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Polariton Condensation in a One-Dimensional Disordered Potential
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We study the coherence and density modulation of a nonequilibrium exciton-polariton condensate in a
one-dimensional valley with disorder. By means of interferometric measurements we evidence a
modulation of the first-order coherence function and we relate it to a disorder-induced modulation of
the condensate density, that increases as the pump power is increased. The nonmonotonic spatial
coherence function is found to be the result of the strong nonequilibrium character of the one-dimensional

system, in the presence of disorder.
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Quantum degenerate Bose gases in external potentials
display a variety of behaviors in a large number of systems,
ranging from “He in porous media [1], ultracold atoms in
magnetic traps, optical lattices [2,3] and speckle potentials
[4] to exciton polaritons in semiconductor microcavities.
In particular, disorder potentials are of great interest be-
cause of the prediction of a quantum phase transition from
superfluid to the Bose-Glass (BG) insulating phase [5-7].
The BG phase is characterized by a vanishing superfluid
fraction and an exponential decay of the spatial coherence:
it can be depicted as a series of disconnected condensate
regions, where coherence does not extend to neighboring
islands. In the weakly interacting limit the system is ex-
pected to undergo a quantum phase transition to a quasi-
condensed phase where the different regions become
phase-locked. This can be achieved either by increasing
the density or decreasing the disorder amplitude [8].
Because the effect of disorder on a quantum system is
more pronounced in lower dimensionality, the studies on
the quantum phases of ultracold atomic gases focused on
the special case of one-dimensional (1D) quantum gases
[9-12].

Since the convincing demonstration of polariton BEC
by several groups [13-16], microcavity polaritons have
attracted much interest as a physical realization of the
quantum degenerate Bose gas. Exciton polaritons are qua-
siparticles resulting from the strong coupling of a photon
and an exciton. The half-light half-matter nature of polar-
itons confers them a very small effective mass (10~* times
the mass of a free electron) coming from the photon
component, while their excitonic part allows them to in-
teract with each other. Both features are favorable to
achieve condensation [13], which has been demonstrated
even up to room temperature [17], making of polaritons
a model low-dimensional Bose gas [18-21]. However,
because of the exciton-polariton finite lifetime, their
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condensation is a nonequilibrium process, bearing substan-
tial differences with respect to equilibrium BEC. Because
of the structure of microcavities, the polariton gas is
at most two-dimensional; by employing advanced growth
techniques, one and zero dimensional systems can be
manufactured as well [16,22]. Contrarily to ultracold
atoms, disorder is present as a natural feature in micro-
cavities, as a consequence of the fabrication process.

Recently, the condensation of 1D polaritons was
achieved by Wertz et al. [16] in a GaAs polariton wire.
They observed the spontaneous formation of spatial coher-
ence under tightly focused nonresonant excitation.
Because of the high quality of their GaAs microcavity
and to the ballistic expansion of the polariton gas under
their experimental conditions, the disorder played a rather
minor role in these experiments. Although difficult to
understand at first sight, these results have been reproduced
by theory after taking into account the nonequilibrium
character of the polariton system and some novel relaxa-
tion processes [23].

On the contrary, the CdTe sample employed here allows
us to investigate the spatial coherence of a polariton con-
densate in a strong disorder. This natural feature seems
promising in order to observe the BG to superfluid phase
transition as polariton density is increased. However, as will
be shown further on, we did not find any evidence of BG but
rather a direct transition from a noncoherent gas of polar-
itons to the condensed state is observed. The transition to
the condensed state is accompanied by a nonmonotonic be-
havior of the first-order spatial coherence function, whose
spatial modulation becomes more and more pronounced as
the density of particles in the system is increased. We show
how this feature is related to the observed disorder-induced
modulation of the 1D condensate density. These features we
observe confirm the strong nonequilibrium character of our
system in presence of disorder.
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Our system consists of a CdTe/CdMgTe semiconductor
microcavity with 16 quantum-wells, with an overall vac-
uum Rabi splitting of 26 meV. The main feature of our
CdTe sample is the presence of a strong photonic disorder,
which appears in various configurations at different posi-
tions on the sample. The presence of disorder affects the
polariton condensation phenomenology, giving rise to den-
sity modulations.

We focused our attention to well defined one-
dimensional shaped disorder valleys in the sample, which
are delimited at the sides by high energy barriers, deter-
mining the linear shape of the polariton condensate.
Furthermore, we made sure to find a region in the valley
where condensation occurs in a single state, contrary to the
generic behavior in our sample, where condensation usu-
ally occurs in multiple spatially overlapping energy states
[24]. Therefore, on such a particular location in the sample,
it becomes possible to isolate and study the physics of a
single polariton condensate, without the complications
deriving from the mode competition between multiple
condensates. The interest of the study of such a one-
dimensional state lies in the fact that the effects of disorder
are more pronounced in the 1D topology.

