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ABSTRACT: CrSBr is an air-stable magnetic van der Waals semi- 100 3 = Xo-

conductor with strong magnetic anisotropy, where the interaction of
excitons with the magnetic order enables the optical identification of
different magnetic phases. Here, we study the magnetic anisotropy of
multilayer CrSBr inside a three-axis vector magnet and correlate
magnetic order and optical transitions in emission and absorption. We
identify layer-by-layer switching of the magnetization through drastic
changes in the optical emission and absorption energy and strength as : 04 02 00 02 04
a function of the applied magnetic field. We correlate optical B (T)
transitions in reflection spectra with photoluminescence (PL)

emission using transfer-matrix analysis and find that ferromagnetic and antiferromagnetic order between layers can coexist
in the same crystal. In the multipeak PL emission, the intensity of energetically lower-lying transitions reduces monotonously
with increasing field strength, whereas energetically higher-lying transitions around the bright exciton Xy brighten close to the

PL (cts/s)

saturation field. Using this contrasting behavior, we can therefore correlate transitions with each other.
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I. INTRODUCTION

Due to a plethora of tunable magnetic intra- and interlayer
. . 1 : . .
interactions, layered magnetic materials have motivated
research toward applications in data storage™ and spin-
tronics.”” However, many-layered magnetic semiconductors
like chromium trihalides and related materials suffer from
instability under ambient conditions.””” Compared to these
materials, the semiconducting layered antiferromagnet CrSBr
exhibits a much higher stability in ambient conditions.'”"" It is
well suited for fundamental studies of magnons,lz_14
L 15-17 . L 18-22

phonon coupling, and exciton—photon coupling as
well as applications in magnetic devices exhibiting large negative

. 23,24 . . .
magnetoresistance, tunable properties with magnetic
fields,”® and electrostatic doping,”® as well as ion irradiation.””**
CrSBr crystals are strongly anisotropic, which results in a strong
dependence of the magnetic, optical, and electronic proper-
. .25,29,30 .
ties on the crystallographic axes.

The intricate interplay between excitons and the magnetic
order in CrSBr enables the spectroscopic identification of
different magnetic phases”***" as well as spatial domains.*®
The spectroscopic signature of excitonic transitions is not
limited to the topmost layer but also reveals information about
deeper-lying layers,”> which is potentially an advantage
compared to successful scanning probe techniques.””** Up to
now, research has mainly focused on understanding the
magnetic and excitonic properties of bulk systems and 1—4-
layer systems. However, the study of multilayer systems, which

exciton—
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exhibit complex emission properties without the influence of
strong exciton—photon coupling, has remained elusive.

In this work, we study the anisotropic magnetic properties of
CrSBrinside a vector magnet at low cryogenic temperatures. We
use correlated spectral changes occurring with the application of
a magnetic field to investigate the origin and connections of
optical transitions present in multilayer samples of CrSBr. To
this end, we fabricated two multilayer samples: one (14 layers;
thickness determined by atomic force microscopy = 11.3 & 0.2
nm) encapsulated in hexagonal boron nitride (hBN), and
another one as-exfoliated (10 layers; thickness determined by
atomic force microscopy = 8.2 + 0.3 nm). We performed
magnetic-field dependent photoluminescence (PL) and differ-
ential reflectance contrast (DR/R) measurements at T = 4.7 K
and carefully tracked the emission energy and intensity to
determine potential emission origins. Our measurements show
that the ferromagnetic (FM) state is reached gradually
throughout the crystal as different layers switch from the
antiferromagnetic (AFM) to the FM order at different fields. We
find phases close to the saturation field that show a superposition
of spectral signatures of both the FM and AFM states.
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Figure 1. Experiments on CrSBr in a three-axis vector magnet. (a) CrSBr crystal structure. Crystallographic axes 4, b, and ¢ are indicated by
arrows. (b) Sketch of a CrSBr sample inside the vector magnet and the orientation of laser and PL polarization with respect to crystallographic
axes. (c—e) Exemplary PL magnetic field sweeps of the encapsulated sample for the same spatial spot along the crystal a, b, and ¢ axes,
respectively, displaying magnetic anisotropy, where B, || a, B, || b, and B, || c. Dashed white arrows are a guide for the eye for the evolution of X,
(at 1.324 eV at B = 0) and X; (at 1.362 €V at B = 0) transitions.
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Figure 2. Influence of excitation power, temperature, and magnetic field on the optical properties of encapsulated 14-layer CrSBr. (a) Excitation
power dependence of the PL emission at B=0 T and T = 4.7 K. (b) Temperature dependence of the PL emission at B= 0T and 10 gW excitation
power. (c and d) DR/R and PL spectra of the 14-layer sample for the AFM (black) and FM (red) states. Emissions are as indicated in the main
text. Dashed gray and red lines indicate the energy of Xj in the AFM and FM states, respectively.

