Polariton Superfluids Reveal Quantum
Hydrodynamic Solitons
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A quantum fluid passing an obstacle behaves differently from a classical one. When the flow is slow
enough, the quantum gas enters a superfluid regime, and neither whirlpools nor waves form around
the obstacle. For higher flow velocities, it has been predicted that the perturbation induced by the
defect gives rise to the turbulent emission of quantized vortices and to the nucleation of solitons.
Using an interacting Bose gas of exciton-polaritons in a semiconductor microcavity, we report the
transition from superfluidity to the hydrodynamic formation of oblique dark solitons and vortex
streets in the wake of a potential barrier. The direct observation of these topological excitations
provides key information on the mechanisms of superflow and shows the potential of polariton

condensates for quantum turbulence studies.

flow without friction (/). It is characterized

by the absence of excitations when the
fluid hits a localized static obstacle at flow speeds
Viow below some critical velocity v.. For small
potential barriers, the critical velocity is given by
the Landau criterion as the minimum of w(k)/k,
with w(k) being the dispersion of elementary ex-
citations in the fluid. In the case of dilute Bose-
Einstein condensates (BECs), v, corresponds to
¢s, the speed of sound of the quantum gas. For
supersonic flows (vgow > ¢s), small obstacles in-
duce dissipation (drag) via the emission of sound
waves (2, 3).

When the barrier is big, larger than the fluid’s
healing length—the minimum distance induced
by particle interactions for changes in the density
of the condensate—the density modulations caused
by the barrier can generate topological excitations,
such as vortices and solitons. These quantum hy-
drodynamic effects have been predicted to reduce
the critical velocity (4, 5).

Despite the amount of theoretical work (4-6),
few experimental studies have addressed hydro-
dynamic features in atomic condensates through
the observation of the break-up of superfluidity
at fluid velocities lower than the speed of sound
(7, 8). Solitons in a quasi—one-dimensional (1D)

S uperfluidity is the remarkable property of
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geometry (9) and the nucleation of vortex pairs
in an oblate BEC have been reported (10, 11).
Far from the hydrodynamic regime, formation
of vortices and solitons has been shown by en-
gineering the density and phase profile of the
atomic condensate (12, 13), or by the collision of
two condensates (/4).

Polariton superfluids appear promising in
view of quantitative studies of quantum hydro-
dynamics. Polaritons are 2D composite bosons
arising from the strong coupling between quan-
tum well excitons and photons confined in a
monolithic semiconductor microcavity. They pos-
sess an extremely small mass m1,,,; on the order
of 10~® that of hydrogen, which allows for their
Bose-Einstein condensation at temperatures rang-
ing from a few kelvins (/5) up to room temper-
ature (/6). All parameters of the system, such as
the flow velocity, density, and shape and strength
of the potential barriers, can be finely tuned with
the use of just one (3) or two (/7) resonant lasers,
and by sample (/8) or light-induced engineering
(19). A crucial advantage with respect to atomic
condensates is the possibility of fully reconstruct-
ing both the density and the phase pattern of the
polariton condensate from the properties of the
emitted light (20). This has been exploited in the re-
cent observations of macroscopic coherence and
long-range order (15, 18, 21), quantized vortices
(20), superfluid flow past an obstacle (3, 17, 22),
and persistent superfluid currents (23).

Here we use a polariton condensate to reveal
quantum hydrodynamic features, whereby dark
solitons and vortices are generated in the wake of
a potential barrier. Following a recent theoretical
proposal (24), we investigate different regimes at
different flow speeds and densities, ranging from
superfluidity to the turbulent emission of trains of
vortices, and the formation of pairs of oblique dark
solitons of high stability. For spatially large enough
barriers, soliton quadruplets are also observed.

Our experiments are performed in an InGaAs-
GaAs-AlGaAs microcavity at 10 K (25). We ex-

cite the system with a continuous-wave (cw)
single-mode laser quasi-resonant with the lower
polariton branch at an angle of incidence 9, re-
sulting in the injection of a polariton fluid with a
well-defined in-plane wave vector (3) (k= k sin 6,
where k is the wave vector of the excitation
laser field) and velocity vaow = kt/mpe. The
speed of sound of the fluid ¢ is related to the
polariton density |\|1\2 via the relation (22) ¢ =

\/ hig|w|* /mpe» Where g is the polariton-polariton

interaction constant.

