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Abstract. Exciton-polaritons, two-dimensional composite bosons arising from the quantum
mixture of excitons and photons, can manifest many-body quantum effects at liquid He
temperatures (4 K). Interestingly, polaritons are predicted to behave as particular quantum
fluids due to their out of equilibrium character, arising from their reduced lifetime (shorter than
their thermalization time). Here we report the observation of superfluid motion of polaritons in
semiconductor microcavities both under cw and pulsed excitation. Among other signatures,
superfluidity is manifested via the absence of scattering of the polariton condensates when
encountering a localized defect in their flow path.
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1. Introduction

Superfluidity is one of the most conspicuous quantum phenomena due to the counterintuitive effects to
which it gives rise in the macroscopic scale. First observed in 1938 via the abrupt drop of the viscosity
of liquid *He below the lambda point [1,2], a wide variety of observable facts in different systems can
be explained within the framework of superfluidity [3,4]. Some of them are the so called Hess-
Fairbank effect (the absence of rotation of a superfluid when the angular velocity of its container is
below some critical value) observed both in “He and in condensates of alkali atoms [5,6], or the
appearance of metastable superflows [7-9] quite intimately related to quantized vortex formation
[10,11].

However, the most popular image of superfluidity is that of the flow without friction, which
corresponds to the above mentioned reports of 1938 on *He, and it is directly accounted for by the
theory of Landau [12]. Within this theory, due to the linearized spectrum of excitations around the
ground state of a Bose-Einstein condensate subject to particle-particle interactions, there exists a
critical velocity for an object traversing the fluid, below which no excitation of the fluid is possible,
resulting in an unperturbed flow. Above such velocity, the travelling object is able to scatter with the
fluid giving rise to density perturbations. The critical velocity is given by the slope of the spectrum of
excitations of the condensate, and is known as the sound speed of the fluid, ¢s. Such condition for the
definition of superfluid behaviour is known as the Landau criterion. In Superfluidity according to this
criterion has been observed by sending ions and atoms at a controlled speed through bulk *He [13,14],
“He droplets [15] and atomic BECs [16] and, in the latter case, also by the use of bigger potential
barriers moving through the whole condensate [17].

In this work we will present a detailed account of superfluid behaviour in the sense of flow without
friction, in a bosonic system out of equilibrium: polaritons in semiconductor microcavities. First
experimental evidences of polariton superfluidity were provided in [18], in a configuration based on
the optical parametric oscillator, and later in a cw experiment [19]. Under cw conditions we will show
that when the polariton gas flows below the sound velocity, scattering with defects present in the
sample is inhibited, while above it, density modulations in the form of Cerenkov-like wave-fronts are
excited, in agreement with the Landau criterion of superfluidity. In a time resolved configuration, we
will show that polariton droplets with a well defined momentum can be created, evidencing no
scattering when traversing defects present in their flow path, in agreement with the notion of flow
without friction in superfluids.

2. Semiconductor microcavities

Semiconductor microcavities are two-dimensional heterostructures in which one or several
quantum wells are embedded in a cavity conformed by two high-reflectivity Bragg mirrors, in which
exciton and photon modes are in resonance. Under strong coupling conditions, the eigenstates of such
a system are polaritons, composite bosons with a very low mass and short lifetime due to their
photonic component, which leads to their annihilation by emission of a photon within a few
picoseconds. The emitted photons carry much of the information of the polariton state inside the
cavity, rendering accessible the study of polariton gases through photoluminescence studies.
Additionally, their excitonic component provides with strong inter-particle interactions which are
essential for the apparition of superfluidity in bosonic gases.

Their very light mass, on the order of 10 times the free electron mass, has enabled the observation
at liquid He temperatures of phenomena related to the appearance of macroscopic coherence, like
Bose-Einstein condensation [20,21], long-range order [22] or, recently, the spontaneous formation of
vortices [23] and persistent currents [24].

3. Polariton superflow under cw excitation

In this section we will present results on the polariton fluid characteristics under cw excitation. In
order to probe the superfluidity of polaritons we study the perturbation that is produced in a resonantly
created moving polariton fluid, excited with a cw laser, when a static microcavity defect is present in
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its flow path [19], as proposed in [25,26]. As we will see, the perturbation created by the defect on the
flow, which is evidenced through both the real space density profile and the momentum distribution of
the emitted polaritons, provides relevant information on the structure of the spectrum of excitations of
the condensate. This fact enables us to directly apply the Landau criterion of superfluidity. Our results
are well reproduced by simulations based on the Gross-Pitaevskii equation.

