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We report on pump-power-dependent emission features of a nonthermalized and interacting dynamical
condensate of exciton polaritons. The system based on a planar AlAs/AlGaAs microcavity sample with twelve
GaAs quantum wells in the active region is investigated comprehensively by measuring the energy-momentum
dispersion characteristics, the spatial coherence, and the photon statistics under resonant, fs-pulsed optical
excitation at high momentum. We observe a significant polariton-population-dependent modification of the
emission signatures above the quantum degeneracy. The nonequilibrium polariton condensate is confirmed by
its polaritonic energy-momentum dispersion as well as excitation-power-dependent coherence properties and its
photon statistics, being different from that of an ideal coherent state. The polaritonic condensate is characterized
by a spatial coherence length of up to 4 ;«m and a super-Poissonian photon statistic of the emitted light well above
threshold. Results obtained in second-order photon autocorrelation measurements in momentum-space resolved
spectroscopy indicate polariton repulsive interaction throughout the condensate and a spatial coherence length
being shorter than the condensate extension of 20-30 pm.
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I. INTRODUCTION

Quantum-well (QW) microcavities (MCs) provide an
excellent system for the study of polaritonic condensation
effects in solid state. The appearance of strong coupling
between QW excitons and light in this semiconductor system
leads to the formation of exciton-polaritons.' These bosonic
quasiparticles can undergo a thermodynamic phase transition
towards a macroscopic occupation of the ground state.”™
MC polaritons are of particular interest for dynamical Bose-
Einstein condensation (BEC) studies because of their light
effective mass (=10~#=107 times the excitonic mass), which
allows for the observation of condensation features up to
room temperature.”~’ However, using MC-polaritons instead
of atomic systems®® results in a nonequilibrium condensation
of the Bose particles with a high decay rate. This is why, as
long as thermalization is faster than decay, one usually refers
to dynamical BECs when condensation occurs in exciton-
polariton systems, which nevertheless share many features and
signatures such as spatial®!'®!! and temporal>!? coherence that
are comparable to a BEC in thermal equilibrium. Polariton
BEC, resulting from final state stimulated ground-state occu-
pation of exciton polaritons, has been studied intensively for
various exciton-photon detunings in the spectral'® and time
domains'?* %1% and under the influence of external magnetic
fields'”!® in order to understand features and signatures of the
spinor exciton-polariton condensate. It is interesting to note
that several schemes for resonant and nonresonant excitation
of MC polaritons have been utilized to reach condensation,
e.g., nonresonant, continuous wave (cw) excitation in the
first absorption maximum,'® nonresonant ns excitation,!”
excitation into a high-k (k: wave vector) point of the LP
branch with ps? and ns pulses,?’ and resonant cw excitation
at the inflection point.'"® The condensates obtained under
various excitation schemes differ from each other in the blue-
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shift amplitude, critical pump-power densities, distribution of
the condensed particles in k space and the thermalization
dynamics. These variations occur since condensation is a
dynamical process, which is a result of interplay between
the increase of the polariton ground-state density and heat
dissipation in the system under intensive laser excitation. The
degree of thermalization and cooling in the system determines,
whether the system is closer to a so called “polariton laser” or
to a thermal-equilibrium Bose-Einstein condensate.?!

In this work, we comprehensively characterize the power-
dependent transition of exciton polaritons to a dynamical
condensate with respect to its spectral features, its spatial
coherence and its photon statistics. In contrast to previous
reports using ps excitation, we apply optical fs-pulse excitation
into a high-k point of the LP branch much shorter than
the average particle lifetime (=19 ps in the ground state),
which is advantageous with respect to the observation of self-
interaction features in the system within the particle-reservoir
lifetime, and suppresses further perturbations or additional
particle injection by the pump laser. This pumping scheme
can lead to enhanced population of & = 0 polaritons after
multistep phonon-assisted cooling into a region around the
LP inflection point, where polaritons participate in stimulated
scattering into the ground state.” The results presented below
demonstrate that this fs-excitation scheme is very beneficial to
reach a Bose-condensed state.

Our comprehensive study is performed for a condensate
system at same experimental conditions, i.e., detuning, temper-
ature, and excitation. Previous studies have focused on various
important aspects separately. We measured the condensate in
the GaAs system to identify interaction and coherence features
of a large spot condensate and to characterize the nonlinearity
for polaritonic emission. The following analysis supports the
identification of polariton condensation.
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First, we present emission characteristics in real-space
(near-field: NF) and Fourier-space (far-field: FF) configuration
and show a clear polaritonic dispersion above condensation
threshold. By a two-spot interference experiment, we show
a strong increase of spatial coherence at the nonlinearity,
verified by interference patterns in FF spectra, and a spatial
coherence length up to 4 um above threshold. Furthermore,
a power-dependent modification of the polariton effective
mass above the quantum degeneracy is observed due to a
decreased Rabi splitting, which is attributed to high parti-
cle densities. 222 Eventually, as a signature of interaction,
we present a pronounced degree of intensity fluctuations
below the level of a thermal emitter and different from
that of a coherent state by measuring the second-order
autocorrelation function of the condensate emission in the FF
configuration.

