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Raman scattering signatures of strong spin-phonon coupling in the bulk magnetic
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Magnetic excitations in layered magnetic materials that can be thinned down to the two-dimensional (2D)
monolayer limit are of great interest from a fundamental point of view and for applications. Raman scattering
has played a crucial role in exploring the properties of magnetic layered materials and, even though it is
essentially a probe of lattice vibrations, it can reflect magnetic ordering in solids through the spin-phonon
interaction or through the observation of magnon excitations. In bulk CrSBr, a layered A-type antiferromagnet
(AF), we show that the magnetic ordering can be directly observed in the temperature dependence of the Raman
scattering response (i) through the variations of the scattered intensities, (ii) through the activation of new
phonon lines reflecting the change of symmetry with the appearance of the additional magnetic periodicity, and
(iii) through the observation below the Néel temperature (7y) of second-order Raman scattering processes. We
additionally show that the three different magnetic phases encountered in CrSBr, including the recently identified
low-temperature phase, have a particular Raman scattering signature. This work demonstrates that magnetic
ordering can be observed directly in the Raman scattering response of bulk CrSBr with in-plane magnetization

and that it can provide unique insight into the magnetic phases encountered in magnetic layered materials.
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I. INTRODUCTION

Layered materials that can be thinned down to the mono-
layer limit and present magnetic properties have emerged as
platforms to engineer and investigate exotic magnetic ground
states in low dimensions [1]. The observation of long-range
magnetic order in two dimensional monolayers of Crl; [2]
and of Cr,Ge,Teg [3] have triggered a large number of
investigations aiming at finding other layered magnetic two-
dimensional (2D) materials and at using them within van
der Waals (vdW) heterostructures. Magnetic layered materials
can be used to introduce magnetic properties through prox-
imity effects [4,5], and for spintronics applications such as
spin valves and filters. They are also foreseen as potential
building blocks for composite qubits for quantum technolo-
gies [6]. These layered magnetic materials present a broad
variety of magnetic orders with intra- and interlayer ferro-
or antiferromagnetic interactions. Taking into account the va-
riety of possible antiferromagnetic states (Néel-like, zigzag,
stripe), there is a need to establish experimental techniques
sensitive to these different orders and symmetries. Within
this broad family of materials, CrSBr has recently stimulated
great interest because this material can be thinned down to
the monolayer with persisting magnetic properties and, in
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contrast to CrX3 or VX3 compounds (where X = I, Br, or
Cl), bulk CrSBr is stable in air and can hence be manipulated
in standard conditions [7].

The crystal structure of bulk CrSBr is orthorhombic (see
Fig. 1) with space group Pmmn (D) and no structural phase
transitions between 15 and 300K [7]. From optoelectron-
ics perspectives, it is a direct band-gap semiconductor with
E, =1.5eV and hosts tightly bound excitons that give rise
to photoluminescence signals close to 1.3 eV [7,8]. The elec-
tronic properties of CrSBr are strongly anisotropic and this
is reflected in its optical [8,9] and transport properties [10].
From these different viewpoints, this material can be seen as
a quasi-1D system. CrSBr is a layered material with strong
ferromagnetic intralayer interactions which align the Cr**
spins within the plane of the layers, along the crystallographic
b axis (easy axis); see Fig. 1. This intralayer ferromagnetic
order appears below T = 160K for bulk samples [11]. The
Cr’* ions couple antiferromagnetically across the van der
Waals gap and bulk CrSBr is an A-type antiferromagnet with
Ty = 133K [12], as evidenced by magnetization and mag-
netotransport [7] investigations. In between T and Ty, bulk
CrSBr is in an intermediate magnetic phase (iFM) in which
the intralayer ferromagnetic order is well established while the
interlayer ordering is only partial, comprising both ferro- and
antiferromagnetic interlayer couplings [11,13]. When lower-
ing the temperature below 7* = 40K, a change of sign of
the magnetoresistance with a simultaneous increase of the
magnetization [14] and muon spin relaxation experiments [15]
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FIG. 1. (a) Calculated phonon band structure of bulk CrSBr at
T = 10K. (b) Crystal structure of CrSBr as seen along the ¢ or a
crystallographic axis. The arrows represent the magnetic moments
aligned in the plane of the layers. Schematic created using VESTA
software [29]. (c) Room temperature Raman spectra of bulk CrSBr
in perpendicular configuration (black curve) or with a tilt angle of
60° between the light propagation direction and the normal to the
surface of the crystal (red curve).

