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Qubit analog with polariton superfluid in an

annular trap

Joris Barrat"%>3, Andreas F. Tzortzakakis*>, Meng Niu'%3, Xiaoqing Zhou?3, Giannis G. Paschos®3,

David Petrosyan®, Pavlos G. Savvidis>**+

We report on the experimental realization and characterization of a qubit analog with semiconductor exciton-
polaritons. In our system, a polaritonic condensate is confined by a spatially patterned pump laser in an annular
trap that supports energy-degenerate vortex states of the polariton superfluid. Using temporal interference mea-
surements, we observe coherent oscillations between a pair of counter-circulating vortex states coupled by elastic
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scattering of polaritons off the laser-imprinted potential. The qubit basis states correspond to the symmetric and
antisymmetric superpositions of the two vortex states. By engineering the potential, we tune the coupling
and coherent oscillations between the two circulating current states, control the energies of the qubit basis states,
and initialize the qubit in the desired state. The dynamics of the system is accurately reproduced by our theoretical
two-state model, and we discuss potential avenues to implement quantum gates and algorithms with polaritonic

qubits analogous to quantum computation with standard qubits.

INTRODUCTION

Exciton-polaritons are hybrid light-matter bosonic quasiparticles
resulting from the strong coupling of semiconductor excitons and
microcavity photons (I, 2). The polaritons combine an extremely
small effective mass, inherited from their photonic component, with
strong nonlinearities, inherited from their excitonic component. As
a result, polaritons can exhibit macroscopic spatial coherence and
form out-of-equilibrium condensates exhibiting superfluid behav-
ior at elevated temperatures when pumped above threshold (3, 4).
Furthermore, the dissipative nature of polaritonic condensates, pri-
marily stemming from their photonic component, enables interfer-
ometric measurements of condensate luminescence and extraction
of the macroscopic wave function while still maintaining long
coherence times. Given their unique properties, exciton-polaritons
represent an attractive platform for exploring quantum collective
phenomena and hold promise for a variety of applications, includ-
ing low-threshold lasing (5, 6), efficient energy transfer (7-9), and
simulation of many-body systems (10-12).

A promising recent theoretical proposal for quantum computing
uses split-ring polariton-condensate qubits involving quantized cir-
cular currents (13, 14). This system relies on the formation of vorti-
ces in superfluids arising from the quantization of circulation, where
the phase accumulation around a supercurrent loop can only take
discrete values. Closely related physics governs the principles of op-
eration of superconducting flux or phase qubits involving supercon-
ducting loops interrupted by Josephson junctions (15-18).

Following their initial observation in planar unconfined geometries
(19-23), quantized vortices and persistent circulating currents of
exciton-polariton superfluids have been observed and studied in
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various ring-shaped geometries, including optically induced traps
(24-28) or confinement in etched micropillars (29, 30). Previous ef-
forts to generate polariton condensates with nonzero orbital angular
momentum (OAM) used phase-shaped external laser beams (31-
34) or optically generated nearly defect-free potentials (35-38).
These techniques have successfully overcome the limitations im-
posed by intrinsic potential disorder which often leads to phase
locking and the formation of standing waves manifested by petal-
shaped patterns pinned by the defects (39-42). Moreover, slightly
detuned Laguerre-Gaussian beams with nonzero OAM have been
used to stir the trapping potential and control the vorticity of the
superfluid (43). So far, however, none of these approaches have
achieved controllable superpositions of vortex states.

Here, we show that, under appropriate conditions, optically
trapped nonequilibrium polariton condensates can populate two
well-characterized vortex states corresponding to the clockwise and
counterclockwise circulating currents. We demonstrate coherent
coupling between these energy-degenerate states, due to the partial
reflection of the circulating superfluid from a weakly disordered la-
ser potential or an external control laser beam, while simultane-
ously maintaining long coherence times.

We can control the coupling between the vortex states and there-
by the energy splitting between the two eigenmodes of the system
corresponding to the symmetric and antisymmetric superposition of
the vortex states. Inspired by the theoretical proposal to realize qubit
analogs and quantum computing with two-mode Bose-Einstein con-
densates (44), we formally identify the two polaritonic eigenmodes
with the basis states of a qubit. Supplemented with controllable cou-
pling between individual polaritonic qubits, such systems hold great
potential for simulating a subset of quantum algorithms that do not
rely on entanglement (45-48).