II. EXPERIMENT

The experiments were performed on a high- Q planar Fabry-
Pérot microresonator consisting of a A/2-thick AlAs cavity
spacer sandwiched between AlAs/Aly,GaggAs distributed
Bragg reflectors (DBRs) with 23/27 mirror pairs in the
top/bottom DBR. In the central AlAs spacer 4 GaAs QWs,
each with a nominal thickness of 13 nm and separated by
a 4-nm-thick AlAs layer, were integrated. Two more stacks
of four QWs were placed into the first field antinodes of the
Bragg mirrors. For the present microcavity, an experimental
Q factor of 10000 was determined,>* which corresponds
to a photon lifetime in the cavity of t. ~ 7 ps and an
estimated polariton lifetime of 19 ps. The high Q factor of
the QW-microcavity sample allows for the study of dynamical
polariton condensation at moderate decay rates.

Condensation effects of exciton polaritons in the QW-
microcavity sample are studied by pumping polaritons res-
onantly at an angle of 45 to 50 degrees (k; ~ 7 um~!) with
a mode-locked Ti:Sapphire laser. The laser provides pulses
with a width of 150 fs at a repetition rate of 82 MHz
and a wavelength of 800 nm. We choose to excite the
sample via linearly polarized laser light because stimulated
ground-state scattering is known to be less efficient under
circularly polarized pumping.'® Resonant pumping provides
direct and efficient injection of polaritons at high k| so that the
condensate (thus quasiresonantly pumped) is not affected by
the external laser induced coherence imprint since incoherent
scattering processes such as polariton-polariton and polariton-
phonon scattering precede ground-state accumulation.?> This
energy-k-space selectivity in the excitation scheme not only
facilitates condensation with spontaneous coherence build-up,
but also guarantees strong reduction in the generation of free
charge carriers in the QW microcavity system compared to
nonresonant excitation, thereby reducing the bleaching of MC
polaritons.?>?3 Furthermore, high-energy exciton generation
is absent in the formation of exciton polaritons by appropriate
resonant pumping. We would like to note that only a small
fraction (8%) of the spectrally broadened pump beam (ogayss ~
8 meV) is coupled into the system due to spectral selectivity
of the highly excitonic polariton mode (FWHMy &~ 1 meV).

The laser light is focused by a 75-mm plano-convex lens
onto the sample and side excitation results in an elliptically
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shaped laser spot with Gaussian intensity distribution of about
40 by 30 um (FWHM). The rather large dimension of the
excitation spot with respect to the diffusion length (a few
um) of the polaritons guarantees a homogenous excitation
of polaritons and avoids quantization effects.?’” Eventually,
the filtering of resonantly excited photoluminescence (PL)
from the sample with cross-polarization techniques and strong
suppression of the laser signal by more than six orders of
magnitude (the back-scattered laser intensity is much lower
than LP emission intensity) enables us to record excitation
power-dependent emission patterns of the quasiresonantly
pumped condensate.

Time-integrated PL signal is detected by using either NF
or FF resolving spectroscopy. In the FF projection, angular
resolution of the emission is provided via a microscope
objective oriented normal to the sample’s surface and two
relay lenses. This configuration enables us to probe energy-
momentum dispersions in micro-photoluminescence (uPL)
experiments directly in two-dimensional (2D) spectra (cf.
Ref. 10). From the associated 2D spectrum, cross-sectional
line spectra at particular k-space values or regions (k-space in-
tegration) can be extracted in a straightforward way for further
evaluation. This technique is essential for the detailed analysis
of ground-state emission and extracted spectra will further
be referred to as k) = 0 spectra. PL signal integrated over a
certain k-space region will be indicated, e.g., by k;; = (0.0 £
0.1) um~!. Moreover, an aperture in the optical path in
a real-space projection plane allows for a variable spatial
selection (spatial resolution ~15-20 pm) of the PL signal.

In order to determine the vacuum Rabi splitting as a
signature of strong coupling, we first characterize the sample
by reflectance measurements using a white light source.
Figure 1(a) shows the associated energy dispersion as a
function of radial position (radius) on the wafer for the mi-
crocavity sample investigated in this work. Here, normalized
and inverted k; = (0.0 £0.1) um™"' reflectivity spectra from
a 50-pm-wide spatially selected area are shown in a linear-
intensity grey-scale map. From the anticrossing behavior of the
lower and upper polariton modes we extract a vacuum Rabi
splitting of Egrap = 9.5 meV. For the study of condensation
effects, a detuning A(k; = 0) = Eco-Exo = 2.83 meV was
chosen, which provides polaritons with an excitonic content,
|X|?~ 64%, as marked by an arrow in Fig. 1(a). Eco and
Exo represent photon and exciton ground-state energies,
respectively.

