Observation of spin-orbit coupled polariton vortices at room temperature
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ABSTRACT: Spin-orbit coupling gives rise to intriguing physical phenomena in bosonic conden-
sates, such as formation of stripe phases and domains with vortex arrays. However, how the non-
Hermiticity affects the spatial distribution of spin-orbit coupled topological defects such as vortex
pair is still challenging to study. In the present work, we realize a non-equilibrium room-temperature
exciton polariton condensate within a microdisk potential in a liquid crystal (LC) microcavity. We
use the interplay of TE-TM mode splitting and Rashba-Dresselhaus spin-orbit coupling (RDSOC)
to realize electrically tunable polariton vortex pairs with locked spin and orbital angular momen-
tum. Importantly, the non-Hermiticity of RDSOC bands leads to unidirectional transportation of
the vortex pair, such that they move to the opposite edges of the microdisk depending on their spin.
Our result is robust against sample imperfections and pave the way to investigate complex states of
light for non-Hermitian quantum optical information processing within optoelectronic chips.
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Coupling of spin and orbital degrees of freedom of par-
ticles determines the intrinsic properties of many mate-
rials. Enabling the control of spin degrees of freedom
in solids [1, 2], spin-orbit coupling (SOC) plays a crit-
ical role in spintronics and topological insulators [3-7].
In the regime of equal Rashba [8] and Dresselhaus [9]
spin-orbit coupling infinite spin lifetime [10], spin helices
and spin precession were demonstrated [3, 4] in a two
dimensional electron gas. In bosonic cold atom conden-
sates, synthetic spin-orbit coupling is explored, which can
be controlled by careful engineering of the spin states of
atoms with laser beams. There, for example the transi-
tion from a spin-mixed phase to a spin-separated phase
[11] and the measurement of a stripe phase [12] in a one
dimensional Rashba and Dresselhaus coupled cold atom
gas have been realized. By tuning the Raman coupling
strength and introducing spatially dependent detuning
which creates an effective magnetic field in the RDSOC
regime [13-16], vortices or vortex lattices can be formed
[17-19]. In these systems, complicated arrangement of
multiple lasers is needed to realize the underlying Hamil-
tonian with effective SOC.

In this work we demonstrate the unidirectional trans-
portation [20, 21] for an exciton polariton vortex pair
with locked spin and orbital degrees of freedom that form
as robust topological defect in the Rashba-Dresselhaus

regime of a photonic planar microcavity at room temper-
ature. In such optical systems vortices formed with well
defined and locked spin and orbital degrees of freedom
play an increasingly important role for communication
technologies and qubit manipulation schemes [22-24]. As
depicted in Figure 1(a), our realization constitutes a LC
planar photonic microcavity. The microcavity allows to
tune the orientation of the LC molecule and related effec-
tive refractive indices with an externally applied electric
field, such that an effective RDSOC [25-27] is realized
with a Hamiltonian of the form H = h?k?/2m + 2ak,0.
« represents the RDSOC strength that leads to the sep-
aration of the two opposite spin components in the mo-
mentum space and real space [28](c is the third compo-
nent of the Pauli matrix). However, spatial separating
high order polariton modes under RDSOC regime is still
illusive, which are affected by the disorder or polariton-
polariton interactions.

The particles underlying our system are hybrid quasi-
particles, so-called exciton polaritons, that are created
due to the strong coupling of excitons and cavity photons
[29, 30]. Perovskites have attracted significant attention
to study exciton polaritons due to the large exciton bind-
ing energy and oscillator strength and show condensation
at room temperature [31-39]. Higher-order modes, such
as vortices and petal-shaped patterns, can emerge spon-
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FIG. 1. Schematic of the LC microcavity and forma-
tion of spin-orbit coupled vortex pairs. (a) The micro-
cavity is filled with LC and contains a microdisk array and
CsPbBrs microplates facing each other. (b) Sketch of the ide-
alized modes in the microcavity: the TE-TM splitting splits a
polariton dipole mode into two spin-orbit-locked vortices spa-
tially separated by the non-Hermitian induced unidirectional
transportation in the RDSOC bands.

taneously in exciton-polariton condensates [40-47]. Es-
pecially a spin-orbit coupled polariton vortex pair can
appear under TE-TM splitting, which occurs between
longitudinal and transverse optical modes [48-51]. As
shown in Figure 1(b), TE-TM splitting can split a dipole
mode (i) into two vortices with topological charges locked
with the vectorial polarization degree of freedom ((ii) in
Figure 1(b)), or in other words, locked with the SAM
[52, 53]. In these vortex pairs where spin and orbital de-
grees of freedom are locked, the vortex that is observed
in one circularly polarized component (e.g., o—) rotates
in the opposite direction (e.g., clockwise) from the vor-
tex observed in the other circularly polarized component
(o+; counter-clockwise rotation). However, these kinds
of well defined spin-orbit locked modes have not been
observed yet at room temperature. With only weak TE-
TM splitting, a very high-quality microcavity would be
required as otherwise detrimental factors such as sample
disorder or interaction between polaritons tend to destroy
the locking between SAM and OAM.

