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It is now routine to make Bose-Einstein condensates of polaritons with long enough
lifetime and low enough disorder to travel ballistically for hundreds of microns in
quasi-one-dimensional (1D) wires. We present observations of a non-equilibrium po-
lariton condensate injected at one point in a quasi-1D ring, with a well-defined initial
velocity and direction. A clear precession of the circular polarization is seen, which
arises from an effective spin-orbit coupling term in the Hamiltonian. Our theoreti-

cal model accurately predicts the experimentally observed behavior, and shows that



“zitterbewegung” behavior plays a role in the motion of the polaritons.

Ring condensates have been studied in several systems (e.g., Refs. [1-4]), including in
exciton-polariton condensates [5], where it was shown that quantum phase coherence around
the ring led to quantized circulation analagous to quantized vortices in liquid helium. Several
other experiments [6-10] have also studied polariton condensates in a ring geometry, but
primarily showed spatial pattern formation due to an incoherent mechanism, namely an
instability in the interaction between the condensate and a thermal reservoir, leading to a

natural length scale for self-trapping [11].

In the present work, we report direct imaging of a polariton condensate as it moves
ballistically and coherently in a circular ring. In these experiments, the initial velocity
and direction of the condensate is determined by the position of the point of injection of the
condensate into the ring. Although the condensate is in a single energy state, its polarization
precesses around the ring, because of a term in the Hamiltonian analogous to the spin-
orbit coupling which also gives “zitterbewegung” [12-17], that is, side-to-side motion of a
ballistic wave packet. Because the polaritons have extremely light mass, of the order of
10~*my, where my is the free-space mass of an electron, they have long wavelength at easily
obtainable temperatures, which makes the ballistic paths large enough (tens of microns) to

see by standard optical imaging.

Experimental methods. The microcavity sample was grown on a GaAs (001) substrate
by molecular beam epitaxy (MBE). It consists of a 3\/2 microcavity and three sets of four
GaAs quantum wells placed at the antinodes of the cavity photon mode. Two AlGaAs/AlAs
distributed Bragg reflectors (DBRs) were used to create the microcavity, with 32 periods in
the top DBR and 40 periods in the bottom DBR. Individual pieces measuring 5 mm x 5 mm
from the center of the wafer were used to construct the ring structures. It is worth noting
that the wafer’s centers are flatter than the remainder, allowing for consistent photon energy
across the ring structures. The detuning of the ring is —12.38 meV, corresponding to 76%
photonic fraction. The Rabi splitting is ~ 19.6 meV according to the characterization results
before the sample was etched. The array of ring structures with a radial width of approx-
imately 15 ym and a diameter of 100 um was fabricated using standard photolithography
techniques. The top DBR was dry-etched to ring shape with a 20:7 BCl3/Cly inductively



coupled plasma (ICP) reactive ion etch (RIE) at 3.0 mT chamber pressure, 600 W ICP
power, and 75 W RF bias power.

During the experiment, a continuous-wave Ti:Sapphire laser, actively locked at E,,, =
1705.6 meV (XA = 727 nm), was used to non-resonantly pump the sample through a 20x0.4-
N.A. microscope objective. A mechanical chopper with a 1.7% duty cycle at 400 Hz was
placed in the laser path to reduce heating. All reported powers are the peak power of each
short pulse. The pump spot was ~ 8 um FWHM. The same microscope objective was used
to capture photoluminescence (PL) from the ring of 1593 meV (778 nm). The reflected
laser was blocked by an energy filter (750 nm long-pass filter). Both real-space images and
energy-resolved images were taken with a charged-coupled device (CCD) camera. We also
obtained angle-resolved imaging by switching the lens combination. Half waveplates, quarter
waveplates, and polarizers were utilized for polarization measurement, which is similar to that
in Ref. [25]. All measurements were performed by cooling the microcavity to low temperature
(below 10 K) in a continuous-flow cold-finger cryostat. Details of experimental setup can be
found in Supplemental Information [32]. The images were normalized by camera integration
time, image counts and the power of the neutral density filter in front of the camera. The

normalized image looks the same as the raw data with proper color scales.

Experimental approach and results. Exciton-polaritons in a microcavity, called here
simply polaritons, are mixed states of excitons and photons, which have the property of
repulsive interactions due to their excitonic component, while having very light mass due to
their photonic component. Numerous experiments have shown the effect of Bose-Einstein
condensation of polaritons (e.g., Refs. 18 and 19; for a review see Ref. 20.) The polariton
condensate is typically created at bath temperatures of 4 K; in our experiment, the conden-
sate is out of equilibrium but still has long-range phase coherence, although under proper

conditions of confinement it can reach equilibrium [21].