III. SPATIAL AND MOMENTUM DISTRIBUTION
AROUND THE NONLINEARITY

Prior to the discussion of the second-order autocorrelation
function, we proceed with the presentation of spectral sig-
natures observed in a comprehensive pump-power-dependent
study in order to unambiguously demonstrate dynamical
condensation in our polaritonic system. Figure 1 shows a
corresponding compilation of Fourier-space (b) and real-space
(c) images with linear intensity scale. The images illustrate the
evolution of the emission features exemplarily for excitation
power densities P = (1.0, 1.5, 3.5) Py, respectively, where the
(time-averaged) threshold power density Py, = 10 kW /cm?
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FIG. 1. (Color online) (a) Mapping of the sample reflectivity spectra as function of the radial position with respect to the center of the
planar microcavity wafer. The intensity is normalized to the LP resonance absorption and given in arbitrary units. The dispersion of the coupled
QW-microcavity system shows a pronounced anticrossing behavior and strong coupling associated with a vacuum Rabi splitting of 9.5 meV.
(b) Time-integrated false-color images of the Fourier-space plane are presented for excitation power densities of 1.0, 1.5, and 3.5 times the
threshold pump power density Py,. A cross-sectional view with normalized intensity is projected (solid white line) for each excitation power
density with FWHM values decreasing from 10 to 1 um~"'. (c) In analogy, false-color images of the real-space projection, a microscopy view
on the sample surface, are displayed for the same excitation power densities. Again, cross-sectional views, both x and y cut, are projected
(solid lines). The dotted line represents the shape at Py, for comparison. Shiny spots originate from laser back scattering.

was determined from the input-output characteristics of the
system (cf. Fig. 4). Below threshold, a homogenous k-space
distribution is observed. A cross-sectional view in the k,
direction with normalized intensity is projected (solid white
line) for each power density which reveal a decrease of the
FWHM (fitted by a Gaussian curve) from about 10 to 1 um™!
with increasing excitation power.

Images of the real-space projection obtained from a
microscopy view of the sample’s surface are displayed in
Fig. 1(c) for the same pump power densities and normalized
cross-sectional views are projected (solid lines). / represents
the peak intensity of the PL signal. The dotted line represents
the shape at Py for comparison. The NF distribution of
emission with 30 um FWHM in the x direction (semiminor
axis perpendicular to the side-pump incidence direction) at
P = Py, experiences a pronounced spatial narrowing of the
high-intensity region above threshold with reduced spatial
extension of 19 um and a modified non-Gaussian profile with
steeper flanks at 3.5 Py, (cf. cross sections). Within the elliptical
pump spot, the emission originates from the condensate and
appears to be located closer to the incident side of the
excitation beam. The real-space narrowing above threshold
results from the Gaussian intensity-distributed beam-shape and
the nonlinear responses of the polaritonic system. Essentially,
the central, high-intensity part within the pump spot prefer-
entially passes the condensation threshold which explains the
real-space narrowing observed in Fig. 1(c). The narrowing
in the phase-space distribution seen in Fig. 1(b) clearly
indicates the onset of macroscopic ground-state occupation
at k; = 0, while in real space, the formation of a spatially
localized polariton condensate surpassing the lateral extension
of the laser spot can be observed (cf. dashed cross-section
lines).

IV. SPECTRAL SIGNATURES OF DYNAMICAL
POLARITON CONDENSATION

Next, we study the polaritonic character of the conden-
sate by analyzing the mode dispersion of the LP via FF
spectroscopy. Compared to a photonic dispersion, which is
parabolic in planar microcavities, the LP branch exhibits
an inflection point at specific k vectors (~1-2 um™').
Thus the polaritonic emission can be identified via energy
dispersions extracted from 2D FF spectra. In Fig. 2(a), we
show corresponding FF dispersions of polariton modes at
a detuning A = 2.8 meV, corresponding to an excitonic
fraction |X|> &~ 64%. The k-space coverage amounts to
+2.3 /Lm’1 and different excitation densities of 0.05, 1.0,
1.5, 2.0, and 4.2 times the threshold pump density were
chosen. Each FF dispersion is normalized to its maximum
intensity and split into two linked parts with linear (left)
and logarithmic (right) intensity profiles to provide distin-
guished contrasts in the false-color diagram. The profiles
are rendered with lighting for the sake of an improved
visualization of the dimensionality and proportions of the
emission mode. The projected lines show the corresponding
LP dispersion (dashed, white), a virtual cavity mode (C*,
dotted, green) aligned to the ground state kj; =0 and the
maximum intensities for each k vector (black dots), while
the bare exciton (Exy = 1.5511 eV) and photon (E¢y =
1.5539 eV) dispersions are not shown. In between, 2D NF
spectra are displayed for pump rates P/ Py, = 1.0, 1.5, and 2.0,
from left to right, respectively, with the same energy scale.

Emission features depicted in Fig. 2(a) for FF and NF
configurations show typical trends and features of a non-
linearity in the polaritonic system: a blue shift in energy
(0.75 meV) plus spectral, momentum, and spatial narrowings
above the condensation threshold. The first trend serves as
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FIG. 2. (Color online) (a) Time-integrated energy-momentum dispersion of polariton modes at a detuning A = 2.8 meV (| X |?> ~ 64%), for
different threshold-normalized pump powers. Each Fourier-space spectrum (rendered with lighting) is normalized to its maximum intensity and
split into two linked parts with linear (left) and logarithmic (right) intensity profiles. Projected lines show the corresponding polariton dispersion
(LP, dashed, white), and a virtual cavity mode (C*, dotted, green) aligned to the ground state. Black dots mark the maximum intensities for
each k vector. The pump power increases from left to right. In between, 2D real-space spectra for pump densities P/Py = 1.0, 1.5, and
2.0 are displayed, from left to right, with the same energy scale which show the spatial distribution of emission. (b) Pump-power-dependent
first-order spatial coherence represented by interference patterns in the Fourier-space spectrum (a), which is generated by applying a double-slit
corresponding to a 3-um spatial separation in the real-space plane projection. As a guide to the eye, the LP dispersion (dashed, white) is drawn

into the linear intensity profile spectra.

an indicator of a high population density in the ground
state, while the latter two are signatures for an increase of
temporal and spatial coherence. For a detailed analysis and
discussion of interaction features and ground-state occupation
of the dynamical condensate, we extracted k = O cross
sections as well as momentum space and energetic population
distributions, which are described and discussed below.