The polarization dependent loss [54] of the horizontal
and vertical linearly polarized polariton modes can lead
to asymmetric linewidth when they are brought into res-
onance to form non-Hermitian RDSOC bands, which in-
dicates unidirectional transport and leads to the spin de-
pendent spatial separation ((iii) and (iv) in Figure 1(b))
[65-57]. To elucidate the underlying mechanism, we con-
sider the linearized dynamics of a driven—dissipative two-

component polariton fluid. Assuming normal-mode solu-
tions 4 (r,t) = ¢+(r)e”'* and introducing the spinor
field ® = (¢4, ¢_)7T, the weak-density dynamics reduces
to the non-Hermitian eigenvalue problem:

FUHK)® (k)] + V(r)®(r) = A®(r), (1)

() = (@g + 20k, +iv4 (k)

Blky +ik,)?
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BE _ 9ak, +iy- (k)
) )
where ® = F[®] and k* = kI + k7. F(®) is the Fourier
transform of function ®. The momentum-space Hamil-
tonian encodes kinetic dispersion, the linear spin—orbit
shifts +2ak,, TE-TM mixing S(k, £ik,)?, and the
momentum-dependent non-Hermitian linewidths 4 (k),
while the real-space potential V(r) stabilizes ring-shaped
vortex modes. In the Hermitian limit v4+(k) = 0,
Eq. (1) yields the reference vortex modes shown in Figure
2(a—d). Both spin components form perfectly concentric
ring-shaped densities and carry opposite 27 phase wind-
ings, resulting in a single vortex core centered exactly at
the origin for both o+ and o— components. These modes
provide the baseline against which dissipative symmetry
breaking can be unambiguously identified.

To induce dissipative symmetry breaking, we allow the
linewidths 4 (k) to acquire a weak momentum depen-
dence such that their minima are displaced in opposite
directions along k, on the spin-orbit scale A = 2ma (the
model parameters are listed in the SM. ). This construc-
tion explicitly breaks the reflection symmetry k, — —k,
while leaving the Hermitian part of the spectrum un-
changed. In the resulting non-Hermitian problem sta-
tionary modes are no longer selected by energy alone but
by minimizing their net decay rate. Consequently, the
o+ component redistributes its spectral weight toward
positive k,, where 7, is smallest, whereas the o— com-
ponent shifts toward negative k,, where y_ is minimized.
These opposite momentum-space redistributions trans-
late directly into real space as displaced vortex cores, as
shown in Figure 2(e-h): the o+ vortex shifts downward,
while the o— vortex shifts upward. The relative displace-
ment of the two cores thus provides a clear and direct
signature of dissipative symmetry breaking. Importantly,
the separation distances of the two vortex cores are not
identical. Although the momentum-dependent dissipa-
tion shifts the spectral weight of the o+ and o— com-
ponents toward opposite halves of momentum space, the
resulting real-space displacements need not be equal in
magnitude. Due to the spin—orbit-induced momentum
offset, the two spin components experience different effec-
tive angular coordinates in momentum space, leading to
unequal angular-momentum mixing under the Fourier—
Bessel transformation. Consequently, the amplitudes of
the induced real-space shifts differ for 0+ and o—, result-
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FIG. 2. Theoretical simulation of the spin-orbit coupled vortex pairs. (a, ¢c) Real-space images of exciton-polariton
distributions for v+ (k) = 0. (b, d) Corresponding phase distributions for (a) and (c), respectively. (e, g) Real-space images for
v+ (k) # 0. (f, h) Corresponding phase distributions for (e) and (g), respectively. The dashed lines in (b, d) and (f, h) indicate

the zero-position reference.

ing in asymmetric vortex-core separations. A detailed
analytical derivation of this effect is provided in the SM.

