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Collective state transitions of exciton-polaritons loaded into a periodic potential
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We study the loading of a nonequilibrium, dissipative system of composite bosons—exciton polaritons—into
a one-dimensional periodic lattice potential. Utilizing momentum resolved photoluminescence spectroscopy,
we observe a transition between an incoherent Bose gas and a polariton condensate, which undergoes further
transitions between different energy states in the band-gap spectrum of the periodic potential with increasing
pumping power. We demonstrate controlled loading into distinct energy bands by modifying the size and
shape of the excitation beam. The observed effects are comprehensively described in the framework of a
nonequilibrium model of polariton condensation. In particular, we implement a stochastic treatment of quantum
and thermal fluctuations in the system and conclude that polariton-phonon scattering is a plausible energy
relaxation mechanism enabling transitions from the highly nonequilibrium polariton condensate in the gap to the

ground band condensation for large pump powers.
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Introduction. Since the initial demonstration of Bose-
Einstein condensation of microcavity exciton polaritons [1],
one particular direction of research has been focused on engi-
neering the potential landscape of polaritons. These potentials
have been created by various techniques [2], including the
deposition of metal on the microcavity surface [3], interference
of surface acoustic waves [4], deep etching of micropillars [5],
fabrication of shallow mesas [6], local application of crystal
strain [7], distinct formation of excitonic clouds [8], and
deposition of semiconductor microrods on a silicon grating [9].
Periodic arrangements of these potentials have been used to
study the formation of gap solitons [10,11] and graphenelike
band spectra (including Dirac cones) [5,12], are predicted to
be prime candidates for the generation of topological polariton
states [13—15], and hold high promise for implementation of
quantum simulators in solid state systems [16].

Controlled loading of polaritons into a particular energy
state of a band-gap structure enforced by the periodic potential
remains a critical problem in this field. A condensate out
of equilibrium, such as this polariton system, can form
in an excited state [17]. Furthermore, polariton-polariton
scattering, interactions with higher energy excitons, as well
as scattering with phonons [18,19], can change the occupa-
tion of different energy states and lead to effective energy
relaxation. For example, previous investigations of shallow 1D
periodic potentials have demonstrated condensation initially
occurring at the edges (high in-plane momentum) of the
Brillouin zone (BZ) but then relaxing to the zero in-plane
momentum state of the ground Bloch band with increasing
pump power [3,20]. In general, experiments with polariton
condensates in periodic potentials under nonresonant optical
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excitation rely on serendipity rather than on a controlled
process to obtain a condensate in a particular energy and
momentum state [5,12,20], although recently progress has
been made in employing symmetry of the pump to achieve
targeted band loading [21]. In order to progress towards desired
control over the loading process, it is important to understand
the mechanisms for the condensate formation and transition
between energy states under different excitation conditions.
Here, we develop a broad understanding of these nonequi-
librium effects, by carrying out a combined experimental
and theoretical investigation of the polariton condensation
in a one-dimensional array of buried mesa traps [6,22] that
form an effective tight-trapping periodic potential with the
depth of several meV. We demonstrate that condensation
of exciton-polaritons in a periodic tight-trapping potential
exhibits two qualitatively different regimes: First, in the regime
of moderate pump powers above the threshold of polariton
condensation, exciton-polaritons condense into excited states
with the energy blueshifted into the gap of the linear band-gap
spectrum. Real- and momentum-space structure of these gap
states is uniquely determined by the geometry of excitation.
In particular, we observe controllable excitation of stable on-
and off-site discrete gap states [23,24] by on-site and off-site
illumination with a tightly focused pump spot, respectively.
This is in contrast to previous studies of more shallow lattices,
where, under similar excitation conditions, the outcome was
determined by markedly different stability properties of the
gap states [11]. Secondly, for pump powers an order of
magnitude above the condensation threshold, the condensate
relaxes to the lowest energy state with a significant redshift
towards the ground-state band. The observed behavior cannot
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FIG. 1. Schematics of the semiconductor microcavity: (a,b)
Details of the textured cavity region (see text); (c) Angle-resolved
photoluminescence spectra below condensation threshold shows
formation of a band-gap polariton spectrum resulting from evanescent
coupling between mesa traps. Red lines show calculated single-
particle energy bands [6] in the effective periodic potential of the
depth 4.5 meV. The measurements are recorded at a detuning between
the cavity photon and exciton energies of A = E¢c — Ex = —14 meV
(at k = 0 of the ground Bloch band), which is comparable to the Rabi
splitting, Ex = 11.5 meV. Continuous background contribution to
the polariton emission is indicated by the red dashed line.