A. First-order spatial coherence

Another strong indicator of a condensation threshold within
the comprehensive study of our high-Q polaritonic system,
namely, enhanced spatial coherence, can be accessed by
energy and Fourier-space resolved double-slit interference
measurements.'®!! The evolution of corresponding interfer-
ence patterns in Fourier-space spectra with increasing pump
densities is presented in Fig. 2(b) for emission at P/ Py, = 0.5,
1.0, 1.5, 2.0, 4.2.%° Similar to Fig. 2(a), the uncondensed LP
dispersion (dashed, white) is projected onto the spectra in
Fig. 2(b). For these measurements, a spatial spot separation
r =r'/M on the sample surface is achieved by inserting a
double slit with slit separation r’ in the NF projection plane.
Here, M denotes the optical magnification in the NF plane.
Figure 3(a) presents a schematic drawing of such a projection.
In Fig. 3(b), a reference FF interference pattern is shown,°
measured for the pump laser spot on the sample. The visibility
amounts to >90% for r ~ 6 um, reflecting the large coherence
length of the laser. For the LP below threshold, no interference
fringes are obtained in Fig. 2(b). However, at pump densities
above threshold, fringes occur at |k|~ 1.5 um™' and line-up
with the partially coherent energy state with a characteristic
k-space separation corresponding to the spatial separation r
which amounts to &3 um. This separation is on the order of
the system’s coherence length above threshold [cf. Fig. 3(d)],

thus revealing a pronounced increase of the visibility with
increasing pump-power. Please note that although the inter-
ference lobes overlap with the dispersion around 1.5 pum™',
the signal does not depend on the dispersion in the first place
and in the corresponding spectrum in Fig. 2(a), no emission is
seen from k &~ 1.5 um~' at P > Py,. For a given pump rate,
one can vary the slit separation and observe a specific change
in the k-space location of the lobes,'? clearly distinguishing
it from higher-k polaritonic emission. The obtained intensity
modulation is described by a term proportional |g(r =
|ri — r2])| cos(2r k))), where ry and r, denote the location of the
separated spots on the sample. The degree of spatial coherence
|gV(r)| = V is given by the visibility V of the interference
pattern and reaches up to 60% at 4 Py;,. In Fig. 3(c), k-space
ground-state cross sections of the FF double slit spectra with
normalized intensities [/ /[(Ey), Ey: LP ground-state energy]
are shown from which visibilities are extracted.

Before addressing the power-dependent trend of V, we
focus on the spatial coherence length d. of our condensed
polaritons. Figure 3(d) shows the decrease of g"(r) with
increasing separation r for two pump rates above threshold
of the polariton condensate. We derive d,. at gV(r) = 1/e
for respective pump rates. For 1.7 Py, d. = (3.0 £ 0.2) um,
while for 3.5 Py, d. ~ (4.0 & 0.3) um. The increase of gV(r)
and d, as a consequence of stronger pumping is good proof
of spontaneous coherence build-up in a partly thermalized
large-spot condensate above the threshold [cf. Fig. 2(b)].
However, the short lifetime of the pulsed condensate only
provides a short interaction time that does not allow for the
formation of extended spatial coherence.

B. Macroscopic ground-state population

Focusing on the ground-state occupation, Fig. 4 summa-
rizes the analysis of k = (0 & 0.2) um™' line spectra extracted
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FIG. 3. (Color online) (a) Scheme of two-spot interference
indicating the slit separation in real space. (b) Representative
fringes acquired from back-scattered light from the pump laser
spot in the phase space (k; vs k) or E-k diagram (k. vs E) with
interference fringe visibility >90%. (c) k-space-oriented ground-state
cross sections of the FF double slit spectra shown in Fig. 2(b).
(d) First-order spatial coherence gV(r) of a polariton condensate
at 1.7 and 3.5 Py. With increasing spatial separation r of emitters
the measured values surpass 1/e (dotted line) at 3 and 4 pm (vertical
dashed lines), respectively, which represent the spatial coherence
length d,. at the given pump densities. Solid lines indicate the
exponential decay as guides for the eye.