In these experiments we use an InGaAs/GaAs based sample with a 2 A cavity, and one 80 A
quantum well placed at each of the three antinodes of confined optical field, with a Rabi splitting of
5.1 meV. All experiments are performed at 5 K, with a circularly polarized excitation beam from a
frequency stabilized, single-mode continuous wave Titanium:Sapphire laser. The laser field, quasi-
resonant with the lower polariton branch at approximately zero exciton-cavity detuning, continuously
replenishes the escaping polaritons in the fluid. The beam is focused onto the sample in a spot of
~100 pm in diameter, with angles of incidence between 3.4° and 4.0° [figure 1 (a)]. Images of the
surface of the sample (near field emission) and of the far field in transmission configuration are
simultaneously recorded on two different high resolution CCD cameras.
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Figure 1. (a) Lower polariton branch dispersion of the InGaAs microcavity at low excitation density.
A and B indicate the energy and momentum of the excitation beam corresponding to the conditions of
figure 1 and 2 respectively. (b) Transmitted intensity as a function of excitation density for point A in
(a): angle of incidence 3.4° i.e., k= 0.436 um-1. (c) Real and (d) momentum space images of the
transmitted luminescence for the excitation powers indicated in (b). The momentum space images
have been normalized to the total transmitted intensity to put in evidence the collapse of the Rayleigh
ring.

Figure 1 shows the real (¢) and momentum (d) space images of a polariton fluid at different
excitation powers (b), for a Gaussian excitation spot on top of 6 point like defects, naturally present in
the sample. The pump angle of incidence is 3.4°, corresponding to an in-plane momentum of k, =
0.436 pm™. The energy of the laser is slightly blue detuned (~0.08 meV) with respect to the lower
polariton branch at the same K in the low density linear regime.

At low excitation power, polariton-polariton interactions are negligible, the spectrum of excitations
of the system presents a parabolic energy-momentum dependence, and Bogoliubov modes reduce to
single particle excitations [26]. In this case, the initially uniform polariton fluid created by the pump is
strongly perturbed by the potential: a series of curved wave-fronts are formed around each defect and
propagate away from it [figure 1 (c-I)]. These wave-fronts are the real space manifestation of the
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Rayleigh scattering ring that is observed in the far-field images [figure 1 (d-1)], and result from the
interference of incident and scattered polaritons. As the incident laser is close to resonance with the
linear regime polariton branch, the wave-fronts are approximately parabolic [26].

When the polariton density is increased while keeping the same excitation angle, the onset of
polariton-polariton interactions is manifested by a non-linear increase of the transmitted intensity
[figure 1 (b) around point II]. These interactions modify the dispersion of the elementary excitation
giving rise to a dispersion which is predicted to become linear with a discontinuity of its slope in the
vicinity of the pump wave vector k, [26]. In these circumstances the spectrum of excitations can be
well described within the Landau model and the fluid can be assigned a sound velocity, given by

c, =gy, 2/m , where |y,

and m is their mass. In the conditions of figure 1, the momentum, oscillation frequency (given by the
energy of the pump) and density of the injected polaritons is such that v, < C;, and the Landau criterion
for superfluidity is fulfilled. In such a case, scattering from the defects is inhibited, and the polariton
fluid is able to flow without friction as no states are any longer available for scattering at the frequency
of the driving polariton field. This regime can be identified in figure 1 (c-1II), where the polariton fluid
neatly passes around the six defects present in its flow path, while a collapse of the Rayleigh ring in
the far field is observed (d-11I) evidencing the absence of states to which scattering can take place.

If we increase the velocity of the flow, we can gain access to a different quantum fluid regime,
namely that in which v, > C. According to the Landau model, in this supersonic case the condition for
superfluidity is not fulfilled, and a defect present in the flow path will generate Cerenkov-like density
waves observable in real space, together with a strong modification of the far field emission [27].

* is the polariton density, g is the polariton-polariton interaction strength,
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Figure 2. (a) Experimental real space images for a pump momentum k, = 0.572 pum™ (corresponding
angle of incidence of 4.4°), for pump powers of 1.83 mW (I), 12.9 mW (II) and 138 mW (III).
(b) Simulated images based on the solution of a Gross-Pitaevskii equation with pumping and decay
under conditions similar to those of (a).

