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We report first-order spatial and temporal correlations in strongly coupled plasmonic Bose-Einstein
condensates. The condensate is large, more than 20 times the spatial coherence length of the polaritons in
the uncondensed system and 100 times the healing length, making plasmonic lattices an attractive platform
for studying long-range spatial correlations in two dimensions. We find that both spatial and temporal
coherence display nonexponential decay; the results suggest power-law or stretched exponential behavior
with different exponents for spatial and temporal correlation decays.
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Three-dimensional Bose-Einstein condensates (BECs)
in thermal equilibrium exhibit long-range order of spatial
correlations that, in principle, extend to infinity. In 2D,
true long-range order is prohibited by thermal fluctua-
tions [1-3]. Nevertheless, it has been shown that quasi-
long-range order may persist in equilibrium systems
through the Berezinskii-Kosterlitz-Thouless (BKT) tran-
sition [4,5] and in nonequilibrium via the dynamical phase
ordering of Kardar-Parisi-Zhang (KPZ) [6]. Exciton polar-
itons (photon-exciton quasiparticles) offer a platform for
studying correlations of driven-dissipative condensates in
2D, yet the occurrence of long-range order in these
systems has remained elusive. Typically the systems have
been too small to give definitive answers about decay at
long distances. We introduce strongly coupled plasmonic
BECs as a system for studying correlations: we demon-
strate a condensate of size more than 20 times the spatial
coherence length of the polaritons and 2 orders of
magnitude larger than the healing length. In previous
reports of exciton-polariton condensates and photon
BECs, the ratio of condensate size to length scales such
as de Broglie wavelength or healing length has been
approximately a factor of 10 at best [7-10]. We find decay
of spatial and temporal coherence that is clearly nonex-
ponential; the results are best described by power-law or
stretched exponential decay with different exponents for
spatial and temporal correlations.

Various scenarios of long-range correlation decay have
been predicted for 2D systems. In equilibrium BECs, thermal
fluctuations give rise to vortices and antivortices that disrupt
the long-range order. In the BKT transition, below a critical
temperature, vortices and antivortices are paired such that
their phases cancel out allowing algebraic decay of correla-
tions, g(!)(x) & x~”. The BKT transition entails power-law
decays of both spatial and temporal correlations with equal
exponents b, = b, < 0.25 [11], although in the presence of
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drive and dissipation the exponents may differ as b, = 2b,
[12,13]. In nonequilibrium condensates, the occurrence of the
BKT transition has been theoretically both supported [12,14]
and refuted [ 15]. Long-range phase ordering could be restored
by the KPZ mechanism with correlations decaying as a
stretched exponential [15—17]. A crossover between the KPZ
dynamics and equilibriumlike BKT has been proposed,
determined by the degree of anisotropy in the system
[15,18]. Contrary to BEC, for a usual laser, an exponential
decay of temporal correlations is expected [19].

Semiconductor polariton condensates [20-22] are typi-
cally far from equilibrium conditions due to the short lifetime
of polaritons with respect to their thermalization time,
however, a quasiequilibrium state can be achieved by a
dynamical balance of pump and dissipation [23,24]; near-
equilibrium conditions are also possible [7,25]. Polaritons
decay via emission of photons, providing optical access to the
properties of the condensate. This makes polariton conden-
sates an attractive platform for studying spatial and temporal
correlations. Early reports on spatial correlations in micro-
cavity polariton condensates indicated algebraic decay
[26,27], whereas temporal correlations have been shown to
decay exponentially or as a Gaussian [8,28-32]. There have
been few studies governing both spatial and temporal
correlations, thus the question of whether true long-range
order exists in nonequilibrium polariton condensates remains
open. At equilibriumlike conditions, with polariton lifetime
exceeding the other timescales of the system, a BKT
transition has been suggested with both spatial and temporal
correlations showing a power-law decay with b < 0.25 [7].
In general, establishing power-law behavior quantitatively is
challenging [33].