RESULTS

Polaritonic qubit analog

Our system is illustrated in Fig. 1. A spatially patterned pump laser
creates a Mexican hat-shaped trapping potential of appropriate
size for the polaritons (Fig. 1B). When pumped slightly above the
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Fig. 1. Schematics of the polaritonic qubit analog. A pump laser creates a Mexican
hat-shaped potential for the polaritonic condensate (B). The potential supports
two energy-degenerate counter-circulating polariton modes |(O), |O) (A and
C), which are coupled with rate Q by small defects or ellipticity of the trapping
potential. The resulting superpositions (10 )+ [0 )) / V2 of the two vortex modes
form vertically and horizontally oriented two-lobe eigenmodes (D and F) that
represent the qubit basis states |0,1) energy split by FQ (E). Another pair of states
e/4(1(5 )Y Fi|0)) / v/2 with diagonally oriented lobes (G and I) represents the
third axis of the Bloch sphere (H) for the continuum of states of the system. In (A),
(Q), (D), (F), (G), and (1), the shading is proportional to the amplitude of the polari-
tonic condensate, and the color encodes its phase varying from 0 to 2.

condensation threshold, the polaritons condense into two energy-
degenerate counter-circulating vortex states [(O) and |O) whose
wave functions can be well approximated by the Laguerre-Gaussian
modes with orbital angular momenta [ = +1

eiie

Yoo =C p e 10m) (1)

where we use cylindrical coordinates r = (p, 6, h = 0), p. is the mean
radius of the condensate, and C is a normalization constant.

Small defects and weak ellipticity of the confining potential result
in backscattering of the polariton current and thereby coherent cou-
pling between the states |(J) and | ) with rate Q. We may formally

associate our system with a spin—l/ » system via mapping |0, O) —
11, v eii"“% =11, Dy and% — |1, 1), and write the

Hamiltonian for the two coupled vortex states as (7 = 1)
H=-Q|0)(O| +H.c=-Qo, ()

where 6, = |1)(1]—|J)2(!| is the Pauli spin operator, while Q plays
the role of the effective longitudinal magnetic field (along the z di-
rection) that results in energy splitting FQ between the states |1),
and || ), shown in Fig. 1E. We can thus assign to the lower and high-
er energy states the qubit basis states |0,1) = |1, | ).. The continuum
of states of the system is conventionally represented by the Bloch
sphere, see Fig. 1H.
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The spatial wave functions of the states |1, | )y, are shown in
Fig. 1, A, C, G, I, D, and F, respectively. We observe that the vortex
states |1, 1)x = |O, ©O) have azimuthally uniform amplitude and
phase increasing from 0 to 27 in counterclockwise and clockwise
directions, whereas the vortex superposition states |1, | ), and |1, | ).
have two lobes with diagonal and vertical/horizontal orientations
with the phase difference © between the lobes. With the convention
that the potential energy bump or minor axis of the ellipse of the
confining potential is oriented horizontally, the eigenmode |1), with
the vertically oriented lobes has lower energy, and the eigenmode
|1, with horizontally oriented lobes has higher energy.

Experimental setup

The experiments are carried out at a cryogenic temperature of 11 K
in a semiconductor microcavity consisting of four sets of three GaAs
quantum wells placed at an antinode of a high finesse cavity formed
by AlGaAs/AlAs Bragg mirrors. The sample is excited by a continu-
ous wave laser, pumping a reservoir of excitons, some of which relax
to form polaritons. The excitonic reservoir also induces a repulsive
potential for the polaritons via interaction with their excitonic com-
ponent. Details of the experimental setup are given in Supplemen-
tary Materials S1.