Figure 2 (a) shows real space images of a polariton fluid in the presence of a single defect for a
pump momentum of k= 0.572 um™, corresponding to point B in figure 1 (a), larger than that of
figure 1 (b-d). Again, at low excitation density [2 (a-I)] the interference of scattered polaritons and
those transmitted with the momentum of the pump gives rise to quasi-parabolic wave fronts around the
defect. As the excitation density is increased, polariton-polariton interactions start to be non-negligible
[figure 2 (a-I)], resulting in deviations of the spectrum of excitations from a parabolic shape. At a
particular density the linearization of the spectrum of excitations around K, takes place and a sound
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velocity can once more be attributed to the polariton fluid. In contrast to the situation depicted in
figure 1, conditions are now such that v, > Cs: the superfluid condition according to the Landau
criterion is not satisfied and the defect is able to create linear wave front excitations starting from the
defect [figure 2 (a-II)]. At higher densities Cerenkov-like wave fronts can still be distinguished
[figure 2 (a-IIT)]. Figure 2 (b) shows images calculated under similar conditions by solving a Gross-
Pitaevskii equation with pumping and decay and a polariton-polariton interaction given by g. More
details on the simulated images as well as on the superfluid and supersonic regimes can be found in
[19].

4. Polariton superflow in the time-resolved regime.

Key information about the dynamical properties of polariton fluids, such as the relationship between
momentum, velocity and dispersion, the diffusion behaviour, and the scattering (or its absence) with
defects in different quantum fluid regimes can be accessed by the use of time resolved
photoluminescence techniques. However, the extremely short polariton lifetime and the need to
resonantly create a fluid with an excitation field (a laser beam which would black out the detection of
the actual polaritons at the same energy) had prevented so far the follow up of coherent polariton
fluids. Recently, a new excitation scheme, the so-called TOPO, based on the Optical Parametric
Oscillator (OPO) configuration has allowed the creation and detection of the dynamics of polariton
fluids with a well defined momentum and a high temporal resolution [18], circumventing the above
mentioned difficulties. Additionally, this configuration allows the exploration of situations in which
the phase and coherence of the signal is not fixed by the pump [28,29]. Observations performed with
the use of this technique provided the first evidences of superflow of polaritons in semiconductor
microcavities via the observation of the unperturbed passage through obstacles of different sizes.
Additionally, a clear linearization of the system’s dispersion was observed [18]. In this section we will
show results on the dynamics of polariton flows created in the TOPO configuration showing some of
these facts, providing, along with the results of section 3, a broad picture of polariton phenomena in
the quantum fluid regime [4,30].

The sample employed for these experiments is a GaAs/AlGaAs microcavity with a single quantum
well placed on the centre of a A/2 cavity, characterized by a Rabi splitting of 4.4 meV. All experiments
have been performed at 10 K with the use of two Titanium:Sapphire lasers as excitation sources: a cw
laser and a 2 ps pulsed one. Images of the near and far field of the emission are formed, in reflection
geometry, on the entrance slit of a spectrometer attached to a streak camera, enabling the recording of
two dimensional space and momentum maps of the luminescence resolved in energy and time, with a
temporal resolution of ~5 ps.

The schematics of the TOPO operation are depicted in figure 3 (b). A cw pump excites the
microcavity resonantly with the lower polariton branch with momentum Ky, in a spot of about 100 um
in diameter. If its power is high enough, OPO operation will start with signal emission at k=0 [31]. In
our case we additionally shine a resonant pulsed laser at an angle resulting in an equivalent polariton
momentum k;, which will act as a seed for the onset of parametric oscillation, resulting in a signal with
momentum K, =2k, —k;, which can be finely controlled by the choice of pump and idler angles of

incidence. The pulsed idler is focused on a spot of 16 pum within the pump spot. When the idler pulse
reaches the sample, a signal polariton packet is formed, which starts to move (K, #0). Once the idler

has disappeared the signal packet keeps being replenished by stimulated scattered polaritons coming
from the pump field. More details on the TOPO mechanism can be found elsewhere [18,32].

Figure 3 shows real (a) and momentum (c¢) space images of the spectrally selected signal polariton
wave-packet created by the TOPO at different times after the arrival of the pulsed idler. The pump and
idler angles of incidence are 10° and 16°, respectively. The signal packet is created with a well defined
momentum of 0.60 um™ [the momentum distribution at 2 ps —not shown- shows the same shape as that
at 16 ps, (c-1I)], and moves a long a distance of 40 pm, without appreciable alterations of its Gaussian
shape. In the course of its trajectory, the polariton packet encounters two deep localized defects,
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indicated by black dots in (a-1II), which are traversed without noticeable change of its shape both in
real and momentum space. Remarkably, the wave vector of the packet is well preserved until the
moment when the packet reaches the edge of the excitation spot (a-IV, c-1V), indicating that its
coherence is well defined during the whole time of flight. Note that the density wave fronts observed
in the polariton fluid when it traverses any of the defects do not arise as a consequence of the direct
scattering of signal polaritons with these potential barriers. These fronts reflect the density modulation
created on the pump polariton field which is injected at a much higher momentum, when interacting
with the same defects. The pump polaritons, moving with a high momentum, are subject to scattering
with the defects in a similar way to that depicted in figures 1 (c-I-II), 2 (a-I-II) and 2 (b-I-II) in the
upstream direction. The density fluctuations of the pump are reflected on the signal fluid that they
feed, when it traverses these regions.

t= 2ps t= 16ps t= 36ps t= 54ps

Q
pulsed|
idler

O

Energy (eV)

-1 0 1
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Figure 3. Real (a) and corresponding momentum space (c) images of a polariton fluid created at t =0,
after the arrival of the pulsed idler at an angle of incidence of 16° and a pump incidence at 10°. The
momentum distribution at t =2 ps (not shown) presents the same features as that at t =2 ps. Black dots
in (a-III) indicate the position of two localized defects, while the dotted circle shows the area over
which the pump spot extends. Each image has been normalized to its maximum intensity. (b) Lower
polariton branch luminescence under non-resonant excitation showing a scheme of the TOPO.

Figures 3 (a) and (c) remarkably show the absence of scattering when the signal polariton fluid
encounters a localized potential barrier in its flow-path, evidencing superfluid behaviour in the sense
of flow without friction. In the context of the Landau model used to explain the results of section 2,
this would correspond to the onset of the inhibition of excitations for the signal packet.

An additional significant characteristic of the signal emission in the TOPO configuration is that it
presents a linear dispersion. Figure 4 (a) —upper panel-depicts the observed photoluminescence of the
signal, integrated over its whole time of flight, under the conditions of figure 3. The linearization of
the emission around the signal (arrow) contrasts with the parabolic one observed under out of
resonance excitation (lower panel). A strong blueshift of 0.6 meV between the two situations is also
observed. Figure 4 (b) shows the expected emission in energy-momentum space calculated by solving
a one-dimensional Gross-Pitaevskii equation with decay including the cw pump and pulsed idler
excitation. It is readily observed that both the blueshift and the linearization of the dispersion arise
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from the strong polariton-polariton interactions in the macroscopically occupied signal, pump and
idler fluids [33].

One of the direct consequences of the signal polaritons moving on top of a linearized section of the
dispersion is that the signal polariton wave packet does not spread in space (neither in K), as observed
in figure 3. All the fluid components remain in phase, with the same speed (given by the slope of the
dispersion [32]), preventing the spreading. Simulations of the time evolution of the signal fluid based
on the above mentioned one dimensional Gross-Pitaevskii equation in the conditions resulting in the
dispersions shown in figure 4 (b), yield packet flows with a well preserved width in real and
momentum spaces [18].
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Figure 4. (a) Experimentally observed lower polariton branch dispersion under the TOPO conditions
described in figure 2 (upper panel), and under non-resonant excitation (lower panel). AE indicates the
blueshift induced by polariton-polariton interactions. The yellow arrow indicates the signal state. (b)
Calculated dispersion under cw pump (blue dot) and pulsed idler (red dot) illumination. The inset is a
zoom-in of the signal states (marked by the black arrow). From [18].

5. Conclusions

We have presented a comprehensive set of experiments in different excitation configurations showing
evidences of superfluidity of polaritons in the sense of flow without scattering when traversing an
obstacle. Our results under cw resonant excitation can be well described by the Landau model of
superfluidity, with the existence of a critical flow velocity for the onset of perturbations in the fluid. In
addition to the observation of frictionless motion, the time resolved experiments, open the way to new
methods to study the ultrafast dynamics of quantum fluids, with prospective applications on the
research of spontaneous [29] and non-spontaneous phase transitions. Additionally, the fine control of
the size and initial state of the polariton condensates through the resonant optical excitation, enables
the address of other questions like the formation of Josephson oscillations [34] or if the size of the
droplet plays a role in the system’s spectrum of excitations as it is the case in liquid “He, for instance
[35,36]. This last subject may present interesting particularities in a dissipative system like that
conformed by polaritons in which the particle number is not conserved.
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