For these experiments we used an AlGaAs/GaAs microcavity structure with very high @
(ca. 300000), very similar to the structures used in prior experiments [22, 23| which showed
ballistic motion of polaritons over hundreds of microns. These microcavities were etched
into ring structures with a radial width of approximately 15 pm and a diameter of 100 pm.
Figure 1(a) shows a typical structure. In prior experiments with polaritons in rings like these

[24, 25], there was a gradient of potential energy of the polaritons across the rings, which



caused the polaritons to eventually settle into the lowest-energy point on one side of the ring.
In the present experiments, great care was taken to have a very flat potential-energy profile
around the rings, so that the polaritons flow freely around the ring without attraction to

any one location.

Residual strain from the etching process creates a strain profile in the rings in the radial
direction that leads to a potential-energy barrier that deters the polaritons from leaking
out the sides. Therefore the polaritons are confined to a quasi-one-dimensional motion in
a narrow channel around the ring. The potential energy profile felt by the polaritons in
the radial direction is approximately harmonic, giving a ladder of quantized states for radial
motion separated by about 200 peV, well below the value of kgT for the effective temperature
of the polaritons, which is about 10 K. (See the Supplementary Information [32] for further
details about the radial potential-energy profile). The polariton condensate therefore can

have motion in the radial direction.

For these experiments we generated the polaritons by focusing a non-resonant pump
laser onto a small spot on one side of the ring. Above the critical density threshold for
condensation, the polariton condensate streams ballistically out of the generation region and
around the ring, with a momentum which is quite sensitive to the details of the pump spot
location and intensity. For a pump spot near the outer edge of the ring, the condensate
was injected with momentum moving toward the inner edge, while for a pump spot near the

inner edge, the condensate was injected with outward momentum.

We directly viewed the condensate by imaging the light from the condensate coming
through the top mirror. This leakage light means that the condensate has radiative decay,
and therefore must be continuously pumped to have a stable state, but it also provides
us with a direct probe of the behavior of the condensate. Figures 1 (b)-(d) show several
examples of different patterns in a ring, created by changing the pump location. As seen in
these images, the ballistic path of the polaritons wiggles from side to side as it travels around
the ring rather than a perfect circular trajectory. The side-to-side motion of the wiggles is
affected both by the kinetic energy of the polaritons and the spin-orbit effect, which gives a
term completely analogous to the zitterbewegung effect [16, 17]. As shown in Figures S7, S8,
and S9 of the Supplemental Information [32], the spin-orbit effect is necessary to get good

fits of the data; if we leave this term out, the frequency of the wiggles changes substantially.
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FIG. 1. (a) Optical image of typical ring structure. (b)-(d) A series of intensity-normalized real-
space images of the light emission from polariton condensate in a ring trap, with slightly different
pump positions (the pump is moved in the radial direction). The pump power was about 6Py,

where P, was the critical threshold for Bose condensation.

The exact distance traversed by each wiggle in the ring depends both on the kinetic
energy of the ballistic motion, as well as the spin-orbit term discussed below, which gives
a “zitterbewegung” effect. Figure 2 shows both experimental and theoretical images of the
polariton condensate motion, showing the total intensity as well as the Stokes polarization
components. The theoretical model, discussed below, gives good qualitative agreement with
the polarization precession around the ring. The side-to-side “wiggles” of the condensate are
the result of two effects: the constraint of the quasi-one-dimensional channel of the polaritons
and the zitterbewegung effect due to the effective spin-orbit interaction. The Supplementary
Information [32] for this paper shows that when the zitterbewegung effect is left out of the
theory, the side-to-side motion is substantially affected, to the point that the number of

wiggles around the ring is changed.

Figure 3 shows a series of experimental images with the corresponding images generated by
the theoretical model for the motion around a ring as the intensity of the pump is increased.
The other experimental conditions remained the same. As seen in this figure, the side-to-side

motion is washed out at high density.

The polarization of the excitation pump is different for each picture, and is recorded in
the caption. This is because the pump was at different azimuthal position of the ring, and
we rotated the image so that the pump spot is always at the top. However, the polarization
of the pump didn’t affect the intensity distribution or Stokes vectors of the condensate, as

expected since the non-resonant laser excitation creates hot carriers that must emit many
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FIG. 2. (a) Experimental data of polariton condensate with pump power 6.1P;,. The polarization

of the pump is 72 degrees. (b)—(d) The three Stokes polarization components. (e)—(h) Theoretical

simulation of the condensate and its Stokes components for similar conditions.
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FIG. 3. (a)-(d) A series of experimental condensate images as the pump power was increased

from 3.3Py, to 32Py,. The polarization of the pump for (a)—(d) is 119 degrees, 72 degrees, 111

degrees and 108 degrees, respectively. (e)—(h) The corresponding theoretical simulations. Both

experimental data and theoretical simulation show that the polygonal PL didn’t change much with

low pump power, but “washed out” at high pump power.



phonons before they turn into polaritons (please see Additional Data of the Experiment
section in Supplemental Information [32]).