be captured by theoretical description in the limit of thermal
equilibrium [25]. We therefore extend a nonequilibrium
model [26,27] to include a stochastic treatment of fluctuations
in the quantum driven-dissipative system [28], and achieve
excellent qualitative and quantitative agreement between
numerical modeling and experimental measurements for all
accessible excitation conditions. In particular, we uncover the
crucial role of phonon-induced polariton energy relaxation in
this system, which is responsible for condensation into the
lowest energy and momentum states.

Experiment. We create a periodic lattice potential for
polaritons by fabricating a one-dimensional array of attractive
polariton potentials [Figs. 1(a) and 1(b)], coupled via the
evanescent optical field. The individual polariton traps are
created by a well controlled local elongation of the cavity layer
thickness [22] (see Supplemental Material for details [31]).
As exciton-polaritons are hybrid light-matter quasiparticles,
the photonic potential yields a trapping potential for polari-
tons [29,30], which also supports polariton condensation [6].

To study polariton condensation in the one-dimensional
array, we perform angle-resolved photoluminescence mea-
surements under continuous wave nonresonant excitation of
the polariton states with a focused spot (~3.8 um FWHM)
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FIG. 2. Experimental (a)-(d) and theoretical (e)—(h) study of
the condensation in the one-dimensional array of mesas for an
excitation with a narrow pump beam focused on a mesa (“on-
site” excitation regime). (a)—(d) Far-field photoluminescence spectra
recorded at various pump powers. (e)—(h) The dependence of
polariton occupation at different energies as a function of in-
plane momenta, k;, calculated using Eqgs. (1) and (2). Large/small
occupation numbers correspond to strong/weak intensity of the
cavity emission in (a)—(d). The calculated occupation is inte-
grated over the transverse-to-array coordinate, y. Shown are:
(e) and (f) emission below the condensation threshold at the
pump rates Py = 1 um~2ps~! and Py = 10 um~2ps~!, respectively;
(g) formation of the polariton condensate at the boundaries of
the BZ in the vicinity of the threshold at Py = 16 um 2ps~!;
(h) condensation above the threshold at Py =20 um™2ps~'. The
pump has a Gaussian profile with the FWHM of (a)—(d) 3.8 xm and
(e)—(h) 5 wm accounting for exciton diffusion. The multiple parabolic
branches in (e)—(g) are artifacts of Fourier transformations and
accumulation of many realizations of the profiles during the Monte
Carlo calculations. As such, they do not have any physical meaning
and do not affect the polariton dynamics.

of a frequency tunable Ti:Sa laser. Figure 1(c) shows the far
field emission spectra of such an array. The observed emission
below the condensation threshold strongly differs from that
of an isolated trap, where the trapped modes are discrete in
energy and momentum space [29]. Evanescent coupling of the
modes confined in the polariton traps leads to formation of
a distinct band-gap spectrum due to the spatial periodicity of
the structure 1(c). In addition to the bands, the characteristic
parabolic dispersion that stems from the planar, mesa-free
region around the traps is also visible in Fig. 1(c).

Figures 2(a)-2(d) depict the evolution of the energy-
momentum dispersion relation as a function of the pump power
for on-site (i.e., focused on a potential minimum) excitation
of the array. As the power of the laser excitation grows, the
two first Bloch bands, as well as the planar cavity lower
polariton mode, become more populated, as seen in Fig. 2(b).
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Once the condensation threshold is reached at ~1 mW (see
Supplemental Material [31] for details), and in agreement with
previous experiments carried out in significantly more shallow
potentials [3], a polariton condensate forms at the vicinity of
the BZ edges k| = £ /a deeply in the gap of the structure,
with an approximate energy offset of & 0.5 meV with respect
to the maximum of the ground band [Fig. 2(c)]. With increasing
power of the pump laser, the energy of the condensate shifts
further into the gap, while remaining localized at the edges of
the BZ in the momentum space.