Spatial and temporal correlations have been studied also
in other luminous condensates. In photon BECs [9,10] and
plasmonic polariton condensates (polariton lasers) [34],
correlations have shown exponential and Gaussian decays;
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the absence of long-range order has been attributed to small
condensate size and finite-size effects [9] and to the
presence of drive and dissipation [34]. Indeed, one of
the central factors hindering the studies of long-range order
in polariton and photon condensates has been the small
system size [15,17].

Here, we introduce a plasmonic polariton BEC with
long-range spatial correlations that extend to remarkably
long distances [35]. We present the first measurement and
in-depth analysis of both spatial and temporal coherence in
plasmonic BECs. Our results clearly show that the corre-
lations differ both from a nonordered phase and from a
laser. The exponents extracted by power-law and stretched
exponential fits hint to a scenario between quasiequilibrium
and nonequilibrium.

System and experiment.—Plasmonic lattices, comprising
nanoparticle arrays covered with fluorescent molecules, have
been used to create BECs in the weak [42] and strong [41]
coupling regimes. Nanoparticle arrays give rise to surface
lattice resonances (SLRs) which are hybrid modes of local-
ized surface plasmon resonances in the individual nano-
particles and light diffracted to the periodic array [43—45]. The
I" point of the SLR dispersion provides a band edge for lasing
[46,47] and condensation [41,42]. To study spatial correlation
decay at long distances, we use structures similar to those in
our previous work [41], but extend the system in x to 500 um,
while keeping the y dimension at 100 ym. The arrays are
covered with an 80 mM solution of IR-792 dye leading to
strong coupling between the molecules and the SLR modes,
which persists also at high pump fluences [36]. The plasmon-
exciton polaritons, called polaritons hereafter, in the system
are bosonic quasiparticles consisting of light diffracted to the
array, electron plasma oscillation, and the dye excitons. The
molecules are excited by a pulsed laser (50 fs, 1 kHz,
800 nm/1.55 eV, 0.04 eV FWHM) with a spot larger than
the arrays. See the Supplemental Material [36] for descrip-
tions of the samples and the experimental setup.

As in our previous work [41], upon increasing pump
fluence, the sample luminescence exhibits a double threshold,
where the first threshold corresponds to polariton lasing and
the second to polariton BEC [Fig. 2(a)]. Distinct from most
polariton condensates, we observe a thermal distribution that
extends over a range of 2kz7T at room temperature, see
Fig. 2(b). Since the polariton lifetime without gain ~100 fs is
on the same order as the other timescales of the system, it is
reasonable to assume the condensate to be in a quasi- or
nonequilibrium regime [48]. We observe a prominent change
in the coherence properties between the lasing and BEC
regimes.

We measure spatial and temporal coherence by a
Michelson interferometer in a mirror-retroreflector con-
figuration; a schematic of the experiment is presented in
Fig. 1. The interference fringe contrast is directly propor-
tional to the first-order correlation function between two
points separated by |r—r|, g(1>(r, r’;7), where 7 is the
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FIG. 1. Schematic of the experiment. The sample luminescence
is imaged through a microscope to a Michelson interferometer,
where the real-space image is inverted over both x and y and
overlapped with the original image.

time delay between the interferometer arms. Thus, chang-
ing the longitudinal position of the mirror and recording
interferograms over a range of delays allows for directly
probing the temporal coherence. For spatial coherence, we
measure a series of interferograms at fixed intervals
around 7 =0 over three periods of light frequency
oscillation. The amplitude and phase of the interference
fringes are obtained by fitting a sinusoidal function
through each pixel of the stack of normalized interfero-
grams; see Supplemental Material [36] for details.

Spatial coherence.—Figure 2 shows interferograms, the
corresponding g'") (r, —r;7 = 0) maps, and average ¢! (x)
along the long axis of the lattice for three excitation
regimes: below, at, and above the BEC threshold. The
phase maps of the fringes are presented in Fig. S4 of the
Supplemental Material [36]. Below the threshold, spatial
coherence emerges around the center of the array and
decays toward the edges. At the threshold, coherence
extends over a longer distance but gradual decay is visible.
Remarkably, above the threshold, coherence is nearly
constant throughout the array.