Based on the theoretical simulation, we experimen-
tally show two spin-orbit coupled vortices created un-
der TE-TM splitting are spatially separated through the
non-Hermiticity induced unidirectional transport of the
RDSOC bands, such that each spin component of the
polariton condensate carries a distinct OAM and moves
towards the opposite edge of the potential trap. The
formation of spin-orbit locked vortex pairs can be di-
rectly observed by measuring the left- and right-circularly
polarized emission at room temperature. These find-
ings are robust against disorder within the microcavity.
Our results demonstrate a different mechanism to elec-
trically create and separate vortex pairs with locked spin
and orbital degrees of freedom via the non-Hermitian
in a photonic quantum fluid, offering a platform to in-
vestigate non-Hermitian topology in spin-orbit-coupled
bosonic condensates.

In the experiment we introduce photoresist microdisk
structures with the diameter of 4 pum (the distance be-
tween the microdisk is around 15 ym to avoid interaction,
as detailed in the SM) and the height of 120 nm onto the
bottom Distributed Bragg Reflector (DBR) using lithog-
raphy technique in the LC microcavity, where the effec-
tive cavity length of the microdisk is larger and the cavity
mode energy is smaller compared with other area. In this
case, the microdisks act as potential traps and polaritons

are confined in these structures, occupying the specific
discrete energy levels [58, 59], for example, a dipole mode.
The size of the inserted CsPbBrs microplates is around
40 pm which can cover at least one microdisk potential.
We use a linearly polarized laser (repetition rate: 1 kHz,
wavelength: 400 nm, pulse width: 50 fs) to excite the
microcavity with the size of around 50 pm.

We measure the dispersion of the LC microcavity as
the same as [31] below threshold when the voltage is 5
V, which is plotted in Figure 3(a). Multiple polariton
branches are observed when the pumping density is far
below the threshold due to the large thickness of the cav-
ity. That is, several cavity modes exist within the mi-
crocavity and strongly couple with the excitons (detailed
fitting parameters are shown in the SM). The strong cou-
pling is confirmed at the large-wavevector region where
one can clearly observe that the dispersions become flat
when approaching the exciton resonance. Under this
voltage, the LP1 and LP3 are horizontally linearly po-
larized whereas the LP2 and LP4 are vertically linearly
polarized.

With further increasing the pumping density to around
18 pJ/ecm?, the emitted PL intensity of the polaritons
increases superlinearly, whereas the linewidth drops sud-
denly and the polariton energy shows noticeable contin-
uous blueshift (details in SM). These results clearly show
the occurrence of the polariton condensation at the lower
branch LP2 (Figure 3(b)). We note that the thresholds of
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FIG. 3. Polariton condensation in the LC microcavity at different voltages. (a, b) Dispersion below and above
threshold at 5 V. (c, d) Real space image and interferogram of the polariton condensate at 5 V. (e) Dispersion below threshold
at 5.6 V. (f) Spin polarized (S3 component) dispersion at 5.6 V, defined as (lieft-Iright)/ (lieft + Iright) Where Tiege (Iright) is the
left(right)-hand circularly polarized dispersion. Fitted curves are the simulated bands using a coupled oscillator model (a) and
a four-band Hamiltonian [28] (e). (g, h) Real space image and interferogram of the polariton condensate at 5.6 V. The dashed
lines in (c, g) indicate the microdisk. The insets in (d, h) show the extracted phase.

the modes in the microdisk potential can vary in a certain
range, depending on the external pumping, relaxation
and decay of polaritons [60-62]. By carefully selecting
the microdisk size, thickness, and pumping conditions,
we ensure that the polariton condensate forms a single
dipole mode in real space above threshold, as shown in
Figure 3(c). We set the pumping density to be around 1.2
Py, where the nonlinearity can be neglected. We build a
Michelson interferometer where one arm is expanded by
around 15 times and acts as the reference beam. Clear in-
terference fringes are observed above the threshold (Fig-
ure 3(d)), the extracted phase from the Fast Fourier
transformation of the fringes shown in the upper right
corner indicates the development of the macroscopic co-
herence across the condensate and the phase jump of m
across the two lobes.