Figure 1A shows the image of a polariton
fluid with &£ = 0.73 um " and vgo, = 1.7 pm/ps,
created with a Gaussian excitation spot 30 um
in diameter. The resonant pump is centered slight-
ly upstream from a photonic defect of 4.5 um
present in the microcavity, in order not to lock
the phase of the flowing condensate past the
defect. Two oblique dark solitons with a width
of 3 to 5 um (Fig. 1B) are spontaneously gener-
ated in the wake of the barrier created by the
defect and propagate within the polariton fluid in
a straight line.

An unambiguous characteristic of solitons
in BECs is the phase jump across the soliton
(12, 13, 26). To reveal the phase variations in the
polariton quantum fluid, we make the emission
from the condensate interfere with a reference
beam of homogeneous phase, with a given angle
between the two beams (20). The result (Fig. 1C)
shows a phase jump of up to m (half an inter-
ference period) as a discontinuity in the interfer-
ence maxima along the soliton.

The 1D soliton relationships obtained from
the solution of the Gross-Pitaevskii equation
(13, 26) can be extended to two dimensions to
relate the soliton velocity vs in the reference
frame of the fluid, the phase jump &, and depth 7
with respect to the polariton density # away from
the soliton:

cos(%) = (1 - %)1/2 = Z—:

In our geometry, a soliton standing in a straight
line in the laboratory frame implies a constant
Vs = Vgow SIN @, wWhere o is defined in Fig. 1A. As
the soliton becomes darker (n; approaching ), the
phase jump saturates at & = rt. Indeed, the solitons
remain quite deep up to the first 40 um of trajec-
tory (Fig. 1, B and D), with a corresponding phase
jump close to, but smaller than, . At longer dis-
tances, the depth decreases along with the phase
jump. Open triangles in Fig. 1D show the ratio
ng/n as obtained from the measured phase jump
and Eq. 1. This confirms that the soliton relation-
ships, which were derived for condensates with-
out dissipation (26), are applicable locally to
the case of polaritons under cw pumping, where
the polariton density is stationary in time. The
polariton density continuously decreases down-
stream from the barrier due to the finite polariton

(1)
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lifetime. This results in a decrease in the speed of The three regimes depicted in Fig. 3 have the superfluid regime at vgoy ~0.4¢s, a value
sound (from ¢, =3.5+ 1 um/ps at Ay=14 um, to  been anticipated by the nonequilibrium Gross-  consistent with predictions for the onset of drag
¢s=1.2+0.5 um/ps at Ay = 50 um [see (25) for  Pitaevskii model (24). We report a break-up of  in the presence of large circular barriers (4, 5). Our
the estimation of ¢,], which compensates the ex-

pected acceleration of the soliton when it becomes

less deep (smaller ny/n in Eq. 1). Consequently, A
the solitons present an almost rectilinear shape.

Simulations based on the Gross-Pitaevskii
equation, with pumping and decay (25) accord-
ing to the model described in (24) for the exper-
imental parameters of Fig. 1, show the nucleation
of a pair of solitons (Fig. 2A) with its associated
phase jump (Fig. 2B). The model confirms that
dark solitons nucleate hydrodynamically due to
the gradient of flow speeds occurring around the
potential barrier, which result in density variations
on the order of the healing length. Once the sol-
iton is formed, the repulsive interparticle interac-
tions stabilize its shape as it propagates (6, 27-29). B
By contrast, no stable soliton was observed at
low excitation density when polariton-polariton
interactions are negligible (see fig. S3).