Let us have a closer look at the decay of correlations.
Figures 3(a)-3(c) show g(l) as a function of radial separation
of centrosymmetric points, Ar = |r —r |, for the pump
fluences highlighted with filled symbols in Fig. 3(d). The
measured g!!) (Ar) are fit to Gaussian, exponential, stretched
exponential, and power-law functions: ¢ (Ar) =
aexp[—(Ar/d)P] and ¢gV)(Ar) = a(Ar)™, where =2
gives a Gaussian and f = 1 an exponential function, and
0 <a <1 is a scaling parameter. Power-law or stretched
exponential behavior are expected to occur only above the
BEC threshold. We exclude the short-range regime around
the autocorrelation point (Ar = 0) from the fits, determined
by the spatial coherence length of the polaritons in the
uncondensed system (below the first threshold, 22 pym [36]).
All the fits are performed using the same fit range, and the
best-fitting models are shown in Figs. 3(a)-3(c). At pump
fluences below the BEC threshold, as shown in Figs. 3(a)
and 3(b), spatial correlations decay as a Gaussian. Above the

255301-2



PHYSICAL REVIEW LETTERS 127, 255301 (2021)

Below BEC threshold

D
&

= lasing BEC

Siy * % =
€

S &~ 32

>

£ >

% 10° oouz::sn'f’

[]

g |

§ 102 3

o 1 2

Pump fluence [chm"z]

G
y [um]

-
Q
S

M%)

Intensity [counts]
2

At BEC threshold

WeIS0IaIAu]

dew (L)5

-

00
1.38 1.4 1.42 1.44 146
Energy [eV]

FIG. 2.

Interferograms and spatial correlation maps. (a) Threshold curve and (b) photoluminescence spectra. The pump fluences are

color coded from low (blue) to high (red). Interferograms at three pump fluences (c) below (0.83 mJ cm™2), (d) at (1.66 mJ cm™2), and
(e) above (3.31 mJ cm™2) the BEC threshold. (f)—(h) Maps of g (r, —r) for the corresponding pump fluences. (i)-(k) Average g(l)(x)
over the y axis of the array. The error bars show the standard deviation of three measurements. A sample with random distribution of

nanoparticles did not show coherence (Fig. S10 [36]).

threshold, Fig. 3(c), long-range spatial coherence covering
the entire array emerges and the correlation function is
nearly constant over a remarkably long distance: a fit to an

0.%3 chm'Z, Gaussian: HW 1/e =179 ym

10 (a) (d)

(=]
i

lasing BEC
¥ ¥

a"an

1.606 chm'z, Gaussian: HW 1/e = 621 pm

fo)
(b) 580
2 102 L
= 1 2 3
% 2 0.2

L “le) y\w =01l “oa
10 3 0

3.31 mJem™2, Power law: b = 0.066
10° 0.03

(C) O Gauss.
& O Exp.
0025 X S(; .exp

1A Power

Peak intensity [counts]
<)
)

(9)

0 200 400 1 2 3
Pump fluence [chm'Z]

FIG. 3. Quantitative analysis of spatial correlation decay.
Measured ¢!")(Ar) at three pump fluences (a) below, (b) at,
and (c) above the BEC threshold. The error bars represent the
standard deviation of three measurements. The best-fitting
functions are shown by black solid lines. (d) Threshold curve
(black circles) and spatial correlation decay extracted from
Gaussian (blue circles) and exponential fits (red squares). The
fluences corresponding to (a)—(c) are highlighted with filled
symbols. For the exponential function, the reported length is the
decay constant and for the Gaussian the half-width (HW) at 1 /e
decay. Exponents extracted from (e) stretched exponential and
(f) power-law fits. (g) RMSE of the fits. In (d)—(f) the horizontal
axis values are in the same units as in (g).

exponential yields a decay length of more than 3000 um,
which is 6 times the long axis of the system and 2 orders of
magnitude larger than the coherence length of the polaritons.
The decay lengths given by Gaussian and exponential fits are
presented in Fig. 3(d) alongside the threshold curve.
However, the data are best fit to a power-law function with
a small exponent of 0.07 and almost equally to a stretched
exponential with an exponent of around 0.1. The fits to all
four functions are presented in Fig. S8 of the Supplemental
Material [36]. Figures 3(e) and 3(f) show the exponents
obtained from the stretched exponential and power-law fits.
The root-mean-square error (RMSE) of the fits are compared
in Fig. 3(g).