from 2D images. The figure shows important features of
a quantum degeneracy threshold that gives rise to coherent
emission of radiation above threshold pump power. From a
Lorentzian lineshape fitting of the LP ground-state signal,
we obtain the characteristic s-shaped input-output curve with
a nonlinear increase of emission above threshold as shown
in Fig. 4(a). Blue circles represent the integrated intensities
below and above threshold, normalized to the threshold value.
In the threshold region, double-mode fitting of the LP signal
was necessary to describe the time-integrated PL data under
pulsed excitation [cf. Fig. 2(a)]. Here, we assume that during
the temporal evolution of the pulse, the weakly occupied
“simple” LP (SLP) branch remains at the low pump energy
and exhibits no spectral broadening, while the condensed
polaritons experience an energy blue shift and a change in the
linewidth. The emerging stronger condensate mode at higher
energy (black) and the SLP mode (light blue) are plotted with
half-filled symbols.
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FIG. 4. (Color online) (a) Input-output diagram showing the
pump-power-dependent nonlinear increase of time-integrated emis-
sion from the LP ground state k = (0 & 0.2) um~'. Blue open circles
represent the (integrated) intensities below and above threshold,
normalized to the threshold value. Close to threshold individual
double-mode fitting of the LP signal was necessary to match the data
acquired from the pulsed signal with time integration. Data from the
stronger mode associated with emission from the condensate (black)
and from the uncondensed LP mode (light blue) are plotted with
half-filled circles. The relative energy shift of these modes is plotted
in the same diagram with triangles. (Inset) Condensate fraction ny/n
vs P/ Py. (b) Linewidth of the power-dependent polariton signal as a
measure of first-order temporal coherence. In addition, the first-order
spatial coherence gV (r) measured with the double slit corresponding
to a 3-um spatial separation [cf. Fig. 2(b)] is plotted in the same graph
(stars, right scale).

An estimation of the total polariton population based on
life-time considerations and the emission intensity distribu-
tion in momentum space (discussed later in this section)
is represented in Fig. 4(a) by the line labeled n = nyyy.
Below threshold, the population of the ground state shows a
linear increase [line labeled no(P < Py)]. In this diagram,
a clear rise in the output by two orders of magnitude is
seen above the threshold. The fractional population ng/n as a
function of P/ Py, is shown in the inset, where a condensate
fraction of more than 0.5 is obtained above the threshold
(cf. Ref. 28). Further above threshold, this fraction decreases
due to saturation effects caused by local heating in the sample
at strong pump rates.

In Fig. 4(a), right scale, a gradual increase of the mode
energy with increasing pump densities is presented. Above
threshold, an energy shift of up to 0.75 meV is measured, a
value 4 meV lower than Exy and 7.75 meV lower than Ec
providing additional evidence for a polaritonic condensate.
The more polaritonic quasiparticles are in the system, the
stronger are the repulsive interaction and the resulting blue
shift of the condensate energy, as discussed in the literature for
polariton condensates®®3! with repulsive fermionic exchange
interaction between QW excitons of the same spin*??3 and a
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reduced normal-mode splitting due to phase-space filling.3*
However, local heating of the excitation spot also needs to be
taken into account, as discussed later when presenting above
threshold dispersions.

The power-dependent emission linewidth, which is plotted
in Fig. 4(b) with symbols corresponding to Fig. 4(a), serves as a
measure of first-order temporal coherence. A clear broadening
of the LP emission takes place close to threshold until a
significant drop occurs, indicating a build-up of coherence in
the ground state. This is also in line with the first-order spatial
coherence function g'"(r) analyzed in Fig. 2(b) and plotted in
the same graph of Fig. 4(b) (stars, right scale). The significant
enhancement of the interference pattern clearly correlates with
the threshold. This agrees well with previous results'®!! and
theoretical analysis by Doan et al.%

It is often argued that individual features of this dynamic
and self-interacting exciton-polariton system plotted in Fig. 4
are similar to that of a photon laser.?! Indeed, only a detailed
study including in particular the mode dispersions at respective
pump powers as well as population considerations can rule out
the occurrence of photonic lasing and the system’s transition
from strong to weak coupling.

Figure 5(a) shows measured E(k)-dispersions at pump
powers of (0.05, 0.5, 1.0, 1.5, 2.0, and 4.2) Py, labeled
by open symbols. Here, a transition from the uncondensed
LP dispersion at low pump to a polariton-condensate-like
dispersion above threshold is evidenced. The uncondensed
LP dispersion (white, dotted) and a virtual (parabolic) cavity
dispersion C* (black, dotted) as well as a fictional broader
parabola ~k? (gray/light blue, dotted) aligned to the conden-
sate ground-state are drawn on the image. There is neither
a congruence between the measured condensate dispersion
with C* nor with the broadened parabola (mimicking a
dramatic change of the effective index of refraction neg in
the cavity). If assigning measured mode shifts to a change
of neg, the variation of n.; must be on the order of
1%, resulting in little change of the effective photon mass
Meay = 2mhnesr/chg and thus the photonic dispersion C* (Aq:
photonic emission wavelength in vacuum). Indeed, above
threshold, the energy dispersions depicted in Fig. 5(a) deviate
clearly from a parabolic characteristic and reveal inflection
points at about 1-2 um™', as expected from a polaritonic
system.