Excitation-power-dependent and temperature-dependent PL Il. RESULTS AND DISCUSSION

L - As a first step in our detailed spectral analysis, we performed
measurements reveal several emission peaks that originate from
cryogenic magneto-optical spectroscopy inside a three-axis

trapped exciton species. vector magnet, in which the crystallographic axes are aligned
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Figure 3. Layer-by-layer magnetization switching in 10-layer CrSBr. (a) False color plot of a DR/R measurement with magnetic field applied
along the b axis. Arrows indicate the transition fields, and numbers indicate the transitions as in part b. (b) DR/R spectra of the six different layer
magnetization configurations. (c) Normalized oscillator strengths of X spy and Xg py extracted from a Lorentzian oscillator model.

with the magnetic field axes as in earlier seminal work.” Parts a
and b of Figure 1 display the crystal structure of CrSBr and the
experimental configuration, respectively. Unless noted differ-
ently, we focus on the hBN-encapsulated 14-layer sample. We
performed PL measurements at T = 4.7 K with an excitation
energy of 1.959 eV, above the estimated band gap of CrSBr.”>*’
First, we study the magnetic anisotropy of the material, which is
clearly visible in the magnetic field sweeps along the crystal axes
shown in Figure 1c,e for the same sample spot. At zero magnetic
field, below the critical temperature, the layers show PL spectra
associated with AFM order, as spins in adjacent layers point in
the opposite direction along the crystal b axis.'"***° The
application of a magnetic field rotates the magnetization such
that beyond a certain saturation field all layers are magnetized
along the same direction (i.e., parallel to the applied field)
corresponding to FM order. We trace the change from AFM to
FM order through changes in the PL energy.”” The saturation
fields along the different axes for the data shown are respectively
B} =+2.05 + 0.05 T and B} = +1.10 + 0.05 T. Due to hysteresis
effects, the saturation fields along b depend on the sweep
direction with Bj = +0.45 + 0.01 and -0.37 + 0.01 T. The
continuous energy shift of the emission peaks for sweeps along
the magnetic hard and intermediate axis allows the assignment
of the emission peaks in the AFM and FM states, which we aim
to identify. For comparison, the abrupt jumps at Bj, make peak
assignments between the optical emission in the AFM and FM
states more challenging.

In our PL measurements, the linear excitation polarization is
aligned with the crystal a axis, while the detection polarization is
aligned with the b axis (Figure 1b). The crystal axes were
determined via the maximum and minimum PL intensity for the
b and a axes, respectively. Figure S1 displays the polarization
dependence of the PL emission of encapsulated 14-layer CrSBr
at B =0 T. Due to the strong anisotropy of the material, the PL
emission is highly linearly polarized, exhibiting maximum
intensity along the b axis and about a factor of 200 weaker
intensity along the a axis. Both samples show qualitatively
similar PL spectra with a multitude of different emission peaks
with narrow linewidths (on the order of millielectronvolts), as
shown in Figure 2a,b,d for encapsulated 14-layer CrSBr and in
Figure S2a,b,d for unencapsulated 10-layer CrSBr. Importantly,
due to the small sample thickness, the rich spectra cannot stem
from polaritonic states, as reported for bulk CrSBr layers,"®"
but from different excitonic species, their phonon replica and
trapped states, which we aim to identify further.