The pump laser is spatially patterned using a spatial light modu-
lator (SLM) to imprint a Mexican hat-shaped potential with a radius
of ~9 pm to confine the polaritons. In such a small trap, just above
the condensation threshold P ~ 1.2 Py, for the polaritons, we
observe only a narrow energy mode, while for stronger pumping
P> 1.5 Py, the reservoir of excitons can populate many discreet
polariton modes. This is verified by measuring the angle-integrated
photoluminescence intensity and extracting the normalized
power density of spectrometer charge-coupled device (CCD; ener-
gy resolution per pixel is 45 peV), as shown in Fig. 2A.
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Fig. 2. Polariton condensate in an annular trap. (A) Integrated photolumines-
cence spectrum of polaritons versus the pumping strength P, with inset illustrating
the schematics of the measurement. Slightly above the condensation threshold
P = 1.2Py, (vertical dashed line), the polaritons condense to the vortex states with
orbital angular momenta / = +1 having the same energy. (B) Polariton condensate
intensity (profile height) and spatially resolved degree of circular polarization (col-
or) for o~ (top) or 6* (bottom) polarized pump laser. The circularly polarized pump
generates polariton condensate with the same spatially uniform polarization.
(C) Polariton condensate photoluminescence (red) for increasing (from left to
right) ratios of the horizontal and vertical axes of the elliptic profile of the pump
laser (blue).
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In what follows, we consider the single-mode regime of weak
pumping P = 1.2 Py, Inside the trap, the bosonic polaritons form
an annular condensate with a mean radius p. ~ 4 pm, spatially
separated from the reservoir excitons injected by the pump, see
Fig. 2C. The trapping also suppresses the spin-obit coupling of the
polaritons (49-55), and we observe a high degree of polarization of
the condensate (56) strongly correlated with the polarization ¢* or
o of the pumping laser, see Fig. 2B.

A nearly perfectly circular trapping potential imposed by the
pump laser supports a ring-shaped polariton condensate consisting
of two coupled counter-rotating superfluid vortex modes, as de-
scribed above. When the pump laser profile is elliptic, we observe
the double-lobe (standing-wave) structure oriented along the major
axis of the ellipse, see Fig. 2C. We therefore engineer the spatial pro-
file of the pump laser via precise control of the SLM to minimize the
ellipticity of the trapping potential.

Dynamics of the system
The polariton condensate governed by Hamiltonian (2) undergoes
Rabi-like oscillations between the two vortex states | Q) = |1), and
|O) = [1), with frequency Q (see Fig. 3), and the state of the system
at any time f can be cast as

[y () =cos(Qt+d,) |O) +isin (Qt +y ) |O) (3)

where ¢ is some initial phase of the oscillations. This dynamics can
be visualized on the Bloch sphere as a precession in the xy plane
with the rate Q.

To resolve experimentally the dynamics of the system, we perform
interferometric measurements of the polariton photoluminescence.
The light emanating from the poslaritonic condensate y(r, f) is split
by a beamsplitter and sent into two arms of an interferometer. In one
arm, the signal beam passes through a variable delay line to introduce
time delay 7. In the other arm, the beam is expanded, and the field at
position ry = (po, By) is taken as a reference with nearly uniform am-
plitude and phase front in the plane perpendicular to the propagation
direction. The two beams are combined on a CCD camera with long
exposure time T, resulting in interferometric image

T

(I(r,r))cx%[ |ll;(r’t+T)eiks-r+l|l(r0’t)eikR~r|2 (4)

0

where kg are the wave vectors of the signal and reference beams,
and Ak = kg — ks determines the spatial separation of the interfer-
ence fringes.

In Fig. 3 (A and B), we show the experimentally obtained inter-
ferograms for py ~ p. and 0y ~ n/4 at different time delays Tt and
compare them with the theoretical model revealing excellent agree-
ment. By performing Fourier analysis (30, 57) of the images (I(r, 7))
(see Supplementary Materials S2 for details), we can retrieve the po-
lariton wave function as

I (o) =e ™ yrt=1) (dpo=m/4) (5)

where 4_a is the corresponding Fourier component centered around
—Ak. The wave function oscillates between the y5(r) and vy () vor-
tex modes with period At = n/Q, see Fig. 3C. Using an additional
weak control beam to introduce a potential barrier that reflects the
polariton currents, we can thereby enhance the coupling between the
two vortex states leading to oscillations with increased frequency Q.
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Fig. 3. Interferometric measurement of the system dynamics. Time-averaged
spatial interferograms of the polaritonic condensate at four different delay times
©=-0.18, —0.08, 0, and 0.08 ns between the signal beam and the reference taken
at po =~ pc and 0y ~ /4, as obtained from the experimental measurements (A) and
theoretical model (B). The condensate amplitude extracted from the interferomet-
ric images and the magnified view of the center of interferograms reveal the pres-
ence or absence of singularity (fork-shaped interference fringes) associated with
the vortex states (a, b, ¢, and d). The polariton wave function y exhibits continuous
oscillations with frequency Q between the two vortex states |(9) and | D), quanti-
fied by vorticities [(y| (3, ©)|? (C). Introducing a potential barrier that enhances the
scattering between the vortex states increases the oscillation frequency [bottom in
(Q)]. On the Bloch sphere, the dynamics of the system corresponds to precession in
the xy plane slightly biased towards z direction (ground state |0)) (D).