Figure 5(b) shows an increase of the dispersion slopes
AE/Ak extracted at k ~ 1/um with increased pump power.
From this, we deduce a power-dependent decrease of
the effective particle mass above threshold for polaritons
occupying the condensate ground state. On one hand, this
is seen as a signature of previously mentioned high-density-
related interaction effects and a reduction of the normal-mode
splitting.”> On the other hand, the changes are at the same
time caused by local heating and the particle-density-related
change of the QWSs’ index of refraction reducing the cavity
mode energy.?® This is confirmed by LP dispersion fits for
P > Py. At 1.5 Py, Exo = 1.5505 eV, Eco = 1.5539 eV, and
ERrai ® 7.3 meV (corresponding A: 3.3 meV). The exciton
energy redshift of — (0.6 meV is explained as the superposition
of an interaction-caused blueshift and an expected
local-heating-dependent redshift. In Fig. 5(c), the energies of
the bare exciton (red x) and photon (green star) mode extracted
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FIG. 5. (Color online) (a) Measured polariton dispersions below
and above threshold corresponding to pump powers ranging from
0.05 to 4.2 Py, labeled by white open symbols. The uncondensed LP
dispersion (white dotted) and a virtual cavity dispersion (C*, black
dotted) as well as a broader parabola (~k2, gray/light blue dotted)
aligned to the condensate ground-state are drawn into the image.
(b) Linear slope AE/Ak extracted from the dispersion region at
k =1 um™' vs P/Py above threshold. (c) Bare exciton and
photon mode energies which allowed for best dispersion fits. (d)
Effective polariton mass vs P/ Py,. (e) Fitted condensate dispersion
for respective pump rates 1.5 and 3.0 Py (logarithmic intensity
profile). (f) Estimated polariton population N(k) for the modes
presented in (a) and (e) normalized to the £ = 0 value showing
a pronounced occupation of the ground state above threshold. (g)
In analogy to (f), the estimated polariton population N(E) with
respect to the corresponding ground-state energy E| is depicted and
demonstrates strong spectral narrowing of the population distribution
above threshold and a transition from Maxwell-Boltzmann (MB)
distribution (dotted gray line with 71 p = 25 K) and a Bose-Einstein-
like (BE) distribution (dashed gray curve with 7 = 5.5 K and
uw = —2.8 peV, cf. Ref. 36). Populations are each normalized to
the ground-state value for clarity.

from polaritonic dispersion fits are depicted with respect to
P/ Pg,. With increasing pump powers, the fitted exciton mode
blue shifts to Exo = 1.5511 eV and the fitted photon mode
tunes red to 1.5530 eV, causing a detuning change. Only this
modification of parameters allowed for a precise matching of
theoretical LP curves with the measured dispersions, while
the Rabi splitting remained constant at ~7.3 meV in the range
of 1.5 to 4.2 P/ Py, taking into account respective (constant)
ground-state energies of the condensed mode and effective
particle masses at corresponding pump rates.
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The experienced reduction of the detuning A, which
modifies the excitonic fraction of the ground-state LPs, results
finally in a decrease of the effective polariton mass mg, shown
in Fig. 5(d). The mass is obtained by fitting an energy parabola
with E = h%k?/2mes to the modeled LP dispersion at low
k vectors <0.8/um. For the uncondensed LP dispersion, an
effective polariton mass of (10.8 & 1.0) x 107> my (electron
masses) was determined. By the change of Rabi splitting, an
increased meg = (13.3 £ 1.0) x 107> m was extracted at 1.5
Pu, which decreased to (10.5 &+ 1.0) x 107 mg at 4.2 Py,
as a result of the detuning change. This trend well mirrors the
obtained trend of the dispersion slopes at k ~ 1 um~' shown
in Fig. 5(b). In Fig. 5(e), we show the measured dispersions
with logarithmic intensity profile for 1.5 Py, and 3.0 Py,.

The momentum-space distribution of polaritons provides
important information about the evolution and formation of a
condensate and its thermodynamic properties. Such an analysis
was summarized by Deng et al. and compared to numerical
simulations.’! Here, we briefly show a behavior typical for
dynamical condensation obtained from our time-integrated
measurements. Figure 5(f) presents the estimated polariton
population N(k) for the modes analyzed in Figs. 4 and 5,
normalized to the k = O values. Therefore, for each pump-
rate, the spectral intensities /(k; 1.547 eV < E < 1.550 eV)
(dips are caused by acquisition defects) have been weighted
with the estimated lifetimes 1/t p(k) = |C|*/tc + |X|?/tx &~
|C|?/ ¢ according to the particles’ excitonic and photonic frac-
tions 1 = | X|2(k) + |C| *(k) at given k vectors with lifetimes
Tx > 1¢ = 7 ps. The estimated distribution of the polaritonic
quasiparticles reveals a clear transition from an LP distri-
bution with highly populated reservoir to a macroscopically
occupied ground-state with increasing power where x~68%
of the emitters lie within one standard deviation of a normal
distribution.

Moreover, as expected for the formation of a dynamical
condensation, the transition from a Maxwell-Boltzmann (MB)
to a Bose-Einstein-like (BE) distribution takes place with
increasing power. The power-dependent energetic polariton
distribution N(E) with respect to the ground-state energies E
can be probed via k-space-integrated and lifetime-corrected
intensities [ (E-Eg; kj =0+£2.4 um~"). In Fig. 5(g), one can
see a strong spectral narrowing of the population distribution
above threshold. For clarity, N(E) is normalized to the value
at Ey and plotted in semilogarithmic scale. While well below
threshold, an MB curve can be fitted to the distribution of
polaritons with a gas temperature of 71p = 25 K (cf. MB
distribution with Tip = 5 K), at high pump-rates above
threshold, the distribution rather matches a BE curve with
T = 5.5 K and chemical potential u = —2.8 peV (from
Doan et al.),’® and does not match the MB curve at lattice
temperature (4—5 K). This can only be explained by enhanced
thermalization of the condensed bosonic gas, i.e., the transition
to a quasiequilibrium Bose gas.?” The strongest signature of
ground-state occupation is found around 3.5 Py, which is
consistent with the trend in Fig. 5(b) and the inset of Fig. 4(a).
At 4.2 Py, we observe a slight reduction in the ground-
state accumulation. Having demonstrated the formation of a
nonequilibrium dynamical condensate, we now focus on the
excitation power-dependent photon statistics of emission from
the system under investigation.
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C. Second-order time correlations of interacting polaritons