In Figure 2d, we mark two transitions that will be of
significance in our discussion: transition Xp, which is the
strongest in PL, and transition Xy, which is visible in PL and is
the strongest transition in terms of oscillator strength in DR/R
(see below). Observing strong PL from transitions that have low
oscillator strength resembles the rich PL spectra of WSe,
monolayers with several exciton species.”’ " Apart from Xj
and Xp, we find several emission peaks between Xy and X,
which we label X,_;, as well as three emissions below Xp,, which
we label P;_;. In Table S1, we summarize the energies of the
observed emission peaks for the AFM and FM order.

We performed excitation-power-dependent PL measure-
ments, displayed in Figure 2a, to ensure that we capture all
details of the complex spectra. Most of the emission peaks follow
a linear power dependence, as displayed in Figure S3. We
observe several emission peaks, of which we highlight X, and P,
that show signs of saturation at an excitation power of 50 yW.
Temperature-dependent measurements reveal that these
emissions vanish very quickly around T = 16 K, as shown in
Figure 2 b. Additionally, these measurements reveal that the
emission labeled P, is accompanied by another emission peak
that dominates over P, at low temperatures and excitation
powers. This emission peak also vanishes around T = 16 K.
These observations are characteristic for excitons in shallow
trapping potentialsfm’41 As the temperature increases, the
trapped excitons gain enough thermal energy to escape the
trapping potential and the associated emission diminishes.
Notably, of the multitude of emission peaks, only X, X3, and Xp,
remain present up to T = 100 K (see Figure S4 for measurements
up to T = 150 K).

In the unencapsulated sample, the changes from low to high
excitation power are more pronounced, as shown in Figure S2b.
Here we focus on a low excitation power regime, in which both
samples exhibit similar emission properties, as highlighted in the
direct comparison in Figure S2a. We note that the emission
peaks in the unencapsulated sample are blueshifted by 4 meV
with respect to the encapsulated sample, most likely due
dielectric screening,“’43 while relative energy splittings within
the spectra remain unchanged.

Theoretical calculations predict two conduction bands
resulting in two possible transitions to the valence band, of
which one is parity-allowed and one is parity-forbidden.”>*" The
notion of parity-allowed and -forbidden transitions only strictly
holds for transitions at very specific points in k space, which is
not fully applicable to the more extended exciton states in
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Figure 4. Correlated emissions in magnetic fields. (a) PL emission of the encapsulated CrSBr flake for selected magnetic field strengths B, along
the crystal b axis and spectral range displaying similar and consistent reduction of the emission intensity with the magnetic field. (b) Same as
part a but for negative magnetic fields. (c and d) Maximum intensity of the emissions marked in part a for the magnetic field sweep in Figure S7b.
(e and f) Maximum emission intensity in parts c and d normalized by the intensity of X,. Pointed parts of the graphs indicate regions with large

error bars.

CrSBr.** As proposed in other work,”>* we refer to the
emission around 1.362 eV (X;) as the parity-allowed transition.
This is in accordance with DR/R measurements displayed in
Figure 2c, which reveal an optical resonance with a large
oscillator strength at the same energy. This resonance is
accompanied by a much weaker resonance roughly 14 meV
above this transition (see the transition labeled X* in Figure 2c).
Klein et al.”” suggest that this resonance might have
contributions from the same conduction band along the I'=X
direction. In the PL measurements shown, the emission of this
transition is absent due to the low excitation power.

For the assignment of the so-called parity-forbidden transition
Xy, we refer to work by Lin et al.'>* This corresponds to the
brightest transition in the PL emission located around 1.324 eV,
38 meV below Xj, in agreement with previous reports and
theoretical predictions for the splitting of exciton energies.”>*
We note that the magnitude of the band-gap energy and the
origin and magnitude of the splitting between Xy and Xy, are
discussed in several studies.””****~** Our work adds contrasting
magnetic field effects to the observed distinctions between the
two transitions. Importantly, we do not observe any signature of
Xp in DR/R, in agreement with its parity-forbidden character,
i.e., predicted weak oscillator strength.