The thermalization in the plasmonic polariton BEC
involves stimulated processes [41]. Here, we separated
the thermal tail (the part of the BEC spectrum that displays
Maxwell-Boltzmann distribution) of the condensate emis-
sion and found that there seems to be some coherence
present in the emission (Fig. S7 [36]), suggesting such
experiments can be used for future studies of the thermal-
ization process.

Temporal coherence.—Temporal coherence for increas-
ing pump fluence is displayed in Fig. 4(d). The measured
gV (Jz]) are again fit to Gaussian, exponential, stretched
exponential, and power-law functions, and the best-fitting
models are shown in Figs. 4(a)-4(c). The short-range
correlations, between 7 =0 and the temporal coherence
of the polaritons in the uncondensed system (below the first
threshold, 7 = 104 fs), are excluded from the fits [36].
Below the BEC threshold, as shown in Fig. 4(a), correlations
decay exponentially with a decay constant of 366 fs. This
already exceeds the temporal coherence of the polaritons due
to the lasing triggered at the first threshold. Above the BEC
threshold, Figs. 4(b) and 4(c), the data are best fit to a power-
law function with an exponent of around 0.7-0.8; the
stretched exponential fits almost equally with an exponent
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FIG. 4. Quantitative analysis of temporal correlation decay.
(a)~(c) Measured g")(|z]) at three pump fluences (a) below,
(b) at, and (c) above the BEC threshold. The error bars represent
the standard deviation of the averaged 7 < 0 and 7 > 0 values
from (d). Fits to the best-fitting function are shown with black
solid lines. (d) Measured temporal coherence for different pump
fluences, color coded according to the filled circles in the
threshold curve (inset). Exponents extracted from (e) stretched
exponential and (f) power-law fits. (g) RMSE of the fits.

of f ~ 0.2, given by Figs. 4(e) and 4(f). Figure 4(g) presents
the RMSE of the fits. The decay of temporal coherence in the
BEC regime is significantly slower than in the lasing regime
(see also Fig. S11 of the Supplemental Material [36]).

The measured spatial coherence at Ar is, in general, higher
than the temporal one at |z| = Ar/c (c is the speed of light),
g (Ar) > g (Ar/c), for instance, for Ar = 300 ym 10
times higher. This raises a concern about causality, needed for
spontaneous formation of spatial coherence. However, this
difference might be reduced by taking into account the
different value of the two coherences, at zero distance and
time, and the finite photoluminescence duration (Fig. S12
[36]). Based on Fig. S12, the duration of the output pulse is
likely to be about 2 ps or longer.

Discussion.—At pump fluences far below the BEC thresh-
old, but above the lasing threshold, the system behaves much
like a polariton laser: spatial correlations decay as a Gaussian
and temporal correlations as an exponential function.
Nanoparticle array lasers, at weak coupling regime, have
previously shown Gaussian decay of both spatial and tem-
poral correlations [49], and at strong coupling, an exponential
decay of spatial and a quasi-Gaussian decay of temporal
correlations [34]. In polariton condensates, temporal corre-
lation decay has been reported to be Gaussian [8,28-30,50] or
of Kubo form, i.e., Gaussian or exponential depending on
whether the number fluctuations are slow or fast [31,32].

Above the BEC threshold, both spatial and temporal
correlations show decay that indicates power-law behav-
ior. Spatial correlations decay with a small exponent of
0.07, whereas temporal correlations decay with a large
exponent of around 0.7-0.8. This clearly differs from
equilibrium BKT transition, as could be expected due to
the driven-dissipative nature of our system. It is worth-
while to mention that we have also looked at single-shot
interferograms of the condensate and have not observed
vortices. In driven-dissipative condensates, the power-law
exponent may exceed the equilibrium BKT limit 0.25, but
our findings do not directly match with the reported
experimental [26] or theoretical values [12,14].