Autocorrelation experiments provide a valuable tool to
characterize the photon statistics of light sources. For instance,
in the case of a transition from thermal emission to the emission
of coherent light from a laser, the second-order correlation
function’s value decreases from 2 to 1 for simultaneously
registered photons. The second-order autocorrelation function
at zero delay is defined by

P =0) = (: 4% 1)/ (A)%, (1)

where 7 denotes the photon number operator and colons the
normal ordering of the underlying photon field operators.'*
The experimentally obtained value G®(0) represents the
time-averaged g(0) over each pulse.”> Below threshold,
thermal emission is expected for polaritons occupying a
broad range of states in momentum space, represented by
g@(0) = 2. To resolve such a feature in photon statistics,
high temporal-resolution is required. With a standard
Hanbury-Brown and Twiss (HBT) setup®® based on Si
avalanche photo detectors, the temporal resolution (here 40 ps)
of the single photon counting modules (SPCMs) is usually
lower than the relevant coherence time of the emitters. Thus
thermal bunching effects can only be resolved close to the
quantum degeneracy threshold, when the coherence time of
the emitter increases significantly. !

Standard HBT techniques were often used to identify
lasing operation for various photonic microstructure systems.
However, first studies of polariton condensates’ second-order
autocorrelation for GaAs? and CdTe'? structures bore different
results. While the CdTe polaritons seemingly reached a very
high coherence degree at the condensation threshold, the
GaAs polaritons revealed strong intensity fluctuations above
the threshold at comparable pumping schemes. In the GaAs
system, strong intensity fluctuations in the condensate regime
were also shown by Horikiri ef al. by an HBT second- and
third-order autocorrelation experiment.' In parallel, Assmann
et al. performed a power-dependent analysis of the polaritons’
second- and third-order autocorrelation for different detunings
and excitation schemes with a streak camera technique
providing a picosecond time resolution,'* revealing a clear
dependency on the exciton-cavity detuning and the excitation
polarization. Here, we reveal that the investigated autocor-
relation function for a fs-pumped system in momentum-
space resolved spectroscopy, i.e., measurements with strong
energy-momentum resolution, shows super-Poissonian photon
statistics of the emitted light well above threshold.

With a fiber-coupled HBT setup (temporal resolution:
40 ps), we record the photon autocorrelation of the ground-
state emission after spectrally resolving the signal with a
monochromator (A Eyone & 50 ueV). Figure 6(a) presents a
time-averaged second-order time correlation G®(t) acquisi-
tion in the Fourier-space configuration. To the right of the
representative FF spectrum, the corresponding NF image is
displayed in which the contributing signal is collected over
with a spatial selection of 20 um (images are taken from
Figs. 1 and 2). The fiber’s front facet with 65-pum-core diameter
is placed directly in the back-focal plane of the monochromator
at its lateral exit port where it acts as an aperture and allows
essentially for monomode detection as required to probe the
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FIG. 6. (Color online) (a) Presentation of the time-averaged
second-order time correlation G®(t) acquisition in the Fourier-space
configuration with representative FF spectrum and corresponding NF
image with spatial selection of ~20 pum. The white circle indicates the
fiber aperture, which acts as an E-£ filter for light analyzed by a fiber-
coupled HBT. (b) Pump-power-dependent autocorrelation function
G@(r = 0) measured with an HBT setup for the pulsed polariton
ground-state emission in the FF projection. (Inset) Representative
correlation histogram.

photon coalescence from the condensate. The obtained filter-
ing is 2150 ueV and ~0.02 um~' in E-k for FF, as indicated
schematically in Fig. 6(a). Thus the results presented in Fig. 6
were obtained under well-defined experimental conditions by
adjusting for maximum intensity for each pump power.

We show in the following that there exist quantitative
differences in the detected G®(0) values of the condensate
emission compared with photon statistics of an ideal coherent
state characterized by G®(0) = 1. In the ground-state emis-
sion sensitive FF G® experiment, which selects a specific
region close to k;; = 0 in the energy-momentum dispersion,
a high bunching value is observed for polariton condensates
around the threshold even with a time-resolution limited HBT
setup: since the ground-state’s photonic content is higher
and decay-rates are higher than for the much more excitonic
reservoir states, here about half of the cavity decay rate at this
detuning, the signal pulse width becomes comparable to the
coherence time for the condensate due to stimulated scattering
into the ground state.> Thus G®(0) (time-averaged function)
well represents g(0).