Other hydrodynamic regimes can be explored
by varying the mean polariton density (i.e., the
speed of sound) for a fixed flow speed (Fig. 3).
Here, polaritons move slower than in Fig. 1 (vgoy =
0.79 um/ps, k= 0.34 pm™"), and due to their lim-
ited lifetime, they cannot propagate far away from
the excitation spot. Hence, we have designed an
excitation spot with the shape of half a Gaussian,
with an abrupt intensity cut-off (fig. S1). Below
the red line in Fig. 3, A to C, only polaritons prop-
agating away from the pumped area are present,
and their phase is not imposed by the resonant
pump beam. l

Figure 3A shows the polariton flow at sub- L ] 0- -
sonic speeds (Viow = 0.253;, Where. the ba.:r mdi- S S 0 ' 1'5 ' 3'0 ' 4'5 ' 0
cates.the mean speed of so.un-d), at high ex01Fat10n AX (um) Ay (distance from the defect; um)
density. The condensate is in the superfluid re-
gime, as evidenced by the absence of density ~ Fig. 1. (A) Real-space emission showing a soliton doublet nucleated in the wake of a photonic defect
modulations in the fluid hitting the barrier and  located at the origin. (B) Horizontal profiles at different downflow distances from the defect Ay. Arrows
from the homogeneous phase (Fig. 3D), show- indicate the soliton position. (C) Interference between the emitted intensity and a constant-phase ref-
ing a high value of the zero time first-order co- ~ erence beam, showing phase jumps along the solitons (dashed lines). The curved shaped of the fringes
herence (25), g (Fig. 3G). When the excitation ~ and the decreasing interfringe distance arise from the geometry of the reference beam. (D) Soliton depth
density and, correspondingly, the sound speed  (black circles) and phase jump obtained from (O (filled triangles; see fig. S4), showing a strong cor-
is decreased 10 vy = 0.4, (Fig. 3B), the fluid relation. Open triangles: soliton depth obtained from the measured phase jump and Eq. 1.
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enters into a regime of turbulence characterized

by the appearance of two low-density channels A
in the wake created by the barrier, with extended
phase dislocations (Fig. 3E). We interpret this re-
gime as corresponding to the continuous emission
of pairs of quantized vortices and antivortices
moving through those channels (4-6, 24). Al-
though a direct observation of the phase singu-
larity of the emitted vortices is not possible under
time-integrated cw experiments, the effects of
the vortex flow are clearly seen when looking at
2. Figure 3H shows a trace of low degree of
coherence along each channel, due to the con-
tinuous passage of individual vortices. Finally,
if the density is further decreased, we observe
the formation of oblique dark solitons (Fig. 3C;
Viow = 0.6C;), with the characteristic phase jump  Fig. 2. (A) Real-space emission obtained from the solution of the nonequilibrium Gross-Pitaevskii
along their trajectory (Fig. 3F), and a constant  equation for the parameters of the experiment depicted in Fig. 1. (B) Normalized real part of the polariton
value of gV close to 1 (Fig. 31). wave function, showing a phase jump (dark dashed lines) along the solitons (white dotted lines).
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observations show that solitons in the polariton
fluid can be stable down to subsonic speeds. This
is in contrast to calculations for atomic conden-
sates, in which oblique dark solitons are predicted

to be stable only at supersonic speeds (6, 27).
Because our nonequilibrium simulations (Fig. 2)
reproduce the observed nucleation at subsonic
speeds, we infer that the additional damping in
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Fig. 3. (A to C) Real-space images of the polariton gas flowing downward at different excitation densities in
the presence of a double defect (total width: 15 pum). The gas is injected above the red line (25). At high
density (A) (117 mW), the fluid is subsonic (vgey = 0.25¢;) and flows in a superfluid fashion around the
defect. At lower densities (B) (36 mW; vqo = 0.4C), a turbulent pattern appears in the wake of the defect,
eventually giving rise to the formation of two oblique dark solitons (C) (vgey = 0.6Cs; 27 mW). (D to F)
Interferograms corresponding to (A) to (C), respectively. (G) to (I) show the corresponding degree of first-
order coherence [g®, see (25)]. Saturated values of g are due to the uncertainty in the measurements.