In our experimental setup, the sample is kept close to
liquid Helium temperature (= 10 K). We excite the sample
nonresonantly using a Ti:sapphire monomode laser with a
quasicontinuous Gaussian beam. The excitation beam is
focused on the surface of the sample with a high numerical
aperture microscope objective, with an illumination spot
diameter of approximately 20 um. The photolumines-
cence (PL) signal is sent to a Michelson interferometer in
the mirror-retroreflector configuration, that allows us to
measure in a direct way the spatial coherence of our
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where W(x) is the polariton annihilation operator [2].
The retroreflected image is a centrosymmetric replica of
the mirror arm image. The interferometric superposition of
the two arms makes points, symmetric with respect to the
so-called autocorrelation point (the center of the image)
to overlap in the interferogram (as sketched in Fig. I).
This allows to probe the spatial coherence between points
of the condensate, that are spatially separated from each
other, through the analysis of the interference fringes [13].
The interferometric measurement gives direct access to the
first-order spatial coherence function gV (r) = gV(%, — ),
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FIG. 1. Michelson interferometer in the mirror-retroreflector
configuration: (a) the mirror arm is superposed to (b) the retro-
reflector arm, which is a centrosymmetric replica of it, in order to
get the (c) interferogram.

where r is the distance to the autocorrelation point along
the 1D condensate.

In order to achieve condensation, we increase the pump
power above a certain threshold power, Py, = 100 uW,
injecting in the system a polariton population which is
sufficient for stimulated scattering towards the ground state
to occur and macroscopically populate it. The real-space
luminescence, coming from the one-dimensional disorder
valley studied in this work, is shown in Fig. 2(a). In
Fig. 2(b) one can see the interference fringes that occur
at the output of the modified Michelson interferometer
along the whole length of the one-dimensional condensate.
The corresponding spectra are shown in Figs. 2(c) and 2(d)
respectively, where the presence of a single-energy state is
confirmed. Further confirmation comes from a tomo-
graphic reconstruction (not shown) displaying the spec-
trally resolved emission in the whole k space. Below the
condensation threshold for polaritons, a single 1D confined
state is observed, which shows a parabolic dispersion only
along one of the two orthogonal k-space axes, coexisting
with the whole parabola of the extended 2D state.
More specifically in Fig. 2(e) we show the polariton dis-
persion along the k, direction, which corresponds to the
linear condensate direction, and along k, [Fig. 2(f)], the
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FIG. 2. (a) Real-space PL coming from a specific 1D disorder
valley and (b) associated interference pattern (both taken above
condensation threshold). The corresponding real-space energy
spectrum are shown in (c) and (d) respectively, where the a
single-energy 1D state can be observed. The polariton disper-
sion, below condensation threshold, is shown in (e) along k,
(along the linear condensate) and in (f) along k, (1D confine-
ment direction). Note: the color scale of (b),(c) and (d) is
saturated to make the signal modulation more visible.
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one-dimensional confinement direction (both images are
recorded below condensation threshold). It can be seen that
the lowest state at = 1.6714 eV is 1D confined, featuring a
parabolic dispersion only along the linear condensate di-
rection. When we increase the excitation power above Py,
condensation occurs in the 1D confined state while the 2D
extended states are still far below threshold. The emission
from the 2D polariton states is thus not visible anymore
with respect to the 1D condensate emission. It can be also
noticed that, above threshold, the 1D confined state is
blueshifted by = 0.5 meV [see Fig. 2(f) versus 2(c)] due
to the interactions of the increased polariton population
with the excitonic reservoir. This value is typical and in
line with our previous experimental observations.

We performed both real-space photoluminescence and
coherence measurements over a wide range of excitation
powers, starting from below the condensation threshold up
to almost 3 times the threshold power, a range over which
we are able to track the single 1D confined state and study
its intrinsic properties. For higher pump powers we observe
the occurrence of condensation in multiple states and mode
competition, which is due to the nonequilibrium nature of
polariton condensation.

The real-space PL measurements allow us to directly
access the polariton density, which is reported in Fig. 3(a)
for different values of the pump power. Below threshold,
the classical polariton gas is characterized by a rather
smooth density, because the effective temperature of the
thermal polaritons is larger than the average amplitude of
the disorder potential. Above threshold, a single-energy
delocalized condensed state builds up, allowed by the
polariton interactions that bring in phase different spatial
regions of the condensate: a process known as mode syn-
chronization [25]. Instead of a smooth density, the con-
densed phase features a more and more pronounced
modulation of the polariton density as the excitation power
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FIG. 3 (color online). (a) Real-space normalized polariton
density profiles along the 1D condensate, for different values
of the excitation power. The black dotted curve is the reference
profile considered in the analysis of the disorder-induced density
modulations. (b) Standard deviation of the measured density
profiles with respect to the Gaussian reference profile (back-
ground color gradient identifies three different regimes, as ex-
plained in the text).

is increased. The observed modulation is the result of
localization effects in the disorder.