The G® data in Fig. 6(b) could only be efficiently
acquired above threshold, because of a very weak ground-state
population below threshold, where G®(0) = 2. To account
for the fast dynamics of the polaritonic system, we used fast
Si-SPCMs with a temporal resolution of 40 ps, which can
only be obtained at the cost of lower quantum efficiency
(~5-7% at 800 nm), if compared to standard Si-SPCMs with
a temporal resolution of about 1 ns and a quantum efficiency
of 60% at 800 nm. Due to a setup collection efficiency of
~0.1% in the FF configuration, and applied strong filtering
of the polaritonic emission in the FF plane, we detected only
a small fraction (=107°) of the total emission in the HBT
setup with count rates of the SPCMs amounting to 3000—
4000 counts/s at the lowest excitation power measured (P =
Py,) in FF configuration. From mode energy, lifetime, and po-
lariton density of the ground state, we estimate cavity emission
powers below threshold to be ~1nW, corresponding to a flux
of ~4 x 10° photons/s, explaining the low count rates.

PHYSICAL REVIEW B 86, 155308 (2012)

In our experiment, G®(0) of 1.75 was obtained at Py,.
The inset in Fig. 6(b) presents the corresponding correlation
histogram at Py, in a representative manner. The autocorrela-
tion function then decreases gradually with increased power to
~1.65 at 4 Py, while for a fully coherent emitter a reduction
to G?(0) = 1 is expected. These intensity fluctuations above
threshold can be interpreted as an indication of either dephas-
ing effects due to a strong interaction between polaritons in
the condensed state,'>!*!3 or of an incomplete thermalization
process within the lifetime of condensed particles, while
scattering processes are efficient enough to build up the
macroscopic occupation of the ground state.>*> The G trend
is comparable to the data presented in Ref. 2 by Deng et al. who
mapped the transition and measured a decrease of the ground
state G (0) from ~1.8 at threshold to ~1.5 even at 15 Py, for
resonance detuning. This trend clearly differs from presented
data for GaAs QWs in Ref. 14, where values above threshold
decreased from G?(0) ~ 1.5 at Py, (thermal bunching level
for polarization-independent acquisition) and even reached 1
at ~10 Py, for the spectrally filtered sample emission at a
comparable positive detuning (A = + 2 meV) and for a similar
pumping scheme. This indicates that the latter result represents
a thermalized, weakly interacting system which, indeed, can
reach full coherence high above threshold,'*** while the first
describes a condensed state still out of equilibrium for even
higher pump rates. Here, small statistical errors for G® values
falling below the symbol sizes are shown in Fig. 6(b).

Acquired photon statistics for our polariton condensate
strongly indicate that the coherence properties differ from
that of a standard photon laser, because the transition from
bunching to G® = 1 for P > Py, is missing. Schwendimann
et al. attributed these intensity fluctuations corresponding
to a partially coherent state as a consequence of polariton-
polariton scattering in a sense that such interaction prevents
the condensate to be fully accumulated (condensate fraction
no/n is reduced) and introduces a strong noise component in
its photon statistics.** The calculated pump-power-dependent
auto-correlation for k = 0 polaritons taking into account
interaction between ground-state polaritons with themselves
as well as with high-k polaritons well matches with our
experimental results.

In the FF configuration, spectral and momentum-space
selection together guarantee an attractive probe of the ground-
state emission in the time-integrated system when adjusted
to maximum intensity on the energy scale—the condensate
at the time of maximum build-up and decay—also reducing
averaging effects. In this configuration, the autocorrelation
signal at selected k vectors (here k; =0) is real-space
integrated, but since stemming from one macroscopically
occupied ground state (low-momentum emission is filtered
out), the measured G®(0) is representative for the condensate.

However, for large condensates (e.g., 20-30 pum lateral
extention) with short spatial coherence length (e.g., 4 pum)
this also implies that, although occupation of one ground-state
takes place over a relatively large area, the measured degree
of coherence is reduced when collecting a spatially integrated
signal. In other words, if condensate size and coherence length
are comparable, such FF G experiments could yield a higher
coherence degree for ground-state emission above a condensa-
tion threshold. We conclude that second-order autocorrelation
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clearly reveals polariton repulsive interaction throughout
our nonequilibrium condensate with a spatial coherence
length, which is shorter than the condensate extension of
20-30 pm.

V. CONCLUSIONS

In summary, we have presented a comprehensive power-
dependent characterization of the exciton-polaritons’ transi-
tion to a dynamical condensate in a GaAs QW-microcavity
sample under a fs-pulsed side-pump excitation covering the
most relevant features: we have shown spectral signatures,
spontaneous build-up of spatial coherence and, most impor-
tantly, the second-order autocorrelation of condensate emis-
sion, serving with a compilation of useful tools for condensate
characterization. By a two-spot interference experiment, we
identified a spatial coherence length of up to 4 um. Moreover,
we discussed a modification of the polariton emission with
a change of dispersion and blue shift above the quantum
degeneracy corresponding to high pump powers. A pump-
density dependent decrease of the effective polariton mass
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above threshold is identified with respect to this. In the
last, we have demonstrated a nonequilibrium ground-state
occupation within the lifetime of polaritons in the high-Q
cavity, featuring a pronounced degree of intensity fluctuations
above the condensation threshold. With our HBT setup,
we acquired second-order correlation in the Fourier-space
configuration with strong energy-momentum selectivity. Our
results indicate polariton repulsive interaction throughout the
condensate and a spatial coherence length being shorter than
the condensate extension of 20-30 um. We suggest that
these results could be particularly useful for identification
of polariton condensation in optically and electrically driven
QW-microcavity samples. Moreover, they could trigger a
further collection of identification tools in the field of exciton-
polariton nonlinearities.
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