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Magneto-optics in a van der Waals magnet 
tuned by self-hybridized polaritons

Florian Dirnberger1,11 ✉, Jiamin Quan2,3,4,11, Rezlind Bushati1,2, Geoffrey M. Diederich5,6, 
Matthias Florian7, Julian Klein8, Kseniia Mosina9, Zdenek Sofer9, Xiaodong Xu6, 
Akashdeep Kamra10, Francisco J. García-Vidal10, Andrea Alù2,3,4 ✉ & Vinod M. Menon1,2 ✉

Controlling quantum materials with light is of fundamental and technological 
importance. By utilizing the strong coupling of light and matter in optical cavities1–3, 
recent studies were able to modify some of their most defining features4–6. Here we 
study the magneto-optical properties of a van der Waals magnet that supports strong 
coupling of photons and excitons even in the absence of external cavity mirrors. In 
this material—the layered magnetic semiconductor CrSBr—emergent light–matter 
hybrids called polaritons are shown to substantially increase the spectral bandwidth 
of correlations between the magnetic, electronic and optical properties, enabling 
largely tunable optical responses to applied magnetic fields and magnons. Our results 
highlight the importance of exciton–photon self-hybridization in van der Waals 
magnets and motivate novel directions for the manipulation of quantum material 
properties by strong light–matter coupling.

Magnetic responses of optical excitations in solids are the key to effi-
ciently interfacing magnetism and light, but materials supporting 
strong responses are rare. It thus attracted considerable interest when 
studies recently demonstrated the exceptional magneto-optical prop-
erties of magnetic van der Waals (vdW) crystals7–11. In these layered 
materials, spin-related phenomena, like the magneto-optical Kerr 
effect12,13, linear magnetic dichroism14 and inherently polarized light 
emission7,15, are often significantly enhanced in the spectral region of 
magnetic excitons—an intriguing type of optical excitation formed by 
spin-polarized electronic states in magnets. As a natural link between 
photons and spins, these magnetic excitons offer a unique opportunity 
to investigate the impact of strong exciton–photon coupling on the 
magneto-optical properties of layered magnetic systems.

An archetypal vdW material to leverage the effects of strong coupling 
is the antiferromagnetic (AFM) semiconductor CrSBr. Its optical spec-
trum supports pronounced excitonic signatures in the near–infrared 
region, and moderately strong magnetic fields are sufficient to switch 
the equilibrium AFM order into a ferromagnetic (FM) configuration 
(Fig. 1a) below the Néel temperature TN = 132 K (ref. 10), revealing an 
intimate relation between the electronic and magnetic structures. 
Opposed to magneto-optic effects that modulate the polarization of 
light, this relation directly alters the optical spectrum by modifying 
the exciton energy10.

Here, we demonstrate the impact of strong light–matter coupling 
on the optical and magneto-optical properties of the vdW magnet 
CrSBr. Hybridization of magnetic excitons and photons is shown 
to fully determine the optical response of mesoscopic crystals to 

applied magnetic fields and magnons. We observe a substantial 
enhancement of the spectral bandwidth of magneto-optic correla-
tions due to the formation of tunable polaritons in crystals with and 
without external cavity mirrors. The excellent agreement between 
theoretical models and experimental observations highlights the 
virtually untapped potential of hybrid exciton–photon systems for  
magneto-optics.

Strong light–matter coupling in CrSBr
Before discussing magneto-optic phenomena, we address the con-
finement of photons and their strong coupling with excitons in CrSBr 
crystals of mesoscopic size (that is, for flake thicknesses varying 
from about 10 to 1,000 nm). Figure 1a depicts the two experimental 
configurations we use to confine optical modes. One traps photons 
inside bare crystals due to the large dielectric mismatch at the inter-
faces to the environment, leading to pronounced self-hybridization 
effects16, while the other achieves larger photon confinement by adding 
highly reflective mirrors to the top and bottom surfaces. In both cases, 
we observe a strongly thickness-dependent series of optical states 
in the low-temperature optical reflectance, in stark contrast to the 
single-exciton resonance at approximately 1.34 eV reported for bilayer 
samples10. We are able to simulate the experimental reflectance signa-
tures of different samples with and without external mirrors by model-
ling the dielectric function of CrSBr with just a single strong oscillator 
to account for the main excitonic transition (Fig. 1b and Supplementary 
Figs. 2–4). Figure 1c shows the simulated reflectance as a function of 
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crystal thickness for samples enclosed by external mirrors (compare 
also polariton dispersion in bare crystals in Supplementary Fig. 2).

Our experiments and the theoretical models described in Supple-
mentary Information Section 2 unambiguously identify the optical 
states in mesoscopic CrSBr crystals as the hybrid exciton–photon qua-
siparticles known as exciton–polaritons. Each state in the reflectance 
spectra corresponds to a specific branch of the polariton dispersion. 
Moreover, a comparison of our measurements with the model calcula-
tions demonstrates that the oscillator strength of excitons in CrSBr is 
amongst the largest known in solid-state systems, exceeding similar 
reports from gallium arsenide17, transition-metal dichalcogenides18 
and hybrid perovskites19,20. With Rabi splitting energies reaching 
ħΩR ≈ 0.24 eV, light–matter interactions in CrSBr are so pronounced, 
they are ascribed to the ultrastrong coupling regime (Supplementary 
Information Section 2 and Supplementary Fig. 5), which provides an 
intuitive explanation for the dramatically different optical spectra of 
mesoscopic crystals compared with bilayer samples.

Due to the pronounced self-hybridization effects already present in 
bare crystals, the addition of highly reflective cavity mirrors does not 
significantly change the polariton dispersion, but both our experi-
ments and our simulations show they can further enhance experimental 
polariton signatures (Supplementary Figs. 6 and 7). Figure 1d presents 
the angle-integrated and -resolved low-temperature photolumines-
cence (PL) emission of a 580-nm-thick flake with external cavity mirrors 
supporting six distinct polariton branches, all of which are in excellent 
agreement with the simulated and measured polariton reflectance 
spectra shown in Fig. 1d and Supplementary Fig. 8. A resonant state with 
small oscillator strength, potentially arising from defects21, enhances 

the intensity of the polariton peak near 1.34 eV. More importantly, we 
note an increasing contribution from photons in polariton branches 
with large zero-angle detuning δpol from the exciton resonance. Their 
stronger curvature directly evidences the reduction of the effective 
polariton mass due to the mixing with photons (Supplementary Fig. 9). 
Overall, the different (average) exciton fractions X of each polariton 
branch in this sample are well suited to investigate the role of exciton–
photon coupling in the magneto-optical responses of this material.

Tunable magneto-optic properties
Analogous to previous studies of the electric field response of polari-
tons22,23, we investigate the effects of an external magnetic field Bext. As 
described in Supplementary Information Section 3, a field along the 
magnetic hard axis causes the canting of spins, which alters the angle 
θ between the two sublattice magnetizations and results in a decrease 
of exciton energies, E θ∆ = ∆ cos ( /2)B

2  (ref. 10). The PL emission of each 
branch in our 580-nm sample, therefore, shifts towards lower energies, 
along a bell-shaped curve, until saturation occurs at Bext = Bsat (Fig. 2a). 
We determine the maximum shift ΔB(X) of polariton branches with 
different detuning δpol and exciton fraction X in several strongly coupled 
samples both with and without external mirrors and find that the mag-
netic field response of polaritons is strongly affected by hybridization. 
Figure 2b indicates a linear dependence of the magnetic shift on the 
exciton fraction X, which modifies the dispersion and the effective 
mass of polariton branches (Supplementary Fig.  9). While the largest 
energy shifts are obtained for exciton-like branches, the strongest 
reflectance responses occur for more photon-like polaritons due to a 
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Fig. 1 | Exciton–photon coupling in CrSBr cavities. a, Schematic illustrating 
two experimental approaches to support exciton–polaritons in mesoscopic 
CrSBr: bare crystals on a SiO2/Si substrate and crystals embedded between 
highly reflective bottom and top mirrors. The magnified view shows AFM and 
FM order (Bext∥c). Magnetic axes are the crystal b (easy), a (intermediate) and c 
(hard) axes (compare Supplementary Fig. 1)10. b, Model dielectric functions  
of CrSBr derived in numerical calculations of optical reflectance spectra.  
c, Simulation of the reflectance of CrSBr crystals for different thicknesses.  

Six prominent polariton branches are observed in a 580-nm-thick sample  
with external cavity mirrors (grey circles). The exciton energy, EX = 1.374 eV, 
determined from simulations is indicated by the dashed grey line. d, The right 
panel shows angle-resolved and angle-integrated PL emission of a nominally 
580-nm-thick sample recorded at T = 1.6 K. The crystal was rotated by 45° with 
respect to the entrance slit of the spectrometer, and the PL was analysed with a 
polarizer along the b axis. The left panel shows the simulated reflectance map 
for conditions matching the experiment.
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decrease in absorption at lower energies (Fig. 2c). By transferring the 
correlation of the magnetic and electronic structures to polariton 
states deep inside the optical gap, strong coupling substantially 
increases the bandwidth of the magneto-optical response of CrSBr to 
an applied field. Hence, even at energies much below the exciton 

resonance, where bi- and few-layer samples are transparent, magnetic 
fields profoundly change the optical reflectance of mesoscopic CrSBr 
crystals by up to 90%.

Prominent magneto-optical effects can also be obtained by changing 
the internal magnetic order of CrSBr via magnons. Recent pump–probe 
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Fig. 3 | Polariton–magnon coupling and coherent magnon effects.  
a, Coherent magnon oscillations periodically modulate the angle θ(t) between 
the two sublattice magnetizations. b, Energy-integrated pump–probe 
measurement of the transient reflectance of two closely spaced exciton-like 
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reflectance dR/R recorded at different fields Bext applied along the c axis at 
T = 50 K. c–e, Calculations of the magnon-induced reflectance changes dRmag 
based on the model described in Supplementary Information Section 4B for 
excitons in a bilayer (c) and polaritons in 580-nm-thick crystals without (d) and 
with external mirrors (e). Data are normalized to the maximum in e.
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studies demonstrate time-dependent oscillations of the exciton energy 
that arise from the periodic modulation of θ(t) by coherent magnons 
(compare illustration in Fig. 3a)24,25. We observe similar effects for 
polaritons when we pump a thin crystal enclosed by external mirrors 
using ultrashort optical pulses and integrate the transient reflectance of 
resonantly tuned probe pulses in energy. Subsequent to the ultrashort 
excitation, the polariton reflectance is strongly modulated, as shown 
in Fig. 3b, by oscillations that excellently match the frequency-field 
dependence of coherent magnons in CrSBr (compare refs. 24–26 
and Supplementary Fig. 13). To highlight the differences between the 
magneto-optic responses of excitons and polaritons, Fig. 3c–e com-
pares the calculated changes in the reflectance spectrum induced by 
coherent magnons. Like in the response to a static field, polaritons 
substantially increase the spectral bandwidth of this magneto-optic 
effect in CrSBr. Moreover, external cavity mirrors may significantly 
enhance the sensitivity of optical magnon detection since the small 
polariton line width causes large relative changes in reflectance.

Beyond this magneto-optical response of CrSBr to coherent mag-
nons, our study unveils a previously unobserved magneto-optic effect 
that does not require coherence. Magnons excited by non-zero tem-
peratures completely lack the coherence imprinted by ultrafast optical 
excitation but still change the average angle 〈θ(T)〉 (compare Fig. 4a), 
which in turn affects the exciton component of our polaritons due to the 
coupling of the electronic and magnetic structures. Analytic magnon 
theory presented in Supplementary Information Section 3 suggests that 
below TN, the temperature dependence of excitons in CrSBr is primarily 
determined by the population of incoherent magnons. Depending on 
whether the magnetic structure is initialized with AFM or FM order, 
incoherent magnons are expected to cause a shift that is linear at low 
temperatures (T ≪ TN) and either decreases or increases the energy of 
excitons. Because short-range correlations survive longer than the 
global magnetic ordering27,28, the general effect extends even beyond 
the Néel temperature. In CrSBr, the coupling of excitons to magnons 

thus adds to the typical phonon-related temperature dependence 
of the exciton energy known from conventional semiconductors29.  
Figure 4b shows the result of our exciton model that includes the  
effects of the magnetic order and the interaction of excitons with  
phonons, as described in Supplementary Information Section 4.

The qualitative agreement between this model and the measured 
temperature–field dependence of an exciton-like polariton branch 
with X = 0.9 shown in Fig. 4c directly confirms our prediction of a 
magneto-optical response to incoherent magnons. Hence, exciton–
polariton spectroscopy emerges as a novel optical probe to monitor 
the incoherent magnon population and temperature.

The hybridization with photons has a major effect on the thermal 
response of excitons. For X = 0.5, in Fig. 4d, we observe a reversal of the 
polariton temperature dependence, resulting in a shift towards higher 
energies. As the field-induced shift ΔB vanishes in more photon-like 
polariton branches, effects of magnons and phonons on excitons are 
increasingly compensated by temperature-induced changes in the 
static refractive index that determine the energy of the photon com-
ponent in mesoscopic CrSBr crystals. Overall, our ability to predict 
this unique magneto-optical response (Supplementary Information 
Section 4 and Supplementary Figs. 14–16), the impact of external fields 
and the effects of magnons by numerical models highlight the deter-
ministic nature of engineering magneto-optical properties via strong 
exciton–photon coupling.

Summary
In conclusion, it is shown that strong exciton–photon coupling can 
determine the magneto-optical properties of mesoscopic vdW mag-
netic crystals. Hybrid light–matter excitations in the magnetic semi-
conductor CrSBr substantially increase the spectral bandwidth of 
magneto-optic responses by extending correlations between mag-
netic, electronic and optical properties to states that lie deep within 
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the band gap of the material. The major role of hybridization in the 
coupling of magnetism and light evidenced in our study encourages 
further research to pursue the modification of quantum materials by 
strong light–matter coupling.
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Methods

Crystal growth
CrSBr bulk single crystals were synthesized by a chemical vapour 
transport method. Chromium (99.99%, −60 mesh; Chemsavers), sul-
fur (99.9999%, 1-mm to 6-mm granules; Wuhan XinRong New Materi-
als) and bromine (99.9999%; Merck) with a general stoichiometry of 
about 1:1:1 were placed in a quartz glass ampoule. In fact, sulfur and 
bromine were used with two atomic percentage excess over the stoichi-
ometry. The ampule (250 × 50 mm) was purged with argon and sealed 
under high vacuum while the charge was cooled with liquid nitrogen 
to avoid losses of bromine. The charge was first prereacted at 500 °C, 
600 °C and 700 °C for 10 h at each temperature, while the top of the 
ampule was kept at 100 °C. Finally, the crystal growth was performed 
in a two-zone gradient furnace, where the charge temperature was 
gradually increased from 900 °C to 920 °C over a period of 6 days and 
the temperature of the growth zone was decreased from 900 °C to 
800 °C. These temperatures of 920 °C and 800 °C were maintained 
for another 6 days. Then, the ampule was cooled to room temperature 
and opened under argon atmosphere in a glove box.