The observed behavior of the condensed state is typical of
a spatially localized polariton gap state reported in Ref. [11]
and is reminiscent of a gap soliton well studied in the context
of photonic waveguide arrays [23] and atomic Bose-Einstein
condensates in optical lattices [24,32,33]. Similarly to the
matter-wave case, a polariton gap state is a defect mode, which
shifts into the gap due to the repulsive nature of the interparticle
interactions [34]. The important aspect of the polariton in-gap
condensation, pointed out in a previous study [26], is that this
blueshift is caused by both the polariton-polariton interaction
and interaction with the exciton reservoir.

Importantly, an off-site pumping results in a significantly
different phenomenological behavior at any moderate pump
power above the threshold of condensation. The position
of the laser spot is aligned at different positions along the
array of mesas [see Fig. 3(a)]. In Fig. 3(b) we plot the
far-field spectra, recorded at a pump power of 7.1 mW and at
A =E¢c — Ex = —0.7 meV, along with the corresponding
real space images in the lower column. We observe formation
of an off-site gap state with two well pronounced peaks in
real space and centered around k; = 0 in momentum space.
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FIG. 3. Experimental images of the off-site versus on-site pump-
ing with a tightly focused pump spot of 2 um FWHM and formation
of corresponding gap state condensates: (a) Sketch of the position of
the pump laser spot aligned with respect to the polariton potential.
(b) Far-field spectra of the gap state, corresponding with the pump-
potential alignment. (c) Corresponding real space images of polariton
emission. White dashed line indicates position of the pump spot.
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FIG. 4. Experimental and numerical spectra of polariton con-
densate in the high-power limit. (a,b) measured exciton-polariton
dispersions for pump powers of 11 and 32 mW, respectively;
(c,d) dependence of particle occupation at different energies as a
function of in-plane momentum, k;, calculated using (1) and (2) at
the pump rates (c) Py = 30 and (d) Py = 40 um~2ps~".

Therefore, in contrast to Ref. [11], the structure of the gap
state in our tight-trapping lattice is determined solely by the
excitation geometry.

Atahigher power of ~10 times the threshold [see Fig. 4(a)],
the condensation at k;; = 0 um~! becomes more prominent,
and thermal effects begin to lead to a redshift of the emission
towards the ground state of the system. At the highest
excitation densities [~30 times above threshold, Fig. 4(b)],
we observe a pronounced growth in the occupation of the
energetic ground state of the system, which was previously
reported in experiments carried out in very shallow trapping
potentials [3]. So far, a theoretical understanding of the
mechanisms responsible for the observed transition towards
the ground state condensation has been lacking.

As well as a substantial redshift, the above transition is
accompanied by an increase in the linewidth and a growing
population of lattice-free polaritons. Both of these issues can
be overcome by a targeted loading into the lowest-energy
Bloch state of the system. As suggested in Ref. [26], this can
be achieved by an elliptically shaped pump beam with a large
aspect ratio matched to the aspect ratio of the mesa array.
The experimental results demonstrating controlled formation
of the polariton condensate in the ground Bloch state at k) = 0
are shown in the Supplemental Material [31].

Theory. Our experimental findings can be accurately mod-
elled using a nonequilibrium Gross-Pitaevskii approach [27]
with additional stochastic terms accounting for fluctuations in
the exciton-polariton system [28] and thermal phonon-assisted
relaxations [35]. Such a stochastic approach can be rigorously
derived within the truncated Wigner approximation [36]
and allows for the adequate description of the spontaneous
coherence formation in the presence of the quantum and
thermal noise. This approach provides a convenient theoretical
tool for characterization of the photoluminescence from
the semiconductor microcavity and, in particular, enables
a theoretical description of the effects in the vicinity of
the condensation threshold beyond the basic mean-field
theory [26,27].

The stochastic mean-field equations for the polari-
ton macroscopic wave function, ¥ (r), where r is a 2D
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coordinate vector, and the reservoir occupation number, ng(r),
read [28,35,36]

0
ih—‘gfr) = F ' Exyx + Sk()] + iT(np) ¥ (r)
+ V() + g.lv @)Y (r)

+ lhdwst(r) + Z[T k(t) + T*(I)]Eiikrlﬂ(r)'

dt " - k ’
(1

0

";t(") — (k4 RIPOPIR@® + P, ()

where 1y is the Fourier transform of ¥ (r), F~' stands for
the inverse Fourier transform, and Ey is the energy of free
polariton dispersion. This kinetic energy is characterized by
the effective mass of the lower polariton m, which was
taken as 4.5 x 107> of the free electron mass. The periodic
array of mesa traps is accounted for by the two-dimensional
potential V(r).
The term

+ Rng(r;)
Al = [ AW 3)

in Eq. (1) accounts for fluctuations by introducing a white
noise into the model. Both the damping and gain, y, and
Rng, contribute to this term [28,36]. Here d W; is a Gaussian
random variable characterized by the correlation functions
(dW*dW;) = 26; jdt and (dW;dW;) = 0 where i, j are in-
dices counting discrete mesh points r; with the discretizations
dx and 8y in x and y directions, respectively.

The terms Sk (#) and 7_(¢) account for the acoustic phonon-
mediated relaxation phenomena and are fully described in
Ref. [35]. We assume that phonons represent an incoherent
thermal bath and use the Markov approximation [37] for
their description. The term Sk(¢) describes the emission of
phonons by the polariton system stimulated by the polaritons.
The stochastic term 7q4(¢) in the last line of Eq. (1) describes
spontaneous phonon-assisted decay. It is defined by the
correlators [35]

(T3 (T (1) = |Ggl*ngdq.q 8t —1');
(TyOTg(t") = (T OT () =0, )

where ny(T) is the temperature-dependent density of phonons
in the state with the wave vector q, and G4 denotes the
polariton-phonon scattering strength.

The reservoir [described by Eq. (2)], induces a net gain and
energy blueshift through the real and imaginary parts of the
term ['(ngR) = %(RnR — v.) —iggng in Eq. (1), respectively.
Here R = 0.001 ps~' um? defines the system-reservoir ex-
citation exchange rate, ¥, = 0.33ps™! and yz = 0.005 ps~!
are the decay rates of polaritons and reservoir excitons. The
constants g. = 1073 meVum? and gx = 2g. characterize
the strengths of polariton-polariton and polariton-reservoir
interactions, respectively. The pump rate Py(r) is induced by an
off-resonant Gaussian-shaped laser beam witha 5 um FWHM.
Here the slightly broader pumping spot (the experimental value
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is 3.8 um) accounts for diffusion of carriers in the conductivity
band. Indeed simple estimations show that the electron-hole
plasma created by an optical beam of 3.8 ;um broadens towards
5 pm for a typical set of semiconductor parameters (i.e.,
for carriers lifetime about 1 ns and for the diffusion about
D25 cm? s~! [27)).

Results and discussion. First, we model the dynamics of the
system at moderate pumping powers near the condensation
threshold. In this regime, the stimulated term F~'Sy(z) is
negligible compared to the fluctuations i hd ¥ (r;)/dt, hence
we can neglect the interaction with acoustic phonons. This is
backed by the common assumption, that the phonon-mediated
relaxations of the low-branch polaritons are weak due to the
low density of states of polaritonic dispersion. In fact, this
can lead to the formation of the bottleneck effect known for
conventional planar semiconductor microcavities under very
weak pumping. In order to match the experimental spectra
and study photoluminescence from different positions on the
sample, the momenta-resolved spectra have been integrated
over the y direction which is transverse to the array, see
Figs. 2(e)-2(h) [see also Figs. S2 (a)-(d) of Supplemental
Material [31]].