A stretched exponential function, related to KPZ dynam-
ics, fits approximately equally well as the power law,
yielding small exponents . The KPZ scaling of correla-
tions has been mostly considered in the optical parametric
oscillator regime of microcavity polariton condensates
[16,18]. In the strongly anisotropic case, the KPZ equation
leads to a power-law decay of spatial correlations with
exponent b, = 2y, where y is the roughness exponent that
in 2D takes the universal value of 0.39 [51-53]. Likewise,
the temporal correlations decay as power law, but with an
exponent that is 1/2 of the spatial exponent, b, = y. In the
regime of weak anisotropy, the 2D KPZ equation predicts a
stretched exponential decay with f; = 2y = 0.78 for spa-
tial and 3, = 2y/(2 — y) = 0.48 for temporal correlations
[18]. Our results yield f; = 0.1 and 3, = 0.2 above the BEC
threshold.

Our system is not isotropic. The nanoparticles host
dipolar and multipolar charge oscillation modes associ-
ated with directional radiation, which combined with the
periodicity of the array in the x and y directions leads to
SLR modes that are not isotropic in the plane. In an
infinite or square array, there is still x — y symmetry, but
even this can be broken by the pump polarization (see the
Supplemental Material [36] for further discussion).
Evaluating the level of anisotropy in the sense of the
theoretical predictions is difficult since our system is not
analogous to those considered in Refs. [15,18], however,
the KPZ scaling is expected to be rather universal.

Finally, it should be noted that the differences (e.g.,
RMSE) between fits to different models have typically been
marginal, and therefore, establishing power-law behavior
quantitatively is not straightforward [7,18,26,27]. Ideally
the data should range over at least two decades to
rigorously claim power-law behavior [33]. The results
depend on the fit range, so it is of key importance to
justify the range (short vs long range) deliberately. Another
remark is that the regime of pump powers where the
transition to a BKT phase or KPZ dynamics is expected
could be very narrow [12,14,17].

Summary and outlook.—We have characterized for the
first time the spatial and temporal first-order correlations
in a plasmonic BEC. We proposed plasmonic lattice
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condensates as a platform for studying long-range order in
2D condensates of light, with versatile system design and
open-cavity character. The combination of large size and
short cavity lifetime makes the system amenable for
probing nonequilibrium BKT transition or KPZ dynamics
[15,17,18,54].

In this Letter, we have shown that the decay of correlations
above the BEC threshold is nonexponential, in stark contrast
to the nonordered and lasing phases. Our results indicate
algebraic decay of both spatial and temporal correlations with
different exponents; however, the stretched exponential fits
approximately equally well. The exponents found do not
quantitatively match with reported predictions for equilib-
rium or nonequilibrium systems. Although the scaling laws
predicted by the equilibrium BKT and the nonequilibrium
KPZ mechanisms might be universal, understanding the role
of strongly coupled photonic, electronic, and vibrational
states in the condensate formation is an important general
question that requires future theory work and may bring in
new physics. Moreover, the known plasmonic nanoparticle
array mode structure [43—45,55,56] should be incorporated in
the theoretical analysis to quantify the degree of anisotropy.

Beyond fundamental studies of correlations, the plas-
monic polariton BEC provides spatial coherence decay on
the millimeter scale, which is 1-2 orders of magnitude larger
than in other polariton or photon condensates before.
Millimeter-scale spatial coherence has been previously
reported in weakly coupled plasmonic lasers [49].
Strongly coupled plasmonic BECs provide also effective
interactions [41], which may give rise to phenomena not
accessible in weakly coupled and noninteracting systems,
such as superfluidity [57]. The large extent of spatial
coherence could be utilized in, for instance, on-chip appli-
cations for sensing, where lasing and condensation can make
tiny effects observable.
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