Theoretical analysis. Our theoretical model is based on prior successful work in mod-
eling coherent polariton condensates with generation and decay [26-28, 30, 31]. In the linear
conservative limit, polaritons in the considered system obey the Hamiltonian

Rk "
o 60+I/St(r)&o+hﬂ-8, (1)

0:

where m* is the effective mass of polaritons, k = (k,, lzry) = (—i0,, —10,) is the quasimomen-
tum operator. Vg (r) describes the ring-shaped stationary potential. The Hamiltonian acts
on the polariton quantum state described by the spinor |¥) = [¥, (r), ¥_(r)]T, where ¥ (r)
are the wave functions of the spin up and spin down states. The last term in (1) is responsi-
ble for the spin-orbit interaction (SOI) of polaritons originated from the splitting in the TE-
and TM-polarized polariton modes in the layered microcavity structure [28, 29]. The effect
of SOI can be described as precession of the polariton pseudospin vector S = (S’x, S’y, S*Z)

around the effective magnetic field €2 induced by the splitting:

~

Q = [A(K2 - k2),2Ak,k,, 0], (2)

where A is the TE-TM splitting constant. The pseudospin vector is introduced as S = %6‘,
where & is the vector of the Pauli matrices, 7 is the 2 x 2 identity matrix.

The trajectory of a ballistically propagating particle is described by the equation of motion
for the position operator: hd;r; = i[ﬁo, 7;], where 7; = Z, .

The structure considered here supports TE-TM splitting, which significantly modifies the
waveguide modes. The SOI component of the Hamiltonian (1) introduces an oscillating
term to the equation of motion of the position operator r, which is supplemented with the
equation of precession of the polariton pseudospin d,S=QxS.

To underpin the discussed experimental observations, we performed numerical simulations
of the behavior of the spinor exciton-polariton condensate in a ring waveguide trap. We use
the generalized Pauli equation for the spinor |¥) = [, (t,r),¥_(¢,r)]", where Wo(¢,r)
are the wave functions of the spin up and spin down states. See details of the model in
the Supplemental Information [32] (also references [33, 34] therein). To get closer to the
experimental conditions, we take into account the effects of interaction of particles and the

non-conservative processes of the pump that generates the polaritons and radiative losses.



Polaritons in the system possess a finite lifetime due to escaping photons from the struc-
ture through the top mirrors and due to additional damping induced by etching of the
microcavity. The latter includes tunneling of photons through the side walls of the ring trap
and scattering of polaritons from the rough surface of the walls. This effect can be taken
into account by assuming the stationary potential V(r) to be complex [30, 31]. The non-
resonant optical pump excites the spinor reservoir of incoherent excitons (in fact, exciton-like
polaritons) which plays two important roles in the formation of the polariton intensity pat-
terns. First, it feeds the polariton condensate via stimulated relaxation of particles from it.
Second, it contributes to the effective potential landscape for polaritons due to the repulsive
interaction of particles in the condensate and the reservoir. The cloud of excitons forms
the local potential maximum under the pump spot which height increases with increasing
pump power. Polaritons emerging within the pump spot propagate away from the potential
maximum; as they leave, their potential energy is converted to kinetic energy of ballistic mo-
tion. As one can see from (2), the Larmor frequency of the effective magnetic field depends
quadratically on the polariton wave vector. The pump power together with the displacement
of the pump spot play the role of the control parameters in our system. The density depen-
dence shown in Figure 3 is modeled simply by turning up the pump power, which increases

the role of the nonlinear polariton-polariton and polariton-exciton terms.

Finally, Fig. 4 shows the momentum-space images for both the experimental data (done
by recording the Fourier plane of the polariton light emission) and the theory (done by taking
the Fourier transform of the solutions of the theoretical model). For purely circular motion
in the ring, the k-space distribution will also be a ring. Because the orbitals have favored

angles, the k-space distribution is seen as bright spots at specific directions.

Conclusions. In these experiments, we have shown that we can create stable orbital-like
patterns by varying the position of the injection spot, which in turn controls the ballistic
injection momentum of the polariton condensate. Our polarization resolution shows that the
effective spin-orbit coupling plays a major role in controlling the precession of the polarization
around the ring, as well as the effective length of the path for the phase advance. Further,
the theoretical analysis shows that the zitterbewegung effect due to the effective spin-orbit

coupling plays a substantial role in the orbital pattern of the ballistic condensate.

Bose condensation is crucial for this effect to be seen, because the condensation locks the
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FIG. 4. (a) and (d): real-space images showing two different patterns due to different radial
pumping position. The pump power was slightly differet, 6.1P;, for (a), and 5.3Py, for (d). (b)
and (e): the corresponding experimentally measured momentum-space images of (a) and (d). (c)

and (f): theoretical momentum-space images for (b) and (e).

particles into mono-energetic states with a single ballistic behavior. Without this, the par-
ticles would occupy a continuum of modes that would obscure each other in time-integrated

imaging.
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