In order to point out the role of disorder in a more
quantitative way, we carried out further analysis, in anal-
ogy with the usual analysis employed in atomic conden-
sates [26]. We considered a reference density distribution,
representative of the polariton condensate density in an
ideal disorderless case [27]. We assumed as a reference the
Gaussian profile, py(x), shown in Fig. 3(a) with a dashed
black line. The standard deviation, A 7, with respect to this
reference is calculated for the measured density profiles at
all different values of pump power, according to the for-

mula An = ‘/%ZX(%){ where p(x) is the normal-

ized measured density. The sum over x extends over the N
central points (corresponding to the interval from —8 to
8 wm) along the linear condensate, excluding the tails,
strongly affected by noise. In accordance with the qualita-
tive observation, for increasing excitation power the stan-
dard deviation increases [Fig. 3(b)], confirming that the
modulation due to the disorder becomes increasingly
relevant. The background color gradient in Fig. 3(b) repli-
cates the three regimes identified in the behavior with
pump power of the first-order coherence function: non-
coherent gas, coherence buildup and fully coherent polar-
iton condensate.

In Fig. 4 we show the g!)(r) for different excitation
powers, r = 0 being the autocorrelation point. Given the
centrosymmetry of the interferogram, we plot curves that
result from the average of the two spatial halves of the
coherence function. Below threshold the correlation is
limited to a small region around the autocorrelation
point, whose size is approximately 0.8 wm, defined by
the convolution of the response function of the microscope
objective and the thermal de Broglie wavelength Ay of
polaritons [13]. As the threshold power is reached, coher-
ence gradually builds up along the 1D disorder valley.
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FIG. 4 (color online). First-order spatial coherence function
along the linear condensate for different values of the pump
power. The error bars quantify the uncertainty in the numerical
determination of the gV value.
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Further increasing the power, long-range order establishes
and the coherence extends over the whole length of the 1D
condensate.

A striking feature in Fig. 4 is the presence of a spatial
modulation of the g('(r). This effect can be explained
taking into account the condensate density, shown in
Fig. 3(a). The expression for the g(!) as a function of the
condensate density, n;., and the associated density fluctua-
tions, on;, reads

g(l) _ Ve _ 1
V(e + 6ny)(nye + 6n,) ‘/(1 + %)(1 + ‘Z—;‘?)

D

where i = 1, 2 indicates the two arms of the interfero-
meter. If we assume that the incoherent density 6n; is
independent of the potential fluctuations, it is immediately
clear that the minima of the spatial coherence and total
density coincide.

We want to point out that the present coherence mea-
surements yield the largest values of the long-range order
measured up to now in CdTe microcavities. The previously
measured values of the long-range spatial coherence were
less than 0.5. These lower values are due to the formation of
multiple condensates on generic positions on the sample.

In conclusion, in this work we have presented a study of
the coherence properties of a nonequilibrium exciton-
polariton condensate in a one-dimensional potential trap.
We have reported on the behavior of the first-order coher-
ence function with increasing pump power, highlighting
the relation between its spatial modulation and the modu-
lation of the 1D condensate density due to the presence of a
disorder potential. As in one-dimension the effect of dis-
order is more pronounced, we are able to experimentally
measure a nonmonotonic coherence function, resulting
from the strong nonequilibrium nature of our polariton
system.

The experimental observation of the BG phase was still
elusive, even though it is theoretically expected under
equilibrium conditions. Therefore, samples with a longer
life time, such as, for example, quantum wires in GaAs
microcavities, could be a promising system to observe the
BG phase. Their weaker intrinsic disorder should not be a
disadvantage, because it allows for more extended conden-
sate regions. Controllable disorder could be induced by a
resonant laser [28].

This work was supported by the Swiss National Science
Foundation through NCCR ‘‘Quantum Photonics.”

*francesco.manni@epfl.ch

[1] J.D. Reppy, J. Low Temp. Phys. 87, 205 (1992).

[2] L.P. Pitaevskii and S. Stringari, Bose-Einstein
Condensation (Clarendon Press, Oxford, 2003).

[3] M. Greiner, O. Mandel, T. Esslinger, T. W. Hansch, and I.
Bloch, Nature (London) 415, 39 (2002).