The results of our numerical simulations for the on-site
excitation of the array are presented in Figs. 2(e)-2(h)
and demonstrate very good agreement with the experiment.
Indeed, below the condensation threshold, both the band-
gap spectrum and the parabolic “background” dispersion
are visible [Fig. 2(e)]. For a stronger pump, the emission
with nonzero momenta around the BZ edges (k) = £ /a) is
clearly observed, in excellent agreement with the experiment
[Figs. 2(f)-2(h)]. This spontaneous build up of the condensate
is accompanied by the blueshift of the energy into the gap
above the ground band of the array. Our theoretical analysis
confirms that the blueshift is mostly caused by the reservoir-
induced repulsive potential which is determined by the term
grng. The gap state bifurcates from the upper edge of the band
characterized by the “staggered” phase, and therefore inherits
the characteristic ;r-phase shift between neighboring density
peaks [26], as shown in the Supplemental Material [31].
Furthermore, we find that formation of the condensate in both
the on-site (near k;; = 7 /a momentum) and off-site (near k| =
0 momentum) states is controlled purely by the on-site or off-
site positioning of the pump spot, respectively. This behavior
is very robust in a wide interval of pump powers [see Fig. 2(h)
and Figs. S2(b)—(d) of the Supplemental Material [31]], which
confirms the enhanced stability of the gap states in the
tight-binding lattice, in contrast to the shallow confinement
case [11].

At pump powers well above the condensation threshold
our model ceases to reproduce the experimental data even
qualitatively (see Supplemental Material Fig. S3). We thus
conclude that phonon-mediated energy relaxation can no
longer be neglected, as a direct consequence of pump-mediated
heating of the sample. On the other hand, resulting from
macroscopically occupied condensate and the pinned reservoir
population above threshold, the stochastic term i hd ¥ (r;)/dt
in this regime becomes negligible compared to the stimulated
term F~'Si(r). Hence we can neglect the former, thus
assuming that the energy relaxation is predominantly driven
by the phonons. The impact of phonon relaxation has, e.g.,

121303-4



COLLECTIVE STATE TRANSITIONS OF EXCITON- ...

been discussed in Ref. [38—40]. A consequence of this phonon
relaxation mechanism, taken into account by Eqs. (1) and (2), is
manifested in the behavior shown in Figs. 4(c) and 4(d), which
is in excellent agreement with experimental observations
[Figs. 4(a) and 4(b)]. Here, we see a distinct transition from
the formation of a polariton condensate at the vicinity of
k)| = £m/a towards condensation at k;; = 0. Indeed, at the
highest pump power, phonon-assisted relaxation reproduces
the macroscopic occupation of the ground state of the system
[see Fig. 4(d)] observed in the experiment. It should be noted,
that in Figs. 4(c) and 4(d) we considered a 1D structure and
neglected spreading of particles in the (y) direction transverse
to the periodic potential. A full 2D simulation including
phonon-mediated relaxation in the above described manner
is a very heavy computation task and would not shed more
light onto the physical processes in the system. Although
this simplification leads to some quantitative differences, for
instance, in the pump rates (c.f. Fig. 4), it provides a very good
qualitative description of the experimental phenomena.
Conclusions. We have performed a comprehensive exper-
imental investigation of the exciton-polariton condensation
in a tight-binding, quasi-one-dimensional periodic potential.
We have observed transitions of condensed states between
different energy states, which are efficiently controlled via in-
tensity and spatial alignment of the off-resonant optical pump.
Furthermore, we have developed an advanced model taking
into account quantum and thermal fluctuations in the system,
as well as interactions with acoustic phonons. Our modeling of
polaritons trapped in a periodic array demonstrates excellent
agreement with the observed dynamics both below and above
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condensation threshold, for all pumping configurations. In
particular, we have identified and explained two dramatically
different regimes of polariton condensation at moderate and
high pump powers, respectively. Namely, we have conclusively
demonstrated that population of different energy states by the
condensed polaritons is strongly determined by the energy
relaxation due to fluctuations (at moderate powers) or phonons
(at high powers). Our work provides a complete conceptual
understanding of the nonequilibrium condensation of exciton-
polaritons in periodic potentials, and thus represents a signifi-
cant progress towards controlled loading of the condensate into
microstructured lattices for fundamental studies and possible
applications.
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