The TE-TM splitting is prominent in anisotropic per-
ovskite or LC-based microcavities [63-65], which can de-
compose the above dipole mode into two vortices with
the topological charge of +1, locked with the SAM. How-
ever, it is noteworthy that the disorder in the perovskite
microplates or the fabricated photoresist microdisk can
perturb the coherent formation of vortices. Further-
more, polariton-polariton interactions may also degrade
the locking between the SAM and OAM , thereby pre-
venting the clear observation of spin-orbit locked vortex
states. As analyzed above, these two vortices can be di-

rectly measured in the non-Hermitian RDSOC regime,
which can be realized by simply increasing the voltage
in our experiments. When the voltage is increased to
5.6 V, the polariton branch LP3 is blueshifted to be
resonant with LP2. These two polariton branches have
the opposite linear polarizations and parity, thus the RD
spin split bands form (please see the total (Figure 3(e))
and spin polarized (Figure 3(f)) dispersion). Under the
same pumping density of Figure 3(c), polaritons condense
and the dipole mode becomes deformed under the same
pumping density (shown in Figure 3(g)) where the po-
lariton condensate carries a ring shape, indicating the
formation of vortices. The interferogram of the polariton
condensate in Figure 3(h) shows the emergence of two
forks oriented in opposite directions. This confirms the
existence of two vortices with the topological charge of
41 close to the core region of the ring-shaped condensate,
which can be unambiguously proven by the extracted
phase plotted at the upper right corner, calculated by
using the same method as in Figure 3(d).

To check whether the two vortices are locked with the
definite SAM as we analyzed above, we measure the right-
and left-hand circularly polarized PL emitted from the
microcavity, which correspond to different spins states of
the polariton condensate. In Figure 4(a), an intensity
minimum in the center of the polariton condensate is
clearly visible in the o+ component, indicating the exis-
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FIG. 4. Spin-orbit locked polariton vortex pair at 5.6 V. (a, b, ¢) Real space image, interferogram and dispersion of the
o+ component at 5.6 V. (d, e, {) Real space image, interferogram and dispersion of the o— component at 5.6 V. The dashed
lines in (a) and (d) indicate the microdisk. The insets in (b) and (e) are the extracted phase indicating the vortex.
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FIG. 5. Unidirectionnal transportation of polariton vortex pair in the RDSOC bands. (a) Linewidth of the polariton
modes in the o+ component at 5.6 V. (b) Linewidth of the polariton modes in the c— component at 5.6 V. Horizontal axis
of (a) and (b) is shifted respectively to make the ground state of the two spin components to be at 0 for the clarity of the
linewidth analysis. (c) Spin polarized real space images of the vortex pair. The arrows indicate the location of the two vortex

cores. The dashed lines in (c¢) indicate the microdisk.

tence of a vortex. We note that the intensity distribution
is not very symmetric around the intensity minimum,
this is due to the inhomogeneity within the microcavity.
From the interferogram by superimposing the real space
image of the polariton condensate onto the reference arm,
a fork is clearly observed, confirming the appearance of
a vortex with the topological charge of -1, as plotted in

Figure 4(b). The phase singularity can also be seen in
the calculated phase distribution inserted at the upper
right corner. From the dispersion taken under this volt-
age (Figure 4(c)), two peaks are observed to be located
at the wavevector of 0.12 pm~"! and -0.88 pm~!, which
is not symmetric along the normal incidence due to the
RDSOC induced shift along k, direction. This kind of



particular distribution of the dispersion confirms the ap-
pearance of the vortex with asymmetric distribution in
the momentum space and a downward spatial shift in real
space for the o+ component.

On the other hand, for the oc— component, both the
intensity minimum in the real space image (Figure 4(d))
and the fork in the interferogram graph (Figure 4(e))
demonstrate the formation of the vortex with the topo-
logical charge of +1. Moreover, the location of the polari-
ton condensate is shifted upwards within the microdisk
confinement potential. In this spin component, the po-
lariton condensate distribution in the momentum space
is also shifted to the opposite direction compared to Fig-
ure 4(c), with the peak locations at 0.98 pym~! and -
0.07 um~! (Figure 4(f)). The mode distribution of the
dispersion clearly confirms the existence of the swapped
topological charge of the vortex in the oc— component.

