nature materials

Article

https://doi.org/10.1038/s41563-026-02751-y

Magnetic control of an exciton-polariton
condensateinavander Waals magnet

Received: 5 June 2025

Accepted: 28 August 2026

Published online: 08 October 2026

% Check for updates

Heng Zhang ® "%, Niloufar Nilforoushan'®®, Christian Weidgans ® >*,
Tobias Inzenhofer ® 2, Marlene Liebich®", Josef Riepl®’,

Julian Hirschmann ®*#, Imke Gronwald', Kseniia Mosina®, Zdenék Sofer®5,
Ritaj Tyagi ® ¢, Jan Wilhelm ® %%, Fabian Mooshammer®,

Florian Dirnberger ®3*

& Rupert Huber ® ¢

Quasiparticle condensates are among the most striking solid-state
manifestations of quantum physics. Coupling macroscopic real-space
wavefunctions to additional degrees of freedom, such as the electron spin,
would add valuable control knobs for quantum applications. While creating
spin-carrying superconducting condensates has attracted enormous
attention, condensates of light-matter hybrids known as exciton-polaritons
have lacked an analogous spin-based perspective. Here we demonstrate
magnetically tunable exciton—-polariton condensation in the van der Waals
magnet CrSBr. Under photoexcitation, CrSBr microwires embeddedin

an optical cavity show the hallmarks of polariton condensation. Owing to
the strong coupling between the spin order and excitonic correlation, the
energy of the condensate can be tuned by up to 10.5 meV by an external
magnetic field of 2 T. Our results establish CrSBr microcavities as a powerful
platform for exploring magnetic control of polariton condensates and mark
an essential step towards spin-controlled coherent quantum light sources.

Non-equilibrium Bose-Einstein condensates in solids have provided a
versatile platform for exploring macroscopic quantum phenomena'?,
ranging from superfluid propagation’ to nonlinear interactions*. Con-
densates of hybrid light-matter quasiparticles®, called exciton—polari-
tons, are particularly promising owing to their combination of photonic
coherence and excitonic interactions, which makes them a candidate
for quantum communication and cryptography applications’®. The
key challenge, however, lies in controlling the coherent condensate
emission. So far, most polariton condensates have been realized
in conventional semiconductor microcavities where quasiparticle
interactions are weak and tunability typically requires a modifica-
tion of the structure. Quantum materials that mediate interactions

of exciton—polaritons with other quasiparticles, such as phonons or
magnons, could provide a compelling path forward. While proxim-
itizing superconducting condensates with spin-ordered materials
has led to new functionalities’'?, exciton—-polariton condensation in
spin-ordered systems remains largely unexplored.

Magnetic van der Waals (vdW) crystals™ ™ have recently emerged
asanattractive class of quantum materials supporting profound inter-
actions between excitons, photons, phonons and magnons'®, Par-
ticularly the air-stable layered A-type antiferromagnet CrSBr (Fig. 1a)
stands out for its tightly bound, quasi-one-dimensional excitons that
are polarized along the crystallographic b axis with giant oscillator
strength?’. The most prominent exciton resonance of bulk CrSBroccurs
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Fig.1| Exciton-polaritonsin a CrSBr cavity wire. a, Crystal structure of CrSBr
viewed along the a and c axes (blue spheres, Cr; yellow spheres, S; brown spheres,
Br). Red arrows indicate the magnetic order in the antiferromagnetic phase.

b, Schematic of the CrSBr microcavity structure. The zoom-in indicates the
spatial profile of the laterally quantized polariton modes. An exemplary
false-colour micrograph of a CrSBr microcavity is shown in the top-right corner.
¢, Simulated polariton dispersion along the short axis of the microwire obtained
by modelling polaritons as particles in an elongated 2D rectangular potential well
(Methods). Inset: in the experiment, we resolve this dispersion when the b axis of
the microwireis aligned parallel to the entrance slit of the spectrometer.

d, Simulated dispersion along the long axis of the microwire, equivalent to the
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experimental case where the a axis of our microcavity is aligned parallel to the
entrance slit of the spectrometer (inset). e,f, Angle-resolved normalized PL of
cavity 1dispersed along the b axis (e) and along the a axis (f) measured using
ultrafast photoexcitation (photon energy, 1.771 eV; & = 94 yj cm™; pulse
duration, 240 fs). PL signals in the boxes delimited by broken white lines are
enhanced to increase visibility. The white dots in e indicate the ground state (Q,),
and the first (Q,) and second (Q,) excited states obtained froma coupled
oscillator model (‘Main’). The black dashed line and curve in fshow the
dispersions of uncoupled exciton and cavity photon modes. The solid black
curves display the theoretically fitted lower polariton branches from the coupled
oscillator model.

nearanenergy of1.36 eV. At the surface, thisresonance s shifted to typi-
cally1.34 eV (ref. 23). Thus far, strong coupling of excitons to vertically
confined photonmodesin bulk crystals has been explored, where new
magneto-optic correlations*?, hyperbolic effects®, anisotropy” and,
most recently, signatures of bulk polariton condensation®® emerge.
Exfoliated flakes of CrSBr form microscopic wires that are strongly
elongated in the a axis, effectively realizing a slab waveguide geometry
with additional lateral photon confinement.