[4] L. Sanchez-Palencia and M. Lewenstein, Nature Phys. 6,
87 (2010).

[5] M.P.A. Fisher, P.B. Weichman, G. Grinstein, and D. S.
Fisher, Phys. Rev. B 40, 546 (1989).

[6] L. Fontanesi, M. Wouters, and V. Savona, Phys. Rev. Lett.
103, 030403 (2009).

[7] G. Malpuech, D.D. Solnyshkov, H. Ouerdane, M. M.
Glazov, and I. Shelykh, Phys. Rev. Lett. 98, 206402
(2007).

[8] V. Gurarie, L. Pollet, N. V. Prokof’ev, B. V. Svistunov, and
M. Troyer, Phys. Rev. B 80, 214519 (2009).

[9] B. Deissler et al., Nature Phys. 6, 354 (2010).

[10] Y.P. Chen et al., Phys. Rev. A 77, 033632 (2008).

[11] G. Roati et al., Nature (London) 453, 895 (2008).

[12] J. Billy and V. Josse et al., Nature (London) 453, 891
(2008).

[13] J. Kasprzak et al., Nature (London) 443, 409 (2006).

[14] R. Balili et al., Science 316, 1007 (2007).

[15] H. Deng, G.S. Solomon, R. Hey, K.H. Ploog, and
Y. Yamamoto, Phys. Rev. Lett. 99, 126403 (2007).

[16] E. Wertz et al., Nature Phys. 6, 860 (2010).

[17] G. Christmann et al., Appl. Phys. Lett. 93, 051102 (2008).

[18] K.G. Lagoudakis et al., Nature Phys. 4, 706 (2008).

[19] K.G. Lagoudakis et al., Science 326, 974 (2009).

[20] A. Amo et al., Nature (London) 457, 291 (2009).

[21] A. Amo et al., Nature Phys. 5, 805 (2009).

[22] O.E. Daif and A. Baas et al., Appl. Phys. Lett. 88, 061105
(2006).

[23] M. Wouters, T.C.H. Liew, and V. Savona, Phys. Rev. B
82, 245315 (2010).

[24] D.N. Krizhanovskii et al., Phys. Rev. B 80, 045317
(2009).

[25] A. Baas et al., Phys. Rev. Lett. 100, 170401 (2008).

[26] D. Clément, P. Bouyer, A. Aspect, and L. Sanchez-
Palencia, Phys. Rev. A 77, 033631 (2008).

[27] Other kinds of smooth profiles, like top hat and combined
Gaussian top hat have been tested as reference profile for
our analysis, but the results were found to be not substan-
tially sensitive to the assumed reference profile to the aim
of our analysis.

[28] A. Amo et al., Phys. Rev. B 82, 081301 (2010).

176401-4


http://dx.doi.org/10.1007/BF00114905
http://dx.doi.org/10.1038/415039a
http://dx.doi.org/10.1038/nphys1507
http://dx.doi.org/10.1038/nphys1507
http://dx.doi.org/10.1103/PhysRevB.40.546
http://dx.doi.org/10.1103/PhysRevLett.103.030403
http://dx.doi.org/10.1103/PhysRevLett.103.030403
http://dx.doi.org/10.1103/PhysRevLett.98.206402
http://dx.doi.org/10.1103/PhysRevLett.98.206402
http://dx.doi.org/10.1103/PhysRevB.80.214519
http://dx.doi.org/10.1038/nphys1635
http://dx.doi.org/10.1103/PhysRevA.77.033632
http://dx.doi.org/10.1038/nature07071
http://dx.doi.org/10.1038/nature07000
http://dx.doi.org/10.1038/nature07000
http://dx.doi.org/10.1038/nature05131
http://dx.doi.org/10.1126/science.1140990
http://dx.doi.org/10.1103/PhysRevLett.99.126403
http://dx.doi.org/10.1038/nphys1750
http://dx.doi.org/10.1063/1.2966369
http://dx.doi.org/10.1038/nphys1051
http://dx.doi.org/10.1126/science.1177980
http://dx.doi.org/10.1038/nature07640
http://dx.doi.org/10.1038/nphys1364
http://dx.doi.org/10.1063/1.2172409
http://dx.doi.org/10.1063/1.2172409
http://dx.doi.org/10.1103/PhysRevB.82.245315
http://dx.doi.org/10.1103/PhysRevB.82.245315
http://dx.doi.org/10.1103/PhysRevB.80.045317
http://dx.doi.org/10.1103/PhysRevB.80.045317
http://dx.doi.org/10.1103/PhysRevLett.100.170401
http://dx.doi.org/10.1103/PhysRevA.77.033631
http://dx.doi.org/10.1103/PhysRevB.82.081301

