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Here, we investigate the role of the interlayer magnetic ordering of CrSBr in the framework of ab initio
calculations and by using optical spectroscopy techniques. These combined studies allow us to
unambiguously determine the nature of the optical transitions. In particular, photoreflectance
measurements, sensitive to the direct transitions, have been carried out for the first time. We have
demonstrated that optically induced band-to-band transitions visible in optical measurement are
remarkably well assigned to the band structure by the momentum matrix elements and energy
differences for the magnetic ground state (A-AFM). In addition, our study reveals significant differences
in electronic properties for two different interlayer magnetic phases. When the magnetic ordering of
A-AFM to FM is changed, the crucial modification of the band structure reflected in the direct-to-
indirect band gap transition and the significant splitting of the conduction bands along the I'-Z direction
are obtained. In addition, Raman measurements demonstrate a splitting between the in-plane modes
Bﬁg/B§g, which is temperature dependent and can be assigned to different interlayer magnetic states,
corroborated by the DFT+U study. Moreover, the BSQ mode has not been experimentally observed
before. Finally, our results point out the origin of interlayer magnetism, which can be attributed to
electronic rather than structural properties. Our results reveal a new approach for tuning the optical and
electronic properties of van der Waals magnets by controlling the interlayer magnetic ordering in

rsc.li/materials-c adjacent layers.

1 Introduction

Two-dimensional (2D) magnetic semiconductors give the
opportunity to take advantage of the electron charge and the
electron spin at the same time, which gives the possibility of
broadening modern semiconductor technology and spintronic
devices' and can greatly expand the applications of ferromag-
nets (FM) in other devices such as transformers, electromag-
nets, high-density storage, and magnetic random access
memory.”> Cr,GE,Tes and Crl; were the first van der Waals
ferromagnetic semiconductors revealed by magneto-optical

“ Department of Semiconductor Materials Engineering, Faculty of Fundamental
Problems of Technology, Wroctaw University of Science and Technology,
Wybrzee Wyspianriskiego 27, 50-370 Wroctaw, Poland.
E-mail: wojciech.linhart@pwr.edu.pl

b Institute of Theoretical Physics, Faculty of Physics, University of Warsaw,
Pasteura 5, 02-093 Warsaw, Poland

¢ Department of Inorganic Chemistry, University of Chemistry and Technology
Prague, Technickd 5, 166 28 Prague 6, Czech Republic

9 Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
ul. Okdlna 2, 50-422 Wroctaw, Poland

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc01216f

This journal is © The Royal Society of Chemistry 2023

Kerr microscopy in 2017,>* where the intrinsic long-range FM
order was discovered in 2D systems. The study of the layer-
number dependence of properties showed that bulk Cr,GE,Te¢
is a Heisenberg ferromagnet, in which the magnetic moments
are orientated in all directions, but the few-layer material
reveals a good ferromagnetic ordering with excellent gate-
voltage tunability.® In the case of Crl;, the number of layers
and the stacking arrangement affect the magnetic properties of
this material, through the competition between direct Cr-Cr
exchange and super-superexchange Cr-I-I-Cr interactions.®’
CrSBr belongs to ternary chromium chalcogenide halide
compounds (CrXh, where X = S/Se and h = Cl/Br/I) that have
recently been widely investigated. CrSBr has attracted attention
because its bulk, first synthesised 50 years ago, was diagnosed
as an antiferromagnetic (AFM) semiconductor,®® with the bulk
Néel temperature of Ty = 132 #+ 1 K.'® Under ambient condi-
tions, CrSBr has an orthorhombic structure with a Pmmn space
group. The crystal structure of CrSBr is formed by the two Cr
layers bounded by S atoms and passivated by Br layers along the
¢ axes. CrSBr belongs to van der Waals crystals; therefore, it can
be easily exfoliated down to the monolayer using conventional
mechanical exfoliation techniques. CrSBr has been identified
as an extremely interesting and unique van der Waals type
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magnetic semiconductor, having the band gap in the near-
infrared region between 1.25 eV and 1.5 eV, possessing a large
magnetic moment (3 uB per Cr atom).'°** CrSBr exhibits an
A-type antiferromagnetic order, with robust FM within the
layers, and AFM arrangement of adjacent layers (see Fig. S1
in ESIT).

In this paper, by the use of the combined DFT+U studies and
experimental measurements we demonstrate that changes in
magnetic phases can be reflected in the optical and electronic
properties of the layered CrSBr.

2 Experimental and
computational details

CrSBr was investigated by photoreflectance (PR), optical
absorption, photoacoustic spectroscopy (PAS), photolumines-
cence (PL), and Raman measurements in the 10-300 K tem-
perature range. For PR experiments the sample was illuminated
with a halogen lamp and the reflected light was dispersed with
a 0.55 m focal length single grating monochromator. The signal
was detected with a Si photodiode and measured by the lock-in
technique. Reflectance was modulated by a chopped (280 Hz)
laser beam of a wavelength of 405 nm. Temperature-dependent
optical absorption spectra were measured using the same
tunable light source as that used for photoreflectance experi-
ments. The intensity of light transmitted through the sample
was measured using Si photodiode. Photoluminescence and
RAMAN measurements were made in the microregime, where a
532 nm line of a diode-pumped solid state laser (DPSS) was
focused on the sample with a long working distance objective
(50x magnification, NA = 0.55); the diameter of the laser spot
was estimated to be below 2 um. PL and RAMAN spectra were
measured using a single grating 0.55 m focal length mono-
chromator with a multichannel liquid nitrogen cooled Si CCD
array detector. During these measurements, the sample was
mounted on a cold finger in a closed cycle refrigerator coupled
with a programmable temperature controller that allows mea-
surements in the 10-300 K temperature range. The photoa-
coustic spectrum was measured using the gas-microphone
method employing an electret condenser microphone mounted
in a sealed aluminium cell with a quartz transmission window.
The sample was excited with a tunable light source consisting
of a 150 W quartz tungsten halogen lamp and a 300 mm focal
length monochromator. The excitation beam was then
mechanically modulated at a frequency of 40 Hz and focused
on the sample surface. More details about the principles of PAS
can be found in ref. 13-15

The bulk CrSBr crystal for this study was grown by chemical
vapour transport by direct reaction of pure Cr, Br, and S
elements in a quartz ampoule. Details of the material synthesis
and structural characterisation of CrSBr can be found in ESI{
and ref. 16. The magnetic behaviour of the crystal was also
tested and found to be antiferromagnetically below 132 K
(see the magnetic properties described in ESIt), in concert with
data from the literature.®™°
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DFT calculations have been performed in Vienna Ab Initio
Simulation Package (VASP)."” The electron-ion interaction was
modelled using the projector-augmented wave technique
(PAW)."® The Perdew-Burke-Ernzerhof (PBE)'® exchange-
correlation (XC) functional was employed. A plane wave basis
cut-off of 550 eV and a 12 x 12 x 10 Monkhorst-Pack®® k-point
grid for BZ integrations were set with Gaussian smearing of
0.02 eV for integration in reciprocal space. Non-collinear magnet-
ism and SOC were included in our calculations. A1 x 1 x 2 unit
cell was used to exploit the A-AFM ordering of CrSBr. The semi-
empirical D3 Grimme approach®' was used to account for van
der Waals forces. The position of the atoms and the lattice
parameters were optimised within the DFT+U method.?* This
approach accounts for a proper description of the on-site
Coulomb repulsion between 3d electrons of transition-metal
ions, by using effective Hubbard U parameters. We have care-
fully checked the dependence of the U parameter on the
electronic bands close to the band gap (see ESIt). The electro-
nic structure within the DFT+U approach was then compared
with the electronic structure obtained within the hybrid func-
tional HSE06.>® U = 3 eV was chosen to calculate the optically
active direct transitions and the phonon dispersion curves.
The former were determined by calculating direct interband
momentum matrix elements using the wave function deriva-
tives within the density functional perturbation theory.>* Pho-
non dispersion curves were obtained within Phonopy
software® using the Parlinski-Li-Kawazoe method,*® applied
for the 3 x 3 x 2 supercell to find interatomic force constants
within the harmonic approximation.

3 Results and analysis

Fig. 1 presents PR, absorption and PL spectra for a bulk CrSBr
acquired at 20 K. Combining these experimental techniques
allows us to unambiguously discern the nature of the optical
transitions of CrSBr and establish their energy. Two reso-
nances, denoted as E; and E,, can be observed in the PR
spectrum. The origin of these optical transitions will be
explained later. Since PR is only sensitive to direct optical
transitions and the PR resonances cover the absorption spec-
trum, we can conclude that all of the measurements presented
here reveal the direct character of the optical transition.

In order to determine the position of the resonance on the
energy scale and its broadening, the PR spectrum was fitted
using the Aspnes formula.

A/ exp(iof) :| 7 (1)

AR
T =R

AR
where ?(E) denotes the energy dependence of the PR signal,

A; is an amplitude of the jth resonance, E; indicates the energy
of the jth optical transition, I'; is the broadening parameter and
0, represents the phase of the resonance line.”” The parameter
m depends on the character of the optical transition; m = 2.5
is conventionally used for the band-to-band transition, while

This journal is © The Royal Society of Chemistry 2023
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(a) Photoreflectance, optical absorption, and photoluminescence spectra of CrSBr collected at 20 K. Aspnes fit to the PR spectrum is also

included, and the moduli of the PR transitions are plotted as blue-shaded Lorentzian curves. (b) Temperature dependence of photoreflectance spectra
with Aspnes fits (dashed lines) of CrSBr for low-energy optical transitions, (c) temperature-dependent absorption of CrSBr, and (d) comparison of room-
temperature optical absorption and photoacoustic spectra. (e) Electronic structure for the magnetic ground state (A-AFM) of bulk CrSBr along high-

symmetry lines in the first Brillouin Zone.

m = 2 is assigned for the excitonic transition. For a better
illustration of the energy transitions, their moduli are plotted
in Fig. 1(a) below the PR spectrum (see the blue-shaded peaks
at the bottom), which are defined as

|4
(E-E)?+172 ©)

Ap(E)) =
PL spectrum exhibits several intriguing features. The broad-
flat peak at 1.25 eV we assign to defect-like emission. The
doublet at around 1.35 eV comes rather from excitonic emis-
sion. Klein et al. have recently suggested that CrSBr behaves
like a quasi-1D electronic material manifested by a very narrow
exciton and, at low excitation power, appears as a doublet. Such
an exciton can inherit the 1D character and show pronounced
exciton-phonon coupling effects.>®
The temperature dependence of the optical transition of
CrSBr has also been comprehensively investigated. For this
purpose PR and absorption measurements have been per-
formed in the temperature range from 20 to 300 K. Fig. 1(b)
shows the PR spectra and the corresponding fits of CrSBr
measured at temperatures between 20 and 300 K in the
1.15-1.65 eV energy range. The transition energies E; and E,
at each temperature were determined by fitting the spectra with
eqn (1). It can be observed that the position of the PR reso-
nances moves toward lower energies and broadens as the
temperature increases. Furthermore, for temperatures higher

This journal is © The Royal Society of Chemistry 2023

than 140 K the shape of the PR spectra drastically differs from
those at lower temperatures.

The absorption spectra obtained at different temperatures
for CrSBr are shown in Fig. 1(c). The absorption onsets vary
between 1.21 at 300 K and 1.41 eV at 20 K. The plots of o® versus
the photon energy exhibit approximately linear behaviour,
which is consistent with a direct band gap. No features below
the sharp onset of o were observed that would be a strong
indication of an indirect transition. Fig. 1(d) shows a compar-
ison of the optical absorption and photoacoustic spectra at
room temperature of a bulk CrSBr crystal. Both spectroscopic
methods reveal a steep absorption edge in the 1.15-1.3 eV
energy range. Note that both methods use monochromatic
light illumination with changing wavelengths as opposed to
broad-spectrum probing, which can deliver undesirable effects
such as excessive sample heating or photovoltaic carrier gen-
eration. It is clearly seen that the photoacoustic spectrum
follows optical absorption up to 1.3 eV when it saturates, which
is a characteristic effect in photoacoustic detection performed
at low modulation frequency. PAS does not depend on the
analysis of light reflected or passed through the sample and is
fundamentally associated with optical absorption. PAS is sen-
sitive to the indirect transition®® and no evidence of the indirect
band gap is observed.

To provide insight into the observed optical transitions of
the bulk phase below Ty, the band structure calculations are

J. Mater. Chem. C, 2023, 11, 8423-8430 | 8425
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presented in Fig. 1(e) along the high-symmetry lines in the first
Brillouin zone. Our electronic band gap obtained for A-AFM
within the HSE06 functional (1.85 eV, see ESIf) is comparable
to previous GW calculations for the monolayer (1.8 eV),"* and
experimental measurements using scanning tunneling spectro-
scopy and PL (1.5 + —0.2 eV)."® The negligible dependence
of the Hubbard U on the electronic band gap is predicted
(see ESIY). Although the DFT+U approach underestimates the
band gap (0.84 eV), this approach reveals a qualitatively similar
electronic band dispersion in the vicinity of the Fermi level as
the hybrid functional HSE06 and the previous report on the GW
calculations.* Therefore, this method is chosen for further
calculations. The valence band maximum (VBM) is located at
the I" point, while the conduction band minimum (CBM) is at
the U k-point, resulting in the indirect character of the band
gap. Note that the difference between the direct band gap
(at the I' point) and the indirect one is just about 20 meV.
The bands are double degenerate, in line with the results
obtained for the CrSBr bilayer in the corresponding magnetic
ground state.'' The I'-Z line corresponds to the stacking
direction of the layers, thus relatively flat bands (denoted VB,
CBs, CB, in Fig. 1(e)) are visible in the vicinity of Fermi level,
resulting in direct nesting-like transitions. We assign the
optical transitions from the VB, to the CB,, and from the VB,
to the CB, to respective E; and E, resonances, visible in the PR
spectrum. Note that the E, occurs between the I' and the Z
point (nesting-like character), for which non-zero dipole matrix
elements are computed, reflecting the probability of the transi-
tion. Both the E; and E, transitions exhibit linear polarisation
of the light pointing along the y direction. The theoretical
values of E; and E, were found to be 0.82 eV and 0.93 eV,
respectively, while the corresponding experimental values are
higher 1.39 eV and 1.45 eV (at 20 K). Because these absolute
values cannot be directly compared between two different
approaches, the differences between the transitions AE, ; =
E, — E; are determined. Namely, AE, ; has been found to be
0.11 eV, which corresponds to the experimental energy separa-
tion of 0.07 eV in PR spectra. In the PR we also found the third
resonance around 1.77 at 20 K (denoted as E; - see Fig. S9 in
ESIt), which we assign to the non-zero intensity (see Fig. 1(e)) of
the transition from VB; to CB,; occurring at the I point. The
energy difference between E; and E; (AE;_;) from PR has been
found to be 0.38 eV. This value corresponds to the DFT value of
0.28 eV, which supports our assignment.

Next, we present the temperature dependence of the optical
transitions (E;, E, and E;3) in Fig. 2(a). Filled circles denote
results obtained from the PR and Aspnes fitting, while dia-
monds represent the optical absorption results, where the
values were found using standard linear extrapolation to the
intersection with the background level of the o versus hv
curves. The temperature evolution of the E; and E, transitions
has a linear trend with a kink around 140 K, resulting in two
linear parts of the temperature dependence. For the 20-140 K
temperature range, the E; transition redshifts from 1.39 to
1.34 eV in the case of PR results and from 1.41 to 1.36 eV
in the case of absorption results, which gives the change of
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Fig. 2 (a) Energy of optical transitions observed for CrSBr as a function of

temperature. The circles are energies of E; and E, obtained from
PR measurements. Diamonds denote E; determined by absorption, and a
star is E1 as a result of photoacoustic spectroscopy. (b) PL intensity as a
function of temperature.

~4.2 x 10~* eV K ". The redshift of E, in the same temperature
range is from 1.45 to 1.41 eV, corresponding to a reduction of
~3.3 x 10 * eV K " For the 140-300 K temperature range, the
E, transition energy changes from 1.34 eV to 1.20 eV for PR
results and from 1.36 eV to 1.20 eV for absorption results, which
corresponds to a higher reduction of ~9.1 x 10™* eV K™ *. For
both spectroscopic methods, E; is 1.20 eV at 300 K, which is
consistent with the PAS result. While the redshift of the E;
transition is clearly visible at the 140-300 K temperature range,
the evolution of the E, temperature differs and reaches the
plateau, giving a constant value of ~1.40 eV. The presence of
the kink at ~140 K in Fig. 2(a) nearly coincides with the Néel
temperature in the investigated CrSBr crystal, suggesting that
the magnetic phase transition occurs and can be observed in
optical measurements such as PR or absorption. Furthermore,
such a phase transition can influence the shape of the PR
spectra; as mentioned above, the shape of the PR spectrum for
CrSBr changes for temperatures higher than 140 K.

The temperature-dependent intensity of the PL (TDPL) is
shown in Fig. 2(b). Usually, in paramagnetic semiconductors,
the PL intensity monotonously decreases as the temperature
increases because of the enhancement of phonon-exciton

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3tc01216f

Open Access Article. Published on 30 May 2023. Downloaded on 4/6/2026 10:07:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

interactions at high temperatures, and the PL position shows a
redshift following the conventional Varshni equation. However,
when the temperature increases, the intensity of CrSBr PL
gradually increases and reaches the maximum value near the
Néel temperature, while the intensity of PL becomes weaker at
higher temperatures. This suggests that a correlation between
light emission and antiferromagnetic ordering might exist in
CrSBr. To determine the transition temperature from the
temperature-dependent PL spectra, the intensity-temperature
curve gradient is calculated and shown in the inset of Fig. 2(b).
The slope-temperature curve shows a linear region of 100 to
150 K. The linear fit can be used to extract the maximum
intensity temperature of PL when the slope is zero, which is
T =110 + 33 K. This value agrees well with the Néel transition
temperature Ty = 131 K of the bulk CrSBr. We also noticed that
the PL intensity-temperature crossover is very broad, from 100
to 150 K. A similar correlation between PL intensity and Néel
temperature in another antiferromagnetic van der Waals semi-
conductor MnPS; was found recently by Zhou et al.*°

Next, we present the electronic structure assuming two mag-
netic states FM and A-AFM of bulk systems (see Fig. 3(a and b)),
along the high-symmetry lines in the IBZ. Significant splitting
of the conduction bands is visible in the FM case, which is

(@)
A-AFM
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dxl, yz Cr

dy, xzv’.
i @

Pyy Cr

n €

()

CB+1

Fig. 3
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absent in A-AFM arrangement along the I'-Z direction (see
Fig. 3(a)), and to the best of our knowledge have not been
reported yet in previous DFT calculations.'™*' This aspect
directly reflects the difference between the stacking direction
of the magnetic arrangements of the employed states, whereas
the I'-Z direction corresponds to this stacking direction in the
first BZ. First, the direct character of the band gap is obtained
for the FM case, and the degeneracy of the bands is lifted
compared to that of the A-AFM state. The magnetic ordering
breaks the time-reversal symmetry (TRS). However, in the case
of an A-AFM arrangement, the out-of-plane translation symme-
try shift recovers the symmetry in the system, and the bands
remain degenerate. Splitting the bands in the FM case results
in a wider band dispersion of the conduction bands compared
to the AFM case, and in general depends on the overall
magnetisation of the system (see Fig. S10 in ESIt). A pronounce
splitting of the bands is visible for the conduction bands at I,
resulting in lowering of the conduction band minimum, and
leading to the change in the character of the band gap from the
indirect (A-AFM) to direct one (FM). The band gap is lowered by
110 meV for FM compared to the A-AFM case. Due to the
splitting of the bands, more transitions might occur for the
FM case along the I'-Z directions (see Fig. 3(e)). In addition,

(b) (c)

A-AFM FM
SUPEREXCHANGE ~ SUPERSUPER
PATH EXCHANGE
INTRALAYER PATH
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2 D
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(%.)O 3d orbitals of Cr
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J

5171y >13>>],

(a) Projected band structure of CrSBr for FM and A-AFM magnetic arrangements within the DFT+U approach with a visualisation of their

corresponding magnetic orderings (bottom of the picture). (b) Side view of the structural changes of the two adjacent layers in the magnetic
arrangements. Schematic presentation of the (c) superexchange and super—superexchange interactions promoted by the p-states of nonmagnetic
ligands. (d) The first BZ of the bulk CrSBr along high symmetry directions (denoted in green). (e) Schematic diagrams of the band edges states at particular
k-points for both employed magnetic orderings. The arrows indicate the optical transitions with non-zero oscillator strength. All considered transitions
were linearly polarised along the y direction. (f) Scheme of the in-plane (J;, J», J3) and out-of plane (Jo) magnetic exchange constants.
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optical matrix elements calculated (see ESIt) for the transitions
around the Fermi level reveal the linear polarisation of the light
(y component), irrespective to the magnetic ordering. Note that
the dominant contribution to the VBM along the I'-Z direction
comes from p,, orbitals of Br (FM) and S (A-AFM) atoms. There
is also a difference between the types of hybridized states,
namely between the 3d,. Cr states and p state of Br at CBM for
the employed magnetic arrangements (FM - p.,, A-AFM - p,).
These electronic structure changes should be reflected in
magnetic interactions for two employed magnetic arrange-
ments. Note that the p orbitals of both ligands (S, Br atoms)
are involved in the superexchange mechanism within the
layers, as indicated in Fig. 3(c). However, only the p states of
Br atoms mediate the magnetic interaction within the super-
superexchange mechanism between adjacent layers. Although,
it has been shown that in-plane exchanges (Ji, />, J3) are one
order of magnitude larger than out-of-plane J, (schematic
picture of exchange couplings in Fig. 3(f)),"*** the J, is
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important and cannot be neglected because it controls overall
magnetisation (see Fig. S10 in ESIf). In particular, within the
standard superexchange theory™® the J, is equal to —1.5 meV.
Next, we address how the interlayer magnetic ordering
affects the phonon spectra. For this purpose, we compare the
theoretical phonon dispersion for the A-AFM and FM phases,
with the experimentally obtained Raman spectrum excited at
532 nm and collected at 10 K (see Fig. 4(a)). During the
experiment, a sample was tilted with respect to the laser beam
- this was forced by the lumpy shape of the sample. This
experimental spectrum shows well-defined peaks (in cm™') at
82, 109, 243, 294, 336, and 357 and two overlapping peaks in
the vicinity 188 ecm™ ' (Table S1 with experimental and theore-
tical Raman modes can be found in ESIt). This fits the
previously reported Raman modes for crystals with Pmmn
symmetry, where of the 15 phonon modes, only A;, B,g, and
By, are Raman-active.”>*" Each peak is fitted by Lorentzian
curves. Then we examine the positions of these peaks as a
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Fig. 4 (a) Raman spectrum for bulk CrSBr obtained at 10 K, excited at 532

r Z

nm. The wavelengths of the Raman peaks were obtained from Lorentzian

fitting. (b) Temperature dependence of the position of all measured Raman peaks. Particular temperature curves for (c) in-plane phonon modes (BSQ, B§g),
and (d) their corresponding schematic representations. (e) Calculated phonon dispersion for two magnetic states (red — AFM, blue — FM) with a zoom in

(f and g) the vicinity of the I'" point.
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function of temperature (see Fig. 4(b)). We observe strong
spin-phonon coupling for the A; (see Fig. S11(b), ESIT), which
have been already observed in previous works. Here, we detect a
remarkable splitting for the B3,/B3, (see Fig. 4(c)) modes, which
up to the Néel temperature have a constant position difference
(5 cm™") at a temperature close to the Néel temperature, start to
move away from each other (up to 15 ecm™ ' at 220 K). Our
theoretical calculations (Fig. 4(e)-(g)) reveal that the difference
between the Bﬁg and B§g modes depends on the magnetic order
(4 cm™" for FM, 1 cm ™" for A-AFM), and in the case of FM order
the frequency of these modes are blue shifted by 13 cm™* (B3,)
and 18 cm™' (B3,) compared to A-AFM. Furthermore, the
significant change in the position of the out-of-plane Ay mode
is obtained experimentally (see Fig. S11(b and c), ESIT), whereas
no difference between the position of this mode is revealed for
the FM and A-AFM cases (see ESIT and Table S1), excluding the
origin in the interlayer magnetism. In fact, our theoretical
considerations have corroborated the previous DFT study
(ref. 35), which has shown that the change in the position of
A} is sensitive to the in-plane magnetic order, pointing to the
strong correlation between spin and phonon.

Finally, we examine the structural changes between the
employed magnetic arrangements and consider the interlayer
magnetism from the point of view of its structural or electronic
origin. The structural difference between the A-AFM and FM
orderings is visible in the distance between the layers and
the representative angle between Br-Br-Cr (see Fig. 3b)).
These quantities are enlarged by 2% and 0.4% in comparison
to A-AFM case, respectively, while no structural changes are
observed for in-plane lattice parameters and in-plane bond
lengths. Note that the out-of-plane optical phonon modes A,
are nearly intact upon magnetic order (see Fig. 4(g)), suggesting
that the interlayer structural changes have negligible impact on
the magnetic arrangement. However, the significant shift in
energy and separation between in-plane B,, and B;, phonon
modes at the I k point are visible. Thus, we claim that the
interlayer magnetism is rather of electronic than structural
origin. This result is strongly corroborated by our electronic
band structure calculations presented above. Note that there is
a significant difference between the states at the top of VB,
which are mainly composed of Br p,, (in FM) and S p,;, (A-AFM)
along the I'-Z direction. These states are mainly involved in the
superexchange mechanism within the layer (see Fig. 3(c)).

4 Summary

The results presented here demonstrate that the magnetic
phase transition can be manifested in optical spectra. The
temperature dependences of the absorption edge and PR
resonances do not follow the trend observed in conventional
semiconductors (ie. the Varshni trend). Here, we observe a
distinct kink at Néel temperature, which indicates the change
in the magnetic phase of CrSBr. Furthermore, the intensity of
PL increases to Néel temperature and then decreases as the
temperature increases. This behaviour suggests a correlation

This journal is © The Royal Society of Chemistry 2023
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between light emission and antiferromagnetic ordering. A care-
ful analysis of the band structure shows that the experimental
results are very consistent with the DFT calculations. The
energy differences between the experimental optical transitions
are in good agreement with the energy differences determined
theoretically. A significant difference between the interlayer
magnetic order is visible in band structure calculations, along
the I'-Z direction. That is, the band gap is lowered by 110 meV,
and the character of the band gap changed from indirect
(A-AFM) to direct (FM). The remarkable splitting of the con-
duction bands is obtained for the non-zero overall magnetisa-
tion. Moreover, the in-plane phonon modes (B, Bj,) are
sensitive to the interlayer magnetic ordering, whereas the out-
of-plane modes (A;) are intact to the interlayer magnetic
arrangement. In particular, the increase in splitting between
B, and B, obtained for FM compared to A-AFM correlates with
the increase of B,y/Bs, splitting measured across the Néel
temperature. Therefore, we point out the relevance of other
magnetic states, which might be present close to the Néel
temperature, as reported in ref. 36 Visible in-plane structural
changes (interlayer distances and angles) do not affect out-of-
plane phonon modes (A;). The significant changes are the
electronic properties upon the different interlayer magnetic
orderings, pointing out the electronic rather than structural
origin of the interlayer magnetism in CrSBr.
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