The appearance of the spin-orbit locked polariton vor-
tex pair under 5.6 V originates from the synthetic mag-
netic field due to the RDSOC and the prominent TE-
TM splitting. The nonzero TE-TM splitting can be con-
firmed by measuring the two linearly polarized disper-
sions along k, direction when k, = 0 (where the RDSOC
disappears), which reveal two parabolic dispersions with
a distinct energy splitting corresponding to the TE and
TM polarized modes, respectively, as detailed in the SM.
In our experiments, the TE-TM splitting decomposes the
dipole mode into two spin-orbit locked vortices, whereas
the spatial distribution of the two vortices is deeply af-
fected by the non-Hermiticity of RDSOC bands. Ex-
perimentally, we calculate the linewidth of the polariton
bands of the 04 component below threshold based on the
data in Figure 3(e) in the RDSOC regime, which show a
clear asymmetric distribution along k, and -k, direction
(Figure 5(a)). The linewidth of the polaritons along k,
direction is smaller than -k, direction when their energy
is the same, this means the vortex with the topologi-
cal charge of -1 will propagate unidirectionally along +y
direction and accumulate at the bottom edge of the mi-
crodisk. For o— component, vortex with the topological
charge of +1 will show opposite transportation behavior
due to opposite asymmetry of the linewidth distribution
(Figure 5(b)). This clearly indicates the unidirectional
transportation in the spin-orbit coupled polariton vortex
pair within the RDSOC bands. Thanks to the spatially
separation of the two vortices towards the edge of the
microdisk, the inter-species interaction can be reduced.
In this case, the two vortices can be observed directly by
measuring polarization resolved PL in the experiment.
The spin polarized real space image of the polariton con-
densate at 5.6 V plotted in Figure 5(c) demonstrates the
separation of the two vortices along 4y direction with
two cores clearly visible indicated by the arrows. The
spatial separation of the spin-orbit coupled vortex pair
can be reproduced in other area within the same micro-
cavity, as shown in the SM, this shows that our results are

FIG. 6. Polarization dependence of polariton conden-
sates outside the RDSOC regime. (a, b) Real space im-
age and interferogram of the o+ polarized component of the
polaritons at 5 V. (¢, d) Real space image and interferogram
of the o— polarized component of the polaritons at 5 V. (e-h)
Same as (a-d) but for an external voltage of 6 V. The scale
bars: 2 ym.

robust against possible disorders within the microcavity.

If the RDSOC spin splitting disappears, for example,
at 5 V where the polariton mode LP3 is far below LP2,
the spin-orbit coupling vanishes. As a result, the two
spin components of the polariton condensate share the
same spatial mode distribution in the real space with-
out definite vorticity and spin polarization (Figure 6(a-
d)). When the voltage applied to the microcavity is in-
creased to 6 V (such that LP3 is tuned above LP2; see
the SM), the polariton condensate also assumes a dipole
shape. The o+ and o— spin-polarized components of the
polariton condensate again show the same spatial mode
without vorticity due to the absence of the SOC (Figure
6(e-h)). This confirms that the TE-TM splitting alone
is insufficient to stabilize the observed vortex pair in our
microcavity. When the system is tuned away from the
RD regime (e.g., at 5 V or 6 V), the nonlinear interaction
and possible disorder make the vortex unstable, thus we
observe the dipole modes.

Compared with other optically tunable spin-orbit cou-
pled photonic vortex lasers [23, 24, 66] or polariton vor-
tices confined in micropillar structures, which so far are
limited to cryogenic temperature [60], our work shows
the RDSOC bands can separate unidirectionally the spin-
orbit coupled vortex pair in the real space, and lays the
foundation to manipulate electrically tunable state with
spin-orbit coupled angular momentum at room temper-
ature.

To summarize, we observe the unidirectional transpo-
ration for a spin-orbit locked polariton vortex pair in a
LC microcavity. The spin-orbit locked polariton vortices
originate from the TE-TM splitting. They become ob-
servable due to the separation of the condensate resulting
from the non-Hermiticity induced unidirectional trans-
portation behavior within the RDSOC bands for differ-
ent spin component. Our results illustrate an important



electrical method for the manipulation of the spin-orbit
locked topological defects based on a quantum fluid of
light at room temperature, and pave the way to investi-
gate vortex pair underlying quantum statistics [67] using
macroscopically coherent states of hybrid light-matter
particles at room temperature. These observations are of
interest also for other areas such as cold atom gases and
2D electron gases in which the targeted design of non-
Hermitian spin-orbit locked states is often not accessible
or much more complex to achieve.

SUPPORTING INFORMATION

Theoretical parameters for spin-orbit coupled vortex
pairs, fabrication details and structural characterization
of photoresist microdisk structures, supplementary ex-
perimental data and analysis of room-temperature po-
lariton condensation, quantitative measurement and ver-
ification of TE-TM splitting, the asymmetry of the
linewidth above threshold,experimental demonstration of
spin-orbit coupled vortex pairs in other regions of the
same microcavity, dispersion curves at 6 V.
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