Microcavity fabrication
To fabricate bottom mirrors for our microcavities, highly reflective 
Bragg mirrors were grown by the plasma-enhanced chemical vapour 
deposition of eight pairs of silicon nitride–silicon dioxide layers on 
silicon wafers. First, millimetre-sized CrSBr crystals were thinned 
down in multiple cycles of stick and release on blue tape (PVC tape 
224PR; Nitto) before being transferred onto a polydimethylsiloxane 
(AD series; Gel-Pak) film. By moderately pressing the polydimethylsi-
loxane film onto a Bragg mirror (or a SiO2/Si substrate, oxide thickness 
of 285 nm) and swiftly releasing it, a multitude of crystals with typical 
thicknesses of tens to hundreds of nanometres were transferred. Then, a 
35-nm-thick layer of gold (or a highly reflective Bragg mirror) was depos-
ited by electron-beam physical vapour deposition (or plasma-enhanced 
chemical vapour deposition) to form a top mirror.

Optical spectroscopy
For time-integrated spectroscopy measurements, samples were 
mounted inside a closed-cycle cryostat (attoDRY 2100) with a base 
temperature of 1.6 K equipped with a 9-T solenoid magnet. Samples 
can be mounted vertically or horizontally to apply magnetic fields 
along in-plane or out-of-plane directions. In all configurations, light 
is focused onto the sample at normal incidence.

Reflectance spectra were obtained by focusing the attenuated out-
put of a spectrally broadband tungsten–halogen lamp to a spot size 
of 2.0 μm by a ×100 microscope objective (numerical aperture 0.81) 
mounted inside the cryostat. For polarization-resolved measure-
ments, the reflected signal was analysed by a combination of a half 
wave plate and a linear polarizer along the axis of maximum PL intensity. 
Angle-integrated and angle-resolved measurements were recorded by, 
respectively, focusing either real-space images or the back-focal plane 
of the objective onto a spectrometer (Princeton Instruments HRS-
500) connected to a charge-coupled device. For the PL experiments, 
unless specified otherwise, a continuous-wave laser with 2.33-eV energy 
and variable average output power was focused onto the sample to a 
spot size of 1.0 μm by the same objective used for reflectance spectros-
copy. The collected PL signal was directed towards the spectrometer 
and spectrally filtered to remove the laser emission, and if required, 
it was analysed by the polarization optics.

Transient optical reflectivity measurements were performed by 
tuning the output of a titanium sapphire oscillator into resonance 
with the closely spaced, highly exciton-like branches of an approxi-
mately 100-nm-thick CrSBr crystal embedded between two distributed 

Bragg reflectors. The output was frequency doubled, and the second 
harmonic and fundamental were separated into pump and probe 
arms of the experiment by a dichroic mirror. The probe beam was 
sent to a retroreflector mounted on a motorized translation stage to 
produce the pump–probe delay. Each beam was sent through a wave 
plate and polarizer to simultaneously attenuate the beams and align 
their polarization to the crystal axes. The beams were recombined 
and sent onto the sample through a microscope objective with a 
numerical aperture of 0.6. The back-reflected beam was measured 
on a photodiode with a lock-in amplifier demodulating the signal at 
the frequency of a mechanical chopper placed in the pump arm of 
the experiment. To produce the time-domain data, the delay stage 
was continuously swept at low speed while streaming data from the 
lock-in amplifier to the host computer at a high sampling rate (more 
than 100 KHz), which produced time traces with 1-ps resolution in 
the data presented here. Multiple traces (4 < N < 25) were recorded 
and averaged, depending on the desired signal-to-noise ratio. The 
samples were kept at 50 K, far below the Néel temperature of approxi-
mately 132 K, in an optical cryostat with an integrated vector mag-
net capable of applying fields along any arbitrary direction on the  
unit sphere.

Data availability
The main datasets generated and analysed in this study are available at 
https://doi.org/10.5281/zenodo.7940672 (ref. 30). Supplementary data 
will be provided by the corresponding authors upon request. Source 
data are provided with this paper.
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