Here, we demonstrate the condensation of exciton-polaritons
in such CrSBr microwires. Under ultrafast optical excitation, our
microwires show the fingerprint of polariton condensation—thatis, a
dramaticincrease in the photoluminescence (PL) intensity accompa-
nied by linewidth narrowing and a pronounced energy shift. Optical
interferometry of the PL emission reveals a clearincreaseinits spatial
and temporal coherence. As afully spin-polarized electronic manifold
isunderlying this condensate, its energy can be magnetically changed
by up to 10.5 meV. We find that optical pumping of surface exciton
states most efficiently drives condensation, pointing to an ultrafast
excitation transfer viaresonant magnon and phonon pathways. These
spin-coupled exciton-polariton condensates open new avenues for
designing and controlling waveguided coherent emission by external
magnetic fields, magnons and spin fluctuations. They may hence be
used tointerface semiconductor optics and future photonic quantum
technologies with spin-ordered matter.

Magnetic microwire polaritons
Toachieve strong coupling between bulk excitons and asingle photon
mode confined in the vertical direction, few-nm CrSBr crystals are

centred between two planar cavity mirrors using polymethyl meth-
acrylate (PMMA) spacers (Methods). In an optical microscope, we
identify few-layer CrSBr crystals that are elongated along the crystal-
lographic a axis with typical lengths of tens of micrometres but exhibit
asmall width of approximately 1 um in the b direction (see Fig. 1b for
an exemplary microcavity). Such structures can act as microwires
that spatially confine light like slab waveguides. The tightest confine-
ment is given in the vertical (c axis) direction. The resulting strong
coupling with the bulk exciton resonance and the emergent polari-
tonic effects are thus overall well described by numerical calculations
assuming infinite lateral crystal extensions (Extended Data Fig. 1).
A narrow width of the flake along the b axis, however, causes addi-
tional quantization® (Fig. 1b, inset), which is less relevant along the
a axis owing to the extended wire length in this direction. This situ-
ation can be qualitatively captured by modelling the polariton as a
particle in an elongated two-dimensional (2D) rectangular poten-
tial well (Methods). The model predicts the confinement to cause a
sequence of discrete quantized polariton states along the b axis with
energy splittings on the order of tens of millielectronvolts (Fig. 1c).
Asthe polaritons are barely restricted along the a axis, the dispersion
of the polariton branches remains essentially parabolic along this
direction (Fig. 1d).

We first characterized the polariton PL of our microwires in the
antiferromagnetic phase (lattice temperature, 7, = 5K), where the
spinsarealigned antiparallel between adjacent layers (Fig. 1a). Orient-
ing CrSBr wires perpendicular and parallel to the entrance slit of the
spectrometer allows us toimage the polaritonicband dispersionalong
the two orthogonal angles 6, and 6, (Fig.1c,d, insets). Light emitted at
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Fig.2|Nonlinear PL response and onset of exciton-polariton condensation.
a, Fluence-dependent normalized PL spectra of cavity 1 measured for a pump
photon energy of 1.325 eV at a lattice temperature of 7, = 5K.b, Fluence-
dependent PL intensity for the state Q, (blue-to-red dots) at1.276 eVina. The grey
squares represent the PL intensity at the same peak measured under off-resonant
excitation using a photon energy of1.771eV. c¢,d, Normalized angle-resolved PL
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spectraat pump fluences of 45 p) cm(c) and 90 pJ cm>(d). e,f, Linewidths (e)
and energy shifts (f) of the PL peak at1.276 eV ina as a function of pump fluence.
The errorbarsin e and frepresent the standard errors of the fitted linewidths and
peak energies, respectively, obtained from the covariance matrix of the fits to the
experimental datashownina.

an angle 8, , originates from exciton-polaritons with energy E and
in-planemomentum k, ;, = (E/hc)sin 0, (refs.1,5,30). Asan example,
we discuss the light emission of a CrSBr cavity with a width of
W ~ 1.25pm and a length of L ~ 40 pm (labelled cavity 1, Extended
DataFig.1a), after optical excitation (pulse duration, 240 fs; repetition
rate, 85 kHz) ata photon energy of Aw,ymp = 1.771€V.