To gain further insight into the origin of the complex optical
response, we performed magnetic field sweeps along the
magnetic easy axis (for details, see Methods). For both samples,
we observe several abrupt changes in the PL and DR/R at
distinctly different magnetic fields. Hence, the magnetization of
the sample changes in discrete steps; i.e., different layers in the
sample can change their spin orientation individually. We note a
certain analogy to layer-by-layer switching in Fe/MgO (001)
superlattices,”’ albeit we use here simple PL and DR/R
measurements to monitor the magnetism in CrSBr. Figure 3 a
displays this layer-by-layer switching in DR/R measurements for
the unencapsulated 10-layer sample. In addition to the

33159

resonance of X ry, another resonance appears 15 meV red-
shifted from it, which we identify as the resonance of Xj in the
FM state (XB’FM). The resonance of Xp gy appears several 10 mT
below the saturation field and persists above it. For this magnetic
field range, both resonances X spy and Xp gy are present at the
same time; ie., in these phases, AFM and FM order coexist
within the sample. On the basis of our optical mapping
experiment, we conclude that the observed resonance super-
position does not stem from several domains present within our
optical spot size but from layer-specific effects. Figure S5a shows
an optical micrograph image of the unencapsulated sample
including the 10-layer region. We mapped out a sample region
including 10 and 9 layers using DR/R measurements at different
magnetic flelds shown in Figure SSb,c. The observed magnetic
domains are much larger than the measured optical spot size
(below 1 ym in diameter). Parts d—f of Figure SS show that the
change of the magnetization state in the magnetic domain relates
to the change in the DR/R signal. We observe a discrete transfer
of the oscillator strength between X sry and Xp g, with each
layer switch shown in Figure 3c. Surprisingly, the measurements
reveal an additional resonance red-shifted by 5—7 meV from
Xp arm as shown in Figure 3b. This resonance appears with the
first switch of magnetization and remains present until the
system fully transitions into the FM state, where it vanishes (see
transitions marked by arrows in Figure 3b). The origin of this
additional resonance remains to be clarified. We use transfer-
matrix analysis (for details, see Methods) to fit the spectra and
determine the resonance energies of the oscillators present in the
different magnetic phases to be Ep spy = 1.366 eV and Eppy =
1.351 eV. The encapsulated sample exhibits a similar super-
position of the individual resonances, as highlighted in Figure
S6. In this sample, we determine the respective resonance
energies as Ep yppy = 1.362 eV and Egpy = 1.347 V.

In addition to studying transitions with a high oscillator
strength in DR/R, we now analyze the magnetic-field-dependent
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Figure S. Anticorrelated emissions. (a) PL emission for selected magnetic field strengths and spectral range along the crystal b axis showing
unexpected brightening of emissions. (b) Same as part a but for negative magnetic fields. (c) Maximum intensity of the Xy and X, emissions for
the magnetic field sweep in Figure S7b. X, (Xg) reduces in intensity by 9.5 + 2% (4.1 & 4%) for B, > 0.18 T and by 12.3 + 2% (8.1 & 4.2%) for B,
< —0.2 T. (d) Maximum intensity of the emissions X;, X,, and X;. Pointed parts of the graphs indicate regions with large error bars.

PL emission, which also gives additional information on exciton
species.”” We recorded a full hysteresis loop starting in FM order
at negative magnetic field B, and focus on the down-sweep
direction of the measurement loop shown in Figure S7a,b. Parts
cand d of Figure S7 display the maximum intensity of X, and X3
for the whole magnetic field sweep including strong hysteresis
effects.

The emission changes most drastically when the magnetic
field reaches the saturation field and the remaining layers of the
system switch to the FM state. For the down-sweep direction in
Figure S7b, this happens at B, < —0.44 T in the encapsulated
sample. In the unencapsulated sample, the switch happens at B,
< —0.37 T. Due to hysteresis, the FM state starts to vanish at
different fields of B, < 0.38 T in the encapsulated sample and B,
< 0.36 T in the unencapsulated sample. In the FM state, the
emission intensity is much weaker than that in the AFM state,
and the emissions experience redshifts of 15 meV for Xy and 12
meV for Xp,. This reduction of intensity is thought to result from
the reduced layer confinement of excitons in the FM state.”’ In
the AFM state, the antiparallel magnetization of adjacent layers
does not allow charge transfer between layers, and thus excitons
are confined to a layer. However, the parallel magnetization of
adjacent layers in the FM state allows charge transfer, reducing
the electron—hole wave function overlap. Strikingly, all emission
peaks in the investigated samples are weaker in the FM states,
while the exact changes during the transition can differ, which we
will elaborate on further. In the FM state, the intensities of Xj
and Xp, reduce by approximately 46 + 3% and 88 + 1%,
respectively.