B

Fig. 4. Real-space images of the polariton flow around a large defect (17 um in diameter) at low (A) (k=
0.2 um™?) and high (B) (k = 1.1 um™?) injected wave vectors showing, respectively, the formation of a

soliton doublet and quadruplet.
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the polariton system arising from the finite life-
time is responsible for the stabilization of the
soliton at subsonic speeds.

Finally, we have explored the possibility of
going beyond the generation of soliton doublets
by using a large circular potential barrier (6).
Figure 4A shows a polariton flow at low momen-
tum (k = 0.2 pm™") injected in a Gaussian spot
slightly above the obstacle, which nucleates a
soliton doublet. If the momentum of the flow is
increased above a certain value, the strong den-
sity mismatch before and after the defect can gen-
erate a soliton quadruplet (Fig. 4B, k= 1.1 um ™).
In principle, it should be possible to access even
higher-order solitons by increasing both the ob-
stacle size and the ratio vgg,/cs.

Our results demonstrate the potential of po-
lariton superfluids for experimental studies of
quantum hydrodynamics. Both the velocity and
the density of the quantum fluid can be finely
controlled by optical means, and simultaneous
access to the condensate density, phase, and co-
herence is available from the emitted light. These
features have been essential in the reported obser-
vation of hydrodynamic generation of oblique
solitons in the wake of potential barriers, and offer
the opportunity to probe more complex phenome-
na like Andreev reflections (30), nucleation and
trapping of vortex lattices (24), and quantum
turbulence (37).
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Observing the Average
Trajectories of Single Photons
in a Two-Slit Interferometer
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A consequence of the quantum mechanical uncertainty principle is that one may not discuss

the path or “trajectory” that a quantum particle takes, because any measurement of position
irrevocably disturbs the momentum, and vice versa. Using weak measurements, however, it is
possible to operationally define a set of trajectories for an ensemble of quantum particles. We sent
single photons emitted by a quantum dot through a double-slit interferometer and reconstructed
these trajectories by performing a weak measurement of the photon momentum, postselected
according to the result of a strong measurement of photon position in a series of planes. The
results provide an observationally grounded description of the propagation of subensembles

of quantum particles in a two-slit interferometer.

ticle’s evolution are governed by its position
and velocity; to simultaneously know the
particle’s position and velocity is to know its past,
present, and future. However, the Heisenberg

In classical physics, the dynamics of a par-

uncertainty principle in quantum mechanics for-
bids simultaneous knowledge of the precise po-
sition and velocity of a particle. This makes it
impossible to determine the trajectory of a single
quantum particle in the same way as one would

that of a classical particle: Any information gained
about the quantum particle’s position irrevocably
alters its momentum (and vice versa) in a way that
is fundamentally uncertain. One consequence is
that in Young’s double-slit experiment one can-
not determine through which slit a particle passes
(position) and still observe interference effects on
a distant detection screen (equivalent to measur-
ing the momentum). Particle-like trajectories and
wavelike interference are “complementary” as-
pects of the behavior of a quantum system, and
an experiment designed to observe one neces-
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Fig. 1. Experimental setup for measuring the average photon trajectories.
Single photons from an InGaAs quantum dot are split on a 50:50 beam
splitter and then outcoupled from two collimated fiber couplers that act as
double slits A polarizer prepares the photons with a diagonal polarization
D) = (IH) + V). Quarter waveplates (QWP) and half waveplates (HWP)
before th {e polarizer allow the number of photons passing through each slit
to be varied. The weak measurement is performed by using a 0.7-mm-thick
piece of calcite with its optic axis at 42° in the x-z plane that rotates the

3 JUNE 2011

polarization state to -L(e7®k/2|H) + ¢*¥/2|VV)). A QWP and a beam dis-
placer are used to measure the polarization of the photons in the circular
basis, allowing the weak momentum value k, to be extracted. A cooled CCD
measures the final x position of the photons. Lenses L1, L2, and L3 allow
different imaging planes to be measured. The polarization states of the
photons are represented on the Poincaré sphere, where the six compass points
correspond to the polarlzatlon states IH),IV),ID),IA) = 2 (IH) ), ILy = 7_
(IHY +ilv})), and IR) = IH) - il
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