Resolving the PL spectra along the b axis for —25° < 6, < 25°, we
observe discrete features consistent with the lateral quantization of
polaritonsin narrow optical waveguides (Fig. 1e). For better visibility,
the PL intensity of weakly emissive excited states (marked by a white
dashed box) is upscaled. Several quantized modes can be clearly rec-
ognized, including the ground state (Q,), the first excited state (Q,) and
the second excited state (Q,) at energies of 1.248 eV, 1.265 eV and
1.286 eV, respectively. Conversely, the PLintensity along the a direction
displays a series of dispersive, parabolic polariton modes exhibiting
minima at those energies (Fig. 1f). This is in line with the negligible
quantization along the a axis. Details of the dispersion vary between
samples® ** (Extended DataFigs. 2 and 3) owing to differencesin thick-
ness and width of the wires, yet they all exhibit a continuous parabolic
dispersionalongthe (long) a axis and discrete energy states along the
(short) b axis, consistent with Fig. 1c,d.

For a quantitative analysis of the exciton-photon coupling
strength, we implemented a global fit to the quantized and paraboli-
cally dispersed polariton states by acoupled oscillator model (Fig. 1e,f,
white dots and solid black curves; see the Methods for details). The
good agreement with the experimental dataindicates that these modes
correspond to the lower polariton emission of a9-nm-thick (about ten
layers) CrSBr crystal**. The interaction between vertically confined
photons and excitons reaches the strong-coupling regime with a vac-
uum Rabi splitting of 222z = 200 meV, which matches recent observa-
tions of polaritonic effects in CrSBr***,

Besides the lower polaritons, we observe twoisolated resonances
at hw =1.312 eV and 1.325 eV (Fig. 1e,f). Although they are coupled to
the same cavity mode, the absence of notable dispersionindicates that
these resonances remain in the weak coupling regime. Considering the
different dielectric environmentand straininour cavity, these features
cantentatively be ascribed to the recently identified surface excitons
of CrSBr?. This assignment is further supported by a much smaller

magnetic field-induced shift of surface excitons compared with bulk
excitons (Extended Data Fig. 4). Surface states at energies well below
the bulk exciton resonance openapathway for near-resonant excitation
of polaritons that favours condensation, as we show below.

Fingerprinting exciton-polariton condensation
Inapolariton condensate, final-state stimulation leads to amacroscopic
population of a single quantum state, which should manifestinadra-
matic PL increase with increasing polariton density>*>*. To test this
criterion, we measure the emission of cavity 1as a function of pump
fluence ¢. We first tune our pump laser into resonance with the disper-
sionless surface exciton band at Aw,ym, = 1.325 V. The resulting PL
spectra (Fig.2a) unveil astrongly nonlinear fluence dependence of the
intensity from Q,. Under near-resonant pumping, Q, appears slightly
blueshifted with respect to the peak observed in Fig. 1c owing to the
different many-body effectsinduced by unbound electron-hole pairs
and adense polariton gas, respectively. The spectrally integrated peak
emission exhibits a prototypical threshold-like scaling with the pump
fluence (Fig. 2b). Above the pump threshold &, ~ 30 pJ cm~2,amod-
erate increase of the fluence by a mere factor of 3 causes a dramatic
enhancement of the PL peak centred at 7w =1.276 eV by more than two
orders of magnitude. In sharp contrast, the polariton emission scales
linearly when the cavity is excited off-resonantly at 7w,ym, =1.771eV
(Fig. 2b and Extended Data Fig. 5).

To resolve the nature of the polariton states giving rise to such a
strongly nonlinear increase in the PL emission, we acquired angle-
resolved PL maps (Fig. 2c,d and Extended Data Fig. 6). The dominant
PL peakin Fig. 2a originates from Q, confined by our microwire in the
lateral b direction, which is separated from the pump photon energy
by 46 + 3 meV. Whereas the overall PL emission of Q, and Q, is compa-
rable below threshold, Q, completely dominates the PL signal for
& > &y, (Fig. 2d). The abrupt increase in the PL intensity from Q, is
accompanied by a substantial decrease in its linewidth, from 19 meV
to 8.7 meV,and anenergy increase by 5 meV (Fig. 2e,f). These features
are unambiguous hallmarks of exciton—polariton condensation in
microcavities. Note that the momentum spread of the polariton dis-
tributionalongthe b axisis not expected to narrow upon condensation
because Q, is a spatially confined state.
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Fig. 3 |Spatial and temporal coherence of the exciton-polariton
condensate. a,b, Zero-delay spatial interference pattern of the exciton-
polariton PL of cavitylat 7, = 5K and apump fluence of 0.8%, (a) and 2.0%,
(b), where &,=30 pJ cm™. c-e, Spatial interferogram of the exciton-polariton
PL emission measured at delay times of ¢t =-330 fs (c), 130 fs (d) and O fs (e) at

apump fluence of 2.0, f, Interference fringes averaged along the direction
perpendicular to the fringes for t = 0 fs and a pump fluence of 2.0dy,.

g, Visibility of the interference patternin fas a function of delay time tata
pump fluence of 2.0P,.