have pointed toward a new magnetic phase. The details of this
phase are still under debate and it has been attributed either
to the ferromagnetic ordering of magnetic defects within the
bulk crystal [14,16] or, alternatively, to a gradual decrease of
spin fluctuations below T = 100 K leading to a spin freezing
process at T* = 40K with potentially the formation of do-
mains with different magnetic ground states [15].
Antiferromagnetic magnon excitations [17] in bulk CrSBr
and their dispersion when applying external magnetic fields
have been measured recently with electron paramagnetic res-
onance (EPR) spectroscopy [18] or through their coupling to
excitons in time-resolved reflectivity spectroscopy [19]. The
magnon spectrum at B = 0T is composed of two excitations
at 25 and 35 GHz reflecting the biaxial magnetic anistotropy
of CrSBr. If the direct magnon absorption measured in EPR
is well understood, the coupling of magnons to excitons
through the strain field induced by the heating due to a pump
pulse implies the magnetoelastic interaction and phonons of
bulk CrSBr. These measurements provide qualitatively sim-
ilar behaviors but different energies for magnons [19] than
those extracted from direct absorption [18], leading to signifi-
cantly different microscopic magnetic parameters. A detailed

understanding of this interaction hence appears essential to
describe the magnetic properties of materials with in-plane
magnetization, for which standard Kerr effect measurements,
mostly sensitive to the M, component of the magnetization,
can hardly be applied and alternative approaches have to be
implemented.

In this article, we use Raman scattering spectroscopy to
detect the magnetic phase transitions in bulk CrSBr when
lowering temperature. By tilting the sample with respect to
the excitation light propagation direction, we activate Raman
scattering from phonons at the Z point of the Brillouin zone
which are particulary sensitive to the AF ordering along the
c axis. The strong spin-lattice coupling is evidenced through
the appearance of new phonon modes when the additional
magnetic periodicity develops below Ty and by pronounced
variations of the scattered intensity. These changes in the
Raman scattering spectrum allow identification of the inter-
mediate magnetic phase when Tz > T > Ty, the AF order,
and also the hidden order phase below 7*. We show that the
evolution of phonon modes when lowering temperature from
room temperature down to liquid helium temperature cannot
be described by usual lattice dynamics [20] and strongly re-
flects the magnetic ordering and the different magnetic phases
in this bulk compound. Additionally, we apply an external
magnetic field which effectively modifies the Raman scatter-
ing response, further demonstrating the spin-phonon coupling
in bulk CrSBr.

II. METHODS

A. Samples and experimental setup

The CrSBr single crystals were synthesized through a
chemical vapor transport (CVT) method. Chromium, sulfur,
and bromine in a stoichiometric ratio of CrSBr were added
and sealed in a quartz tube under a high vacuum (50 g of
CrBrS with 0.1% Br excess, ampoule size 50 x 250 mm).
The tube was then placed into a two-zone tube furnace. The
prereaction was done in crucible furnace where one end of
ampoule was kept below 300 °C and bottom was gradually
heated to 700°C over a period of 50 h. Then, the source
and growth ends were kept at 800 and 900 °C, respectively.
After 25 h, the temperature gradient was reversed, and the
hot end gradually increased from 850 to 920 °C over 10 days.
High-quality CrSBr single crystals with lengths up to 2 cm
were achieved. Bulk CrSBr was placed on the cold finger of
a variable temperature helium flow cryostat. We use a long
working distance optical objective with numerical aperture
of 0.55 to excite the sample and collect Raman scattering
signals. Raman scattering signals were analyzed by a grating
spectrometer equipped with a nitrogen-cooled silicon charge
coupled device (CCD). We use a depolarizer to excite with
unpolarized excitation and to detect the unpolarized Raman
scattering response. Measurements were performed at liquid
helium temperature with a A = 633 nm excitation from solid-
state laser diodes, keeping the optical power below 0.3 mW.
For magneto-Raman or magnetophotoluminescence measure-
ments, we have used a homemade experimental setup based
on free beam propagation of optical excitation and collection.
We use a long working distance objective with a numerical
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aperