest of condensation.
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VII. AVERAGE KIENTIC ENERGY

From the T and p fits shown in Fig. 3 of the main text,
we have calculated the average energy per particle,
~ [dED(E)N(E,T,p) ~ [dEN(E,T,p)

(S9)
where the density-of-states factor cancels out because the
density of states is independent of energy in two dimen-
sions. For each T and p values extracted from the fits, we
plot the average energy per particle as a function of the
total polariton density, as shown in Fig. S7(A). Initially,
the average energy per particle increases, presumably due
to heating of the lattice due to the excess energy of the
pump laser, seen also in the fit temperatures of Figure
3(A) of the main text. However, when the polariton
gas becomes degenerate, the average energy per particle
decreases significantly.

We take this decrease as primarily due to the fact
that a degenerate Bose gas has lower average energy as
the density increases, at constant temperature. As a
comparison, we calculate the average energy per parti-
cle expected for a Bose gas at a constant temperature
(Fig. S7(B)). Since the occupation becomes peaked at
E =0 at high density, the average energy per particle has
to decrease when the polariton gas becomes degenerate,
which is in qualitative agreement with the experiment.

VIII. INHOMOGENEITY AT HIGH DENSITY

Although the polariton gas is fairly homogeneous for a
large range of density within the observed area, at very
high density we see evidence of self-trapping into the cen-
tral region of the pump. To characterize the homogeneity
of the polariton gas, we plot the full width at 90% of the
maximum of the polariton density extracted from the real
space images as shown in Fig. S8(A). As a reference, we
show at which density the polariton gas has a full width
at 90% of the maximum equal to the diameter of the
pinhole in the experiment. This is shown in the ng/ntos
plot in Fig. S8(B) for the case of a pinhole with a radius
r =6 pm.

As seen in Fig. S8(B), the gas is fairly homogeneous
for more than three orders of magnitude of the value of
the coherent fraction. However, at very high density, the
full width at 90% maximum of the gas becomes smaller
than the size of the pinhole leading to inhomogeneity of
the polarion gas.

IX. POLARIZATION MEASUREMENTS

We have measured the polarization of the polariton
gas for different pump powers by using a half wave plate.
The half wave plate was rotated in small angle steps and
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Figure S7: Average energy per particle. (A) The
experimental average energy per particle calculated from
Eq. (S9) (B) The average energy per particle calculated
using the Bose-Einstein distribution for a constant tem-
perature T'=15K and 7' = 25 K.

the intensity was recorded for each angle. This allows us
to plot the polarization of the polariton gas for different
densities as shown in Fig. S9(B-I). The polariton gas re-
mains unpolarized in the power law regime and becomes
polarized at very high density. Initially, the polariza-
tion direction becomes pinned to the gradient direction
(0 = 0°) of the cavity as shown in Fig. S9(E-F). At very
high density, the polarization is pinned to the [110] crys-
talline axis, which corresponds to 6 = 15° in polarization
plot (Fig. S9(B-I).)
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Figure S8: Homogeneity of the polariton gas. (A)
Full width at 90% maximum of the polariton density in
real space as a function of the total integrated density.
The dashed line indicates the diameter of the pinhole
used in the main text. (B) The coherent fraction as a
function of the total polariton density, for the same data
set. The dashed line is the density at which the full width
at 90% maximum of the polariton profile becomes equal
to the size of the pinhole.

X. METHOD OF EXTRACT-
ING THE COHERENT FRACTION

As discussed in the main text, we have use the interfer-
ence images in k-space to extract the coherent fraction.
These interference images were then fit to the function,

I(k) = N(k)[1+ae ™" cos (k)] (S10)
where « is a fit parameter giving the region of coherence,

« is a fit parameter ranging between 0 and 1 giving the
degree of coherence, and A is the component associated
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Polarization of the polariton gas. (A) Experimentally measured coherent fraction as a function

of the total polariton density for a pinhole with an area A = 7(6 um)? (B-I) The intensity of the polariton gas as
a function of the polarization angle in degrees. The points at which the polarization data are taken are labeled in
(A) by the black solid circles. The polarization of the polariton gas at high density is mostly pinned to the [110]
crystalline axis, which corresponds to 15°. The gradient of the cavity is alighned along the horizontal direction.

with the fringe spacing. For N(k), we have used a Gaus-

sian function of the form N (k) = Be %17 where B and
o) are fit parameters. Therefore, in total we have four
different parameters to fit k, «, B and o;. The fringe
spacing parameter \ can be extracted from the data di-
rectly.