In Fig. 4, we illustrate in greater detail the influence of a tightly
focused control beam on the dynamics of the system. A weak con-
trol beam creating a potential bump smaller than the intrinsic de-
fects of the trap does not change noticeably the oscillation frequency
between the two vortex states |(O) and | ). But increasing the con-
trol beam intensity and thereby the height of the potential barrier
enhances the scattering of the polaritons between the counter-
circulating vortex modes, which in turn leads to faster oscillations
with decreasing amplitude. For very strong control beam, the con-
densate is pinned to a standing-wave (double-lobe) mode with a node
at the control beam position.

In the spin language, the control beam at any position of the an-
nular trap corresponds to an effective magnetic field Q. pointing in

some direction d in the yz plane. The total effective magnetic field
/Q\th =2Q + dQ_is given by the vector sum of the intrinsic ZQ and
applied dQ_ fields. The effective spin precesses about the total mag-

netic field Eth which thus defines the quantization direction Cand
the two eigenstates |1); and || )¢ corresponding to the standing-
wave (double-lobe) modes with orthogonal orientation. These two
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Fig. 4. Oscillation control and state initialization. (A) Polariton condensate pho-
toluminescence (red) in a laser trap (light blue) for increasing intensity of the con-
trol beam (bright blue spot). A weak control beam contributes to the coupling
between the two vortex states |(J) and |O), while a strong control beam pins the
condensate to a standing-wave with a node at the beam position, i.e., the two
lobes avoiding the beam. (B) Oscillation trajectories (one period) of the effective
spin on the Bloch sphere with the original orientation of the axes for four different
intensities of the control beam as in (A). The position and strength of the control
beam define the direction and magnitude of the effective magnetic field Q. that
adds to the intrinsic field Q. (C) Condensate oscillation dynamics versus the control
beam power. For a very weak beam, the oscillation period 7/Q ~ 120 ps between
the two vortex states is determined by the effective magnetic field Q due to the
intrinsic disorder of the trapping potential. Stronger control beam leads to an in-
crease of oscillation frequency Qo and suppression of population of the higher
energy eigenstate || ); with one of the lobes on top of the potential energy bump
induced by the beam, which decreased the oscillation amplitude.

eigenstates are split by FQio, and the dynamics of the system is
given by

[W(B)) = coe ™ [1) + cre™ @] 1) (©6)
where |co,|* are the stationary populations of the two eigenstates.
For equal populations |co|* = |¢|% the effective spin processes in the

plane perpendicular to z passing through the two vortex states
16) = (INe+11) / V2 and 10) = (1) =I1)c) / V2. But with in-
creasing imbalance, |co|* > |c|% this oscillation amplitude is de-
creasing, and for |co|* > |c1|% the effective spin is pinned to the
lower energy state |1¢).

In the polariton picture, the stronger control beam leading to re-
flection of the polariton current increases the energy separation be-
tween the two standing-wave eigenmodes. But the same localized
potential barrier simultaneously increases the polariton scattering
in all directions. This scattering, or extra loss, affects only the higher

Barrat et al., Sci. Adv. 10, eado4042 (2024) 23 October 2024

energy eigenmode with the antinode at the potential barrier, which
induces imbalance of populations |co|* > |c;|* (see Supplementary
Materials S3).

Coherence measurements

The above experimental and theoretical analysis is relevant for times
shorter than the coherence time 7. of the system. We now use a
Mach-Zehnder interferometer to perform measurements of the
first-order correlation function of the polariton condensate

T

g(l)(r,r)chlim% J y(r,t) yi(r,t+7) dt (7)

0

Selecting different positions r of the condensate, we can measure
the correlation function for the individual polaritonic eigenmodes
Wo,1(r) and their superposition, as shown in Fig. 5 and detailed in Sup-
plementary Materials S4. We then fit the experimentally measured co-

herences for the two eigenmodes with Ig((,’ll) ()| = e (/%0a) and for
their superposition with | §"(7) | = % [ 15" (x) ] cos (2Q1) + | g{"(v) | ]
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Fig. 5. Coherence measurements. Time dependence of the absolute value of the
first-order correlation function |g‘”(‘c)| as obtained from the experimental mea-
surements (filled circles) and fitted with the theoretical two-mode model (dashed
lines) yielding the coherence times 1, ~ 260 ps and T =~ 800 ps. Correlation
functions of the lower (A) and higher (B) energy states |0) and |1) and correlation
function for the superposition of the two states (C). Panels (1, 2, 3, and 4) above
(C) show the corresponding interferograms at time delays t ~ 0,170,580, and 805 ps,
while the filled symbols of different colors in (1) mark the positions of the interfero-
metric measurements of |g"(t)| for graphs (A) to (C). The inset in (C) shows the
power spectrum S(w) of the polariton field (A.U., arbitrary units), as obtained from
the Fourier transform of g"(x), illustrating the splitting of the eigenmodes by FQ
each having the width \/E/rco and \/E/rﬂ,

100 2 300 900

40f6

202 ‘20 Jeqwe0s uo 610'80us 105" MMM//SdNY LWOoJJ pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

extracting thereby the corresponding coherence times and beating fre-
quency 2€.

In the inset of Fig. 5C, we also show the power spectrum of the
polariton field

S(w) xT e [@rmo/2]” 4 1 e @9 2y 8)

as obtained via the Fourier transform of the theoretical fit of g(l) (see
Supplementary Materials S4). The spectrum consists of two Gauss-
ians corresponding to the polariton eigemodes sy, split by € and
having the widths \/E [ Teoer

Consistent with the previous studies (58), we observe that the
polariton condensates spatially separated from the trapping poten-
tial can exhibit ultralong coherence times. Yet, we obtain that the
polaritonic eigenmodes o(r) and y;(r) have different coherence
times T > T.1. We explain this difference by the proximity of the
wave function of the corresponding eigenmode to the laser-induced
trapping potential which is subject to the exciton number fluctua-
tions and laser noise. The lower energy eigenmode having the two-
lobe wave function wo(r) well separated from the walls of the
confining potential has longer coherence time than the higher en-
ergy eigenmode () whose two lobes have larger overlap with the
confining potential and therefore susceptible to more dephasing.

DISCUSSION

To summarize, we have experimentally realized and characterized a
hitherto unexplored semiconductor exciton-polariton condensate
system that exhibits unique properties, including long coherence
times and persistent oscillations between two energy-degenerate
vortex states |O), |O) with tunable frequency Q. We may argue that
our polaritonic system, being equivalent to a spin-'/, in a magnetic
field Q, is a promising candidate for quantum information appli-
cations. The two eigenstates of the polaritonic condensate split by

FQ can serve as the qubit basis states |0,1) = (|O)+ D))/ \/E
equivalent to the spin states |1, |),. The coherent oscillations be-
tween the vortex states due to elastic scattering are equivalent to the
spin precession in the xy plane perpendicular to the magnetic field
direction along z. Using an auxiliary control laser beam, we can con-
trol the oscillation frequency and even initialize the qubit to the
well-defined state, e.g., |0). Moreover, by changing the position of
the sufficiently strong control beam, we can overwrite the asymme-
try of the confining potential or the position of the intrinsic defect,
which would amount to the rotation of the direction of the effective
magnetic field in the yz plane. This will induce coherent qubit rota-
tions in any plane containing the x axis of the Bloch sphere in Fig. 1.
Last, by stroboscopic application of suitable control beams, we may
implement spin-echo or bang-bang operations to freeze the state of
the qubit when required. Complemented with the controllable in-
teractions between pairs of polaritonic qubits (see Supplementary
Materials S5), such systems can simulate a large subset of quantum
computing algorithms that do not rely on entanglement or projec-
tive measurements of the genuine qubits (44-48).

Future work will require additional efforts to demonstrate higher
degree of control and longer coherence times of the analog polari-
tonic qubits by optimizing the trapping potentials and to implement
controlled interactions and gate operations between such qubits.
Apart from potential applications in analog quantum computing
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and simulations, our work provides a versatile platform for generat-
ing and manipulating structured nonlinear light with controlled to-
pological charge, leveraging the intrinsic ultrafast modulation speed
of polaritonic condensate systems.
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