We now turn to a more detailed discussion of the emission
changes. Panels a and b of Figure 4 display spectra recorded at
different values of B, in a spectral range around the strongest
peak in the PL emission Xp. With increasing magnetic field
strength, all of the emission peaks in this range decrease in
intensity until either vanishing (within our detection limit) or
experiencing an energy shift at the switch to the FM phase. A
moderate reduction in intensity appears at B, = +0.2 T, which
likely corresponds to a switch of an individual layer magnet-
ization consistent with the observations in Figure 3. Panels ¢ (for
transitions Xp, X,, and X;) and d (for transitions P}, P,, and P;)
of Figure 4 highlight the collective change, where we plot the
maximum intensity of each of the emissions. We emphasize this
further by plotting the intensity ratios of the emissions compared
to the emission of Xy, in Figure 4e,f. Until fully switching to the
FM phase, the intensity ratios stay almost constant. We want to
emphasize that, in addition, before reaching B}, none of these
emissions exhibit an energy shift despite the changes in intensity.
This correlated behavior suggests that these emissions stem
from the same band transition.

The emissions Py, P,, and P; are red-shifted with respect to Xy,
by 4.2, 7.8, and 11.9 meV, respectively, ie., approximately
equidistantially spaced by 4 meV. From this, one might
speculate that the emissions P;, P,, and P; are phonon replicas
of Xp. However, the intensity changes of the PL emission of P,
with excitation power and temperature suggest trapped exciton
character, as described before. Within the resolution of the
observed PL spectra, we cannot identify the presence of P,_5 in
the FM phase. We note that, in the energy range of the P_;,
phonon replicas of X, with the Aé, mode have been reported."”
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At higher excitation powers, we find signatures of these
emissions overlaid with P,_;. The attribution of X, and X,
centered around 1.339 and 1.336 eV, respectively, needs to be
clarified in further studies. At this point, we can report that X,
and X show an evolution with magnetic field B, that is similar to
that of X;,. However, in FM order, the emission peaks of X, and
X; are not discernible anymore.

While the emission peaks between 1.31 and 1.345 eV
experience very similar emission changes in magnetic fields
compared to Xp,, the emissions X and X, _; between 1.345 and
1.37 eV behave very differently. Panels a and b of Figure 5 show
spectra in this energy range for the same magnetic field values as
those in Figure 4ab. At zero magnetic field, the emission
energies of X;_; are located at E; = 1.355 eV, E, = 1.352 eV, and
E; =1.348 eV. Most strikingly, the intensity of Xj as a function of
B, evolves very differently compared to that of Xp, as highlighted
in Figure Sc and compared to Figure S7¢,d. As described before,
the intensity of X, decreases measurably as individual layers flip
the spin orientation. In contrast, the intensity of Xj reduces less,
as highlighted in Figure Sc. Very surprisingly, at magnetic fields
close to the transition to the FM state, the intensity of Xj
increases. Similar to Xj, also the transitions X;, X,, and Xj
experience an increase in intensity close to the saturation field.
Additionally, X, and Xj initially decrease in intensity with the
single-layer switch at B, = +0.2 T. In contrast, at B, = +0.2 T, the
transition X, increases its intensity. Despite the changes, X and
X, do not shift in energy before the transition to the FM state.
However, X, and X; experience a slight blueshift, as shown in
Figure Sa,b.

Above Bj, the entire crystal is in the FM state. As described
above, for applied magnetic fields O < B, jieq < Bjy AFM and FM
order can coexist in the crystal (Figure 3a). Similar to the DR/R
measurements, we observe spectral features of both orders in the
PL measurements. For example, the emission peak of, e.g., X3 py,
is overlaid with the weakened emission peaks of X, and X of
AFM order, as highlighted in Figure 4b. Similarly, the emission
peak of Xg ryy is overlaid with the emission peak of X; displayed
in Figure 5a,b. For the other emission peaks, this superposition is
less visible although present.

lll. CONCLUSION

In conclusion, photoluminescence and differential reflectance
contrast DR/R measurements reveal steplike changes in
intensity for all observed emission peaks correlated to a layer-
by-layer switching of the magnetization for fields applied along
the magnetic easy axis. Some of these emissions around the
parity-forbidden transition Xp reduce monotonously with
increasing magnetic field and do not experience energy shifts
until the saturation field along B,. We find several exceptions
from this trend between Xy, and X, which do experience energy
shifts and even increase in intensity close to the saturation field.
Excitation-power-dependent and temperature-dependent PL
measurements indicate the presence of trapped exciton species.
Of the multitude of emission peaks, only Xj, X3, and X, remain
present up to T = 100 K. Additionally, we find that, in phases
close to the transition to the FM state, excitonic emission and
absorption from AFM and FM order coexist.

IV. METHODS

A. Sample Fabrication. Bulk CrSBr crystals were fabricated
through chemical vapor transport.*” Nanometer-thin CrSBr and hBN
flakes were mechanically exfoliated onto poly(dimethylsiloxane) and
transferred onto Si substrates with an 80-nm-thick oxide layer. The

layer thicknesses were determined using an atomic force microscope
(Oxford Instruments Cypher) equipped with AC160 cantilevers
(Oxford Instruments). Atomic force microscopy yields a CrSBr
thickness of 8.2 + 0.3 nm (11.3 # 0.2 nm) corresponding to 10 (14)
layers for the unencapsulated (encapsulated) sample. Both samples
were annealed at 200 degrees for several hours.

B. Optical Spectroscopy. Optical spectroscopy was carried out in
a home-built confocal setup for magneto-optical spectroscopy.”” The
sample was placed inside a closed-cycle cryostat (attocube systems,
AttoDry 1000XL) equipped with a vector magnet (z axis, solenoid,
maximum field = § T; x/y axis, split coil, maximum field =2 T). We used
low-temperature piezopositioners (attocube systems, ANPx101 and
ANPz102) to position the sample with respect to a low-temperature
apochromatic objective. PL and DR/R measurements were performed
in backscattering geometry at a sample temperature of 4.7 K. The signal
was dispersed inside a Czerny—Turner spectrograph (Teledyne
Princeton Instruments, SpectraPro HRS-500) and detected by a
CCD camera (Teledyne Princeton Instruments, Pylon BRexcelon
100). For DR/R measurements, we used a tungsten—halogen lamp
(Thorlabs, SLS201L/M) polarized along the crystal b axis by a
nanoparticle—film polarizer and an achromatic half-waveplate. For PL
measurements, we used a HeNe laser (Thorlabs, HNL210LB) with its
polarization aligned along the crystal a axis, while the emission was
detected along the b axis. PL measurements were performed at
excitation powers ranging from 0.2 to 260 xW. Magnetic-field-
dependent measurements were performed by initializing the CrSBr
sample in the FM state, ramping the magnet to —0.6 T (—0.5 T) for the
encapsulated 14-layer (unencapsulated, 10-layer) sample, followed by a
sweep to 0.6 T (0.5 T) and subsequent inversion of the sweep direction
to obtain a full hysteresis.

C. Transfer-Matrix Analysis. For analysis of the DR/R measure-
ments, we apply a transfer-matrix formalism,"®**** using a Lorentzian
oscillator model for the dielectric constant of CrSBr:

i

2 > .
o’ — —11"](0 (1)

e(w) =€, + Z

where ; and I'; denote the oscillator frequency and decay rate and f;

denotes the oscillator strength of the jth oscillator. We account for a
constant background permittivity €4, = 10, similar to Wang et al,,'* and
use the permittivities €g;0, = 2.1, g, = 13°° and €y = 4.6.°
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