We have used the same method to extract the coherent
fraction for the experiment and the simulations. First, we
take a slice of the interference pattern k, = 0, which we
then fit to the model mentioned above. Figure S10 shows
an example of the interference pattern I(k, = 0,k;) for
the experiment and the resulting fit to Eq. (S10). From
this, we extracted the coherent fraction by computing the
integral,

2 -k/Kk
no :afd k N(k)e . ($11)
Niot fko N(k)

For example, for the interference patten in (Fig. S10(B)),
we obtained the following parameters for the best fit,
k=092 pym, o = 0.96, B = 0.49 and o} = 0.34 pm.
This then gives a coherent fraction ng/ngot = 0.70. This
procedure is repeated for each density, allowing us to
plot the coherent fraction as a function of the polariton
density. In Fig. S10(A), we include a typical fit to the
interference pattern below the threshold.

XI. TEMPORAL COHER-
ENCE MEASUREMENTS

In addition to measuring the coherence in k-space, we
have also measured the coherence time of the polariton
gas. By introducing a time delay between the two inter-
ferometer arms, we have measured the time correlation
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Figure S10:

Low and high density examples of the best fit to Eq. (S10).
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(A, left panel) A typical

experimental interference image in k-space below the threshold. (A, right panel) horizontal slice in (A, left panel)
at k, = 0 as indicated by the dashed line. (B, left panel) A typical experimental interference image in k-space above
the threshold. (B, right panel) horizontal slice in (B, left panel) at k, = 0 as indicated by the dashed line. The

red line is the best fit to Eq. (S10)

function ¢ (At). This is done by computing the integral
of the visibility, that is ng/ni., using the procedure de-
scribed in the previous section (Eq. (S11)) for each time
delay as shown in Fig. S11(A). To extract the coherence
time, we have fitted the visibility function with a Gaus-
sian (Fig. S11(A)), allowing us to extract the coherence
time for each density. The coherence time is defined as
the FWHM of the fitted Gaussian. Figure S11(B) shows
the coherence time as a function of the polarion density.
The value of about 2 ps at the lowest density is consis-
tent with the line broadening reported at that density in
previous work, which was attributed to decoherence due
to polariton-exciton collisions [22].

XII. EFFECT OF CHANGING PINHOLE SIZE

We have found that the same power law for the coher-
ent fraction is seen for different pinhole sizes from which
the light is collected in real space. The largest pinhole
that was used experimentally has a radius of 6 ym since
for larger pinhole sizes, the assumption of homogene-
ity breaks down (see Fig S8(A)). Figure S12(A) shows
a comparison of the experimentally measured coherent
fraction for three examples of different pinhole sizes. The
same power law is observed for these different cases.

In agreement with the experiment, our numerical
model shows that the effect of the aperture size gives
a shifted curve with the same power law. Figure S12(B)
shows five different examples, starting from a radius of
r = 3 pm and increase the radius by a factor of \/5, which
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Figure S11: Coherence time. (A) A typical visibility
curve as a function of the time delay between the two
Michelson arms. The red line is a Gaussian fit used to
extract the coherence time. (B) Coherence time as a
function of density measured by varying the arm of the
Michelson interferometer. The vertical line indicates the
critical density.

corresponds to increasing the area by a factor of two. Al-
though the largest area we can explore experimentally is
7(6 pm)?, our numerical analysis shows that this power
law is still maintained even after increasing the area by
a factor of four.

XIII. REAL-SPACE COR-
RELATION FUNCTION

In addition to calculating the coherent fraction, we
have also calculated the correlation length in our nu-
merics. For a two-dimensional system, the correlation
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Figure S12: Effect of different pinhole sizes. (A)

The experimentally measured coherent fraction for three
different pinhole sizes collapsed onto a single curve. (B)
The condensate fraction extracted from the numerics for
five different pinhole sizes collapsed onto a single curve.
The dashed line is a power law of 3.2.

function can be written as

g(l)(AT) _ W* (7“+A7“7t)1/}(7“7t)> )

Vo e+ anoP) (v (o)

(512)

The correlation function is calculated at a sufficiently late
time after transients have died down. Figure S13(A)
shows the correlation function calculated for different
densities. A crossover from exponential to algebraic de-
cay of the first order correlations is clearly observed,
which is a characteristic feature of the BKT transition.
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Figure S13: Correlation function and correlation

area. (A) The correlation function calculated for den-
sity values from small to high, 7.29 pm=2, 11.71 pum™2,
14.97 pm=2, 15.39 ym=2 and 16.11 ym=2. Red dashed
line: fit to exponential decay. Black dashed line is a /4
power law, which is expected at the BKT transition den-
sity. (B) The correlation area minus the zero-density
correlation area, as a function of the total density. The
black dashed line is a power law of 3.2.

XIV. CORRELATION AREA

In this section, we make a connection between the co-
herent fraction and the correlation area. The interference
pattern we measure in k-space can be written as:

16

Assuming |1/J (15)‘2 = ’w (—%)’2 = N (k) gives,
I(k) =2N (k) +2Re[v* (k) v (-k)].

One, therefore, can define a coherent fraction A = ng/nyot
as:

(S14)

AR TROURD!
[ a2k (k)]

where the wavefunction in k-space is given by the Fourier
transform of (7).

(S15)

b(k) = % fer B(F)eET (S16)

Plugging in Eq. 516 into Eq. 515 and using the relation
[ d%k e~ ik(P+1) Z ors (F+ 7:’), we obtain

RGOS,
[ r ()

The origin 7 = 0 is defined arbitrarily here. In a trans-
lationally invariant system, we should average over all
origins 7:

(S17)

1
Neot A

[ @ e @)
) miAQ f &2 / & (74 PO —F) (S18)

1 - .
e fdgrfdQT" (" + 2F)(r'),

A=

where 7 = 77/ — 7, A is the area and ny. is the total
density. Using the definition of the correlation function
in Eq. S12, we have:

A = %f d?r g(l)(2r)
Acorr
_A b

where Acopr is the correlation area, which is given by

Acorr:/dQT g(27“)

(S19)

(S20)

Therefore, in the low density limit, the coherent fraction
is proportional to the correlation area A ~ Acore. The
correlation length is related to the correlation area via

the relation
[ A
lcorr = =~ A% .
m

Figure S13(B) shows the correlation area calculated from
our model as a function of density. The correlation area is
fit by a power law of n®17*0-21 " (Similar to the condensate
fraction calculations, we subtract the zero-density limit of
the correlation area, which corresponds to the Maxwell-
Boltzmann limit.) This power law is consistent with the

(S21)
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Figure S14: Multiple data sets for the coherent
fraction. Different data sets showing the same power
law for a pinhole with an area A = 7(6 ym)?. Exp 1 is
the results obtained from the Princeton sample. Exp 2 is
obtained from the same sample on a different day and a
different location on the sample. Exp 3 is obtained from

the Waterloo sample. The dashed line is a power law of
3.2.

experimental measurements and with the calculated co-
herent fraction from the numerics since Acorr ~ A ~ n3-2.
The power law is still maintained in the numerics even for
the full system size of L = 210 ym, which is much larger

than the thermal de Broglie wavelength of the polaritons

L >> A\ = h/\2memkpT ~ 1 pm.

XV. COMPARISON OF
DIFFERENT DATA SETS

We have found consistent results for different data sets
that were obtained during different experiments. We
have also repeated the experiment using two different
samples grown at Princeton and at Waterloo, with simi-
lar design and cavity Q-factor (i.e., comparable polariton
lifetime) and have found consistent results, in particu-
lar, the same power law for the quasicondensate fraction.
Figure S14 compares multiple data sets.

XVI. NUMERICAL METHOD

As mentioned in the main text, we solved the Gross-
Pitaevskii equation with noise introduced in the initial

17

conditions,
L, 0Y(r,t h2vy2
ih ¢((9t N 5 + g (r, ) |o(r,t).  (S22)
m

The Gross-Pitaevskii is solved numerically adopting
a Runge-Kutta method of order fourth on a two-
dimensional numerical grid with N = 5122 points
with grid-spacing a = 0.41 pum. We have used the
following experimental parameters in the fit shown:
m = 1.515 x 107*m, with m. the electron mass, and
g = 2.105 peV — pm? for the interaction strength. Be-
cause the correlation of the coherence depends sensitively
on gn, where n is the density, and we know the abso-
lute density of the polaritons from the good fits to the
Bose-Einstein distribution, as discussed in the main text,
these experiments are an independent measurement of
the polariton-polariton interaction constant. Account-
ing for the uncertainty in the density calibration, we
find ¢ = 2.11+0.25 peV—pum?  Since the polari-
tons are approximately 55% excitonic in these experi-
ments, this corresponds to a polariton-exciton interac-
tion constant g = 3.83 ueV — umz, or an exciton-exciton
interaction constant of 6.96 peV — pm?.  The number
found here is below some previously reported experimen-
tal values, but well above the theoretical prediction of
g~ 0.25 peV — um? [22].

To avoid reflections from the boundaries, we have used
periodic boundary conditions. We have ensured that sys-
tem size is sufficiently larger than the experimental size
of the system to avoid any boundary effects influencing
the relevant region. The numerical results presented in
the main text are for a system size of 210 pm.

We have assumed that the system is initially given by
an incoherent equilibrium state,

¥ (w,y,t=0) = 3 SN (VR 4R, ) el nohn)
o xe?Orn k)
(523)
where N (k) is given by the Bose-Einstein distribution,
1
e(E(R)-)[ksT _ 1"

We have fixed the temperature to be T = 20 K in the
numerics and varied the chemical potential p. Therefore,
the choise of p defines the density of the system, which
is given by,

N (k) = (S24)

Mot = f dE D(E)N(E, T, 1) (525)
where D(FE) is the constant density of states in two-
dimensions. For each chemical potential value, the wave-
function was evolved in time for ¢, = 1 ns. The inter-
ference pattern I (k,k,) was then calculated using the
equation described in the main text and then averaged
over 20 independent stochastic paths each with different
random initial conditions for 0y, and 0y, .
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