Final-state stimulation inherently synchronizes the phase of all
particles contributing to the condensate. The resulting spontaneous
macroscopic spatial and temporal coherence should persist as long as
the condensate lives. We prove this key aspect by measuring the
first-order correlation function of the polariton PL emission of cavity
linaMichelson interferometer setup>*. The PL emission is first split
evenlyinto the two arms of the interferometer, before one of the beams
is inverted centro-symmetrically by a retroreflector. The two beams
are then combined by a lens and overlapped in the real-space image
plane. Temporal overlapis set by an optical delay line. Figure 3a,b shows
thespatially overlapped PLimages ata delay time of t = O fs below and
above the threshold, respectively. While signatures of coherence are
absent below &, interference fringes indicate spatially coherent emis-
sionfor @ > &y,

Sweeping t allows us to measure the temporal coherence of the
condensate emission (Fig. 3c-e). We quantify the coherence time by
extracting the visibility of the interference fringes, defined as
V = (Imax — Imin) / (Imax + Imin) » @s a function of ¢ (Fig. 3f,g). Here, /.«
(Iin) represents the intensity of alocal maximum (neighbouring mini-
mum) of the fringes. The data are well described by a Gaussian profile
with a full width at half maximum coherence time of 427 + 7 fs. This
value corresponds to a linewidth of -4 meV, which is compatible with
thewidthobservedinFig. 2eif the finite resolution of the spectrometer
isconsidered (Methods). Mostimportantly, the measured coherence
time exceeds the spontaneous polariton lifetime by one order of mag-
nitude (Methods), unambiguously proving that the exciton-polaritons
in CrSBr undergo condensation. The combination of a superlinear
intensity scaling, an energy blueshift of the emission peak and
enhanced coherence times signifies that the condensation process
emerges spontaneously. Similar signatures are also observedin other
comparable microcavities, even at elevated temperatures above 20 K
andin PL spectra dispersed along the a axis (Extended Data Fig. 7).

Characteristic aspects of polariton condensation
inCrSBr

Several aspects about our polariton condensates deserve special men-
tion. First, we observe condensates only under near-resonant excitation

of surface excitons, which lie energetically between the bulk exciton
resonance and its polaritons (Fig. 2b and Extended Data Fig. 5). Pump-
ingataphotonenergy of 1.771 eV, in contrast, yields no condensation
despitethe much larger excitation densities created by strong B-exciton
absorption?*, The origin of this difference probably lies in the differ-
entrelaxation pathways following high-energy excitation. Populating
polariton states requires a sequence of scattering events, each con-
strained by energy-momentum matching. The phase space of such
relaxationinto the narrow condensate regionis strongly reduced, and
competing channels, such as redistribution of excitation energy into
other excitonic states, radiative loss before relaxation or scattering
into a broad incoherent reservoir dominate.

Another notable observation is that polariton condensates are
formed in excited rather than ground states of our microwires. In two
of our samples (Fig. 2 and Extended Data Fig. 3), the energy difference
between pump photons and the excited-state condensate emission
closely matches the energy of an optical magnon mode of CrSBr
(-45 meV), which has recently been revealed in neutron scattering and
far-infrared spectroscopy®. Besides ultrafast excitation of the magnetic
order and magnons®, emission of multiple Aé phonons, which
are known to couple strongly with excitons in CrSBr***°, or a single Ag
phonon should also efficiently populate the condensate
(Extended Data Fig. 8). Tounderstand the migration of electronic excita-
tion, we calculated the lattice relaxation of the lowest energy exciton
state in CrSBr. Density functional theory calculations reveal that elec-
tronslocalize onthe Cratoms while holes localize on the S atoms. This
charge distribution induces a structural distortion that increases the
interlayer separation, coupling efficiently to the interlayer breathing
Aé phononmode (Extended DataFig.9). This strongly supports efficient
excitation energy transfer via scattering with Aé phonons. Together,
these results point to a consistent picture in which resonant phonon-
and magnon-assisted scattering channels provide an efficient scattering
pathway for transferring excitation energy from surface to bulk states.
We suggest that wire-to-wire variations in confinement can tune polari-
ton states into the right energy window for supporting resonant
enhancement of these processes, thereby enabling the formation of
non-equilibrium condensates in excited microwire states.
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Fig. 4 | Magnetic control of an exciton-polariton condensate. a, Angle-
resolved PL spectra along the b axis for B=0 T, measured at 7, = 10 Kunder
excitation by a CW laser with a photon energy of 1.907 eV. Q,, Q, and Q, represent
the quantized polaritonic ground state, the first excited state and the second
excited state, respectively. X and X, are the surface exciton state and a defect
state. b, Normalized, angle-integrated PL intensity as a function of the magnetic
field Boriented along the c axis. The dashed lines serve as guides to the eye.

¢, Top: integrated PL intensity of state Q, as a function of pump fluenceatB=0T
(leftyand B=2T (right). The dataare taken at 7; = 10 Kunder pulsed excitation
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witha pump photon energy of 1.325 eV. The blue squares indicate the pump
fluences used for the corresponding angle-resolved PL spectrain the bottom
panels. Bottom: angle-resolved PL spectraalong the b axis for B=0 T (left) and
B=2T (right) with a pump fluence of 60 pj cm2and 90 pj cm?, respectively.
Dashed white lines denote the central energy of state Q,, revealing a magnetically
induced energy shift of the condensate of up to 10.5 meV. Solid grey lines mark
the photon energy below which our long-pass spectral filter suppressing the
incident pump light allows PL intensity to be collected.

Lastly, the fluence dependence of polariton energies observedin
our study is qualitatively different from previous reports. So far, either
adecreasein polariton energies®* oracompetition between opposite
shifts of polariton energies”® was noted with increasing excitation flu-
ence. We, however, observe amonotonic increase in polariton energies
(Fig. 2f). Circumventing other relaxation pathways, it thus seems that
near-resonant excitation at kilohertz repetition rates isolates a con-
tribution to the polariton energy that shifts its states towards higher
energies. Thisisindeed typically ascribed to repulsive Coulomb inter-
actions between excitons”***"*? or saturable absorption effects***.In
CrSBr, however, additional contributions may arise from the coupling
ofexcitonstospinorder:ajoint theory-experiment study hasrecently
shown that magnon-induced magnetic disorder cansizably reduce the
oscillator strength of excitons in CrSBr**?. It is therefore important to
note that when excitons are strongly coupled to photons, areductionin
oscillator strength decreases the Rabi gap and consequently increases
the lower polariton energy. This effect is particularly pronounced for
lower polaritons with sizable photon fraction, such as those studied
inour microwires. Hence, we suggest polariton energy shifts in CrSBr
may involve contributions, not only from exciton-exciton repulsion
but also from the (unavoidable) photoexcitation of magnons***® and
the resulting renormalization of the Rabi gap.

Magnetic field control of polariton condensates

In any case, the exciton-polariton modes in CrSBr emerge from a
manifold of spin-polarized electronic orbitals. Hence, spin order
should provide a natural control knob for polariton condensates in
CrSBr. To explore this idea, we mount a new microwire (cavity 5) into
amagneto-optical cryostat with tunable out-of-plane magnetic fields
(Extended DataFig.10). Figure 4a shows the angle-resolved PL emission

from this microwire containing laterally quantized polariton states Q,,
Q, and Q,, the dispersionless emission from surface excitons (Xs) and
adefect emission peak at 1.265 eV labelled X, (ref. 47).

We first tracked the magnetic field evolution of these laterally
confined polariton modes under continuous-wave (CW) excita-
tion. As the magnetic field increases from O T to 2 T, both the exci-
ton-polariton branches and the surface exciton resonance exhibit
pronounced redshifts of more than 10 meV, whereas the emission
by localized defects remains nearly unaffected. The shape and
magnitude of these shifts indicate their origin from a field-driven
reconfiguration of the collective spin order rather than spin Zee-
man splitting or the magnetic polaron effects observed with con-
densates in dilute magnetic semiconductors**~°, Importantly, the
parabolic spectral shift saturates above 2 T, consistent with the
known antiferromagnetic-to-ferromagnetic transition in CrSBr
under out-of-plane magnetic bias. Each confined mode, Q,, Q; and
Q,, inherits a distinct magnetic field shift directly from their respec-
tive exciton fraction and the absolute shift of bulk excitons (-18 meV
(refs. 21,24,39); Extended Data Fig. 4d). Compared with bulk exci-
tons, the shift of surface excitons is notably reduced owing to their
different magnetic environment causing a weaker dependence on
the external field. All in all, our observations obtained under CW
excitation demonstrate that magnetic order directly renormalizes
the polaritonic eigenstates.

We now extend this magnetic control to the condensation regime.
Similar to our other microwires, the quantized polariton mode Q,
exhibits the characteristic superlinear increase in PL intensity at
threshold both in the antiferromagnetic (B=0 T) and ferromagnetic
(2 T) phases. This confirms that condensation can be achieved in both
the antiferromagnetic and the ferromagnetic configuration. Most
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strikingly, angle-resolved measurements reveal that the condensed
state itself undergoes a field-induced energy shift of up to 10.5 meV.
Such large tuning of amacroscopically coherent quantum state medi-
ated by the spinorder standsincontrast to previous electric-field-based
strategies® **. While the latter perturbatively modify the potential
experienced by exciton-polaritons, the magnetic field in CrSBr
changes magnetic order, symmetry and, ultimately, the nature of the
exciton wavefunction from quasi-one-dimensional species to spatially
extended three-dimensional wavefunctions as the material transitions
from antiferromagnetic to ferromagnetic order?. This demonstrates
spin-order-mediated control of an exciton-polariton condensate and,
given the exceptionally large spin-induced energy shift, the concept
opens an extremely promising interface between macroscopic quan-
tum states and spintronics.

Conclusion

We demonstrate polariton condensation in microwires of the vdW anti-
ferromagnet CrSBr. The polaritons are laterally quantized by the finite
dimension of the microwire along its short axis. Near-resonant pumping
causes polariton condensationin excited quantized states, indicated by
amulti-order increase in polariton PL emission, linewidth narrowing,
energy shift and spatio-temporal coherence. Assuch condensates are
intimately coupled to the underlying spin order, their energy can be
shifted by up to 10.5 meV through reconfiguration of the magnetic
order. Photoexcitation of surface states appears to enable particu-
larly efficient population of polariton condensates in CrSBr micro-
wires through phonon and magnon scattering pathways. Our results
open exciting possibilities for interfacing the macroscopic quantum
mechanical wavefunction of tailor-made condensates with spin order,
magnetic control and spintronic concepts for next-generation quantum
technologies. Particularly appealing are the prospects of modulating
coherent condensate emission on ultrafast timescales by coupling
it to coherent, high-frequency magnons. This platform could enable
magnetic-memory integration and efficient microwave-to-optical
transduction for quantum information purposes, where microwave
photons couple to condensate emission via magnons.
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Methods

Fabrication of the microwire cavities

A 200-nm-thick gold mirror was evaporated on a silicon wafer and
covered by a spacer layer of PMMA (nominal thickness, 70 nm).
Subsequently, CrSBr was transferred onto the substrate by
micro-mechanical exfoliation, capped by another 70-nm PMMA
spacer and a semi-transparent, 40-nm-thin gold mirror to complete
the microcavity. The schematic layout is shown in Fig. 1b. Using the
transfer matrix formalism for this cavity, we obtain a Q factor of
62 for the bare cavity mode. Including the hybridization with the
excitonresonance, the lower polariton mode investigated in Fig. 2 is
computedto feature alifetime broadening of 14 meV, corresponding
to alifetime of 47 fs.

Optical spectroscopy and microscopy characterizations

For the optical measurement, the microcavities are pumped by ultra-
fast laser pulses (repetition rate: 85 kHz, pulse duration: 240 fs) from
anoptical parametric amplifier (ORPHEUS; Light Conversion) driven
by a commercial regenerative Yb:KGW laser amplifier system (PHA-
ROS 10; Light Conversion). The relatively low repetition rate helps us
to avoid pulse-to-pulse recovery time artefacts and allows sufficient
pulse energies for future nonlinear optical experiments. For optical
imaging of the sample, we use a tungsten-halogen light source. To
detect the PL, we use a spectrometer (Acton SP2500) coupled with
a Peltier-cooled silicon charge-coupled device (CCD) camera (PIXIS
256) with aresolution 0f 1,024 x 256 pixels. The width of the entrance
slit was kept at several hundred micrometres to achieve sufficient sta-
tistics despite the low repetitionrate. This setting leads to alinewidth
broadening of typically -6 meV. Cosmic-ray events on the CCD camera
andslightasymmetries in Fourierimages were digitally corrected. For
the experiments of Figs. 1-3, the sample is mounted in a closed-cycle
cryostatand cooled down by liquid helium to 5 K. To perform magnetic
control studies (Fig. 4) we placed the microwire samples in a magnet
cryostat withalarge-aperture optical access and a variable out-of-plane
magnetic fieldof upto5T.

Our optical setup allows us to access both the real-space and
momentum-space images of the PL from the sample. To obtain the
spectrum and real-space image, the emission from the sample is
projected onto the imaging plane, that is, the entrance slit of the
spectrometer. To resolve the momentum (angle) distribution of the
emission, an additional lens is placed into the beam path, such that
the Fourier plane of the objective lens is projected on the entrance
slitof the spectrometer.

The coherence measurements are conducted inaMichelsoninter-
ferometer, with a retroreflector mounted in one of the two interfero-
metricarmstoinvert vertically and horizontally the spatial coordinates
of the real-space image. The relative temporal delay between the two
armsis controlled by an optical delay line. The two interference images
areoverlappedbyalensontheslit of the spectrometer and imaged by
the CCD camera.

Coupled oscillator model
The exciton-polariton dispersion in Fig. 1f is fitted by the coupled

oscillator model":
E.., h02/2\ [« e o
(hrz/z Eexc>(/3>_ (/3)'

Here E.,, and E., are the energies of the cavity photon and
exciton, respectively. 72 is the vacuum Rabi splitting, related to the
exciton-photon coupling strength g following #2 = 2g. Moreover,
a and B are the amplitudes of the eigenvectors. The eigenvalues
of the energy can be obtained by diagonalizing the matrix:

e 4 %\/ [Ecay — Eexc]* + 12622 with E, and E_ being upper

E, (k”) _ EeavtFex

and lower polariton branches. Exciton and photon fractions
(Extended DataFig. 4) are determined by the amplitude squared of the
Hopfield coefficients X and ¢, respectively. They are given by

=1 [1+ AE(K) AE (k) ]

———~  J|and |Cku‘2 =1 [1— _—
\ AE(k,) +4gf)] 2 \AE(K) + 482

with AE = E,, — E.,.. OWing to both the vertical and lateral quantum
confinement of the cavity, the cavity photon mode can be further
expressed as”’?®

2

. hck. i+ 1 k
i) =12 o ()
z z

Here, k, = /L, is the wavevector along the vertical direction of the
cavity, with L, being the effective length of the cavity. k, and k, are
the lateral wavevectors along the extended direction (a direction in
our case) and along the confined direction (b direction), respectively.
For each quantized mode ,(0,1,2...) along the b direction,
k, = (j+1)/L,with L, being the width of the cavity.

‘Particleinabox’ simulation
ToobtainthedispersionsshowninFig.1c,d, wesolve the 2D Schrodinger
equation using the finite difference method implemented in an
open-source code available at https://github.com/LaurentNevou/Q_
Schrodinger2D_demo. The CrSBr flake is modelled as a rectangular
potential well, whose dimensions are chosen according to the size of
the sample. The barrier is set to 10 eV to mimic an infinite potential
well. Consequently, the effective massis the only free parameter of the
model. The best agreement with the experimental datais obtained for
effective masses m, = m, = 4.8 x 10 °m, along the a axis (m,) and
b axis (m,) with the free-electron mass m,. For each eigenenergy,
the obtained wavefunctions are converted to momentum-space using
a fast Fourier transform. Finally, a Gaussian broadening in energy is
applied for better comparability with the experiment.

Computational details of the density functional theory
calculations

Electronic structure calculations were performed using the CP2K suite
(version 2025.2) with the Quickstep (GPW) method**. To accurately
capture the electronic properties of the system, we used the HSEOQ6
screened hybrid functional®, incorporating D3 dispersion corrections
with Becke-Johnson damping® to properly account for the long-range
vdW interactions between the CrSBr layers. The TZVP-MOLOPT-PBE
basis set was used in combination with Goedecker-Teter-Hutter (GTH)
pseudopotentials. To maintain computational efficiency while treating
the exchange correlation, the auxiliary density matrix method was used
withacorresponding double-zetabasis set optimized for MOLOPT-GTH
basis. The plane-wave cutoff of 800 Ry and the self-consistent field con-
vergence was setto 108 Ha. Structural optimizations of the excited-state
geometries (excitons) were conducted using the maximum overlap
method® to maintain the desired orbital occupation. All calculations
wererestricted to the I-point of the Brillouin zone. The 2D CrSBr layers
weremodelled using a3 x 3supercell of unit cellwithin-plane dimensions
of 4.74 A x 3.55 A with ferromagnetic intralayer coupling and antifer-
romagneticinterlayer coupling. To minimize artificial periodicinterac-
tions along the zaxis, a vacuum spacing was included, resulting in total
cell heights of 45 A for the bilayer and 90 A for the four-layer systems.

Data availability

The datasets generated and/or analysed during the current study are
availableinthis Article. Any additional data are available from the cor-
responding authors. Inputand Output files of the CP2K calculationare
availableviaNomad at https://doi.org/10.17172/NOMAD/2026.03.03-1.
Source data are provided with this paper.
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Extended Data Fig. 1| Characterization of a typical CrSBr cavity. a,
False-colour optical micrograph of cavity 1and 2. b, Schematic of the CrSBr cavity
(right) and the normalized electric field distribution along the c direction (left).
¢, Real and imaginary parts of the CrSBr dielectric function used for numerical

calculations. A Lorentz oscillator model accounts for contributions from bulk
excitons, at1.36 eV, and from surface excitons, at1.33 eV (ref. 23). d, Numerically
calculated absorption of cavity 1assuming infinite lateral extensions of the flake.
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Extended Data Fig. 2 | Photoluminescence of cavity 3. Left: Angle-resolved optical micrograph of cavity 3. In the energy range between1.19 eVand 1.26 eV,
normalized PL along the b axis, pumped by 1.771 eV laser excitation with a pump quantized states of Q,-Q, are well resolved. This cavity serves toillustrate the
fluence of 300 pJ/cm? Right: Normalized PL spectrum. Inset: False-colour reproducibility of the polariton confinement and mode quantization.
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Extended Data Fig. 3| Nonlinear photoluminescence response and onset
of exciton-polariton condensation for cavity 4 pumped by 1.325 eVlaser
excitationat5 K. a, Pump fluence-dependent normalized PL spectra. Inset:
False-colour optical micrograph of cavity 4. b, Pump fluence-dependent PL
intensity of the peaks Q,, Q,, Q,, as labelled in a. c-d, Angle-resolved PL spectra
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normalized to the maximum intensity at energies of 1.28 eV, for pump fluences of
150 pJ/cm?and 300 pJ/cm? respectively. The PLsignal in the black rectangular box
incisenhancedtoincrease the visibility of the Q,and Q, states. e-f, Linewidths
and energy shifts of the PL peaks Q,, Q,, Q, as a function of pump fluence.
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Extended Data Fig,

polaritons and surface excitons. a, Angle-integrated, normalized PL spectra
of cavity 5 (see Fig. 4 in the main text) measured at 10 KforB=0TandB=2T

under CW excitation at a photon energy of 1.91 eV. Labels indicate the laterally
confined bulk exciton-polariton modes, Q,, Q, and Q,, and the surface exciton
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.4 | Distinct magnetic field response of bulk exciton-

(X;) resonances. Magnetic-field-induced shifts (A,) of each resonance are

indicated by arrows. The peak at1.263 eV (X,;) is nearly unaffected by the B field
and ascribed to defects*. The energy of the bulk exciton resonance (X,) deduced
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from simulations and used in the Hopfield model is also marked. b, Calculated
angle-resolved reflectance of a vertical microcavity without lateral confinement.
Experimentally measured energy positions of Qy, Q;, Q,, and Xs are indicated
along with X, by dashed lines. ¢, Exciton fraction (squared Hopfield coefficient
X) of exciton-polaritons and corresponding photon fraction derived by fitting
the Hopfield model to the calculated reflectance of b.d, Energy shift, A, as a
function of exciton fraction demonstrating the distinct magnetic field response
of bulk exciton-polaritons and surface excitons. X, shift adapted from ref. 24.
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Extended DataFig. 5| PL spectra of cavity 1 pumped by 1.771 eV laser excitationat 5 K. a, Fluence-dependent PL spectrum. P, corresponds to Q, of cavity lin the
main text, while P, and P, are the residual signals from cavity 2. b, PL intensity for spectrum peaks P;-P, labelled in a as a function of pump fluence.
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Extended Data Fig. 6 | Angle-resolved PL spectra at different pump fluences. Fluence-dependent angle-resolved PL image for cavity 1at 5K, pumped by a
femtosecond laser centred at a photon energy of 1.325 eV and pump fluences of a, 15 pJ/cm?, b, 30 w/cm?, ¢, 45 w/cm?, d, 60 pJ/cm? e, 90 pj/cm?and f, 150 pj/cm?.
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aaxis. a, Angle-resolved PL spectra normalized to the maximum intensity, for
cavity 5 below the condensation threshold. b, Corresponding above-threshold
spectra. Gray dashed lines are guides to the eye indicating the polariton
dispersion of state Q,. For low pump fluences, the polariton distribution maps

6a (%)
outa parabolic band because the polaritons are effectively unconstrained along
the long a axis of the wires. Once the pump fluence exceeds the condensation
threshold, only the state at k = 0 becomes macroscopically populated, as the
condensation leads to a narrowing of the k-space distribution.
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Extended Data Fig. 8 | Quantitative analysis of scattering processes. after the energy relaxation via a phonon, while the red dashed line indicates
Angle-resolved PL spectrum normalized to the maximum intensity, for cavity 1 at relaxation mediated by amagnon. CrSBr hosts three dominant phonon modes
B=0Tand & =150 pJ/cm> The black dashed line indicates the energy of the labelled Aé, Ag and Ag.

surface exciton (Xs) extracted from Fig. le. Blue dashed lines mark the energy
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Extended Data Fig. 9 | Excitonic structural distortion and wavefunction
localization calculated by DFT. a, Comparison between the pristine (solid) and
exciton-optimized (transparent) lattice configurations of a 3x3 supercell of
CrSBr bilayer, calculated using the HSEO6 functional with D3(BJ) dispersion
corrections. The exciton-induced distortion reveals anincrease ininterlayer
separation of -0.35 A, corresponding to the Aé breathing mode. Isosurface plots
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of the charge density difference (Ap = Pexcited ~ Pgrouna) are shownin b,c for the
CrSBr bilayer along different viewing directions, and ind for the CrSBr tetralayer.
Both densities are evaluated at the excited-state geometry. Anisovalue of

0.14 e/A*isused. The resulting distributions indicate electron accumulation (red)
and depletion (green) with dominant contributions from Crand S atoms,

respectively.
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Extended Data Fig.10 | Schematic of the experimental setup for the magneto-  cavity using anasphericallens (AL) with a high numerical aperture (NA = 0.89).
optical measurements. a, The microcavity is mounted inside amagnet cryostat The emitted photoluminescence light is collected by the same lens and guided

generating tunable magnetic fields of up to 5 T. For the sample visualisation, to the spectrometer. Spectral pre-selection is achieved using a shortpass filter
white light is directed onto the cavity, while the reflected light is collected (SF) and alongpassfilter (LF). BS, beam splitter. b, Photograph of the cryostat,
by a camera with the help of atemporarily inserted pick-off mirror (PM). For whichis mounted on a three-dimensional stage with motorised in-plane sample

excitation, optical parametric amplifier (OPA) pulses are tightly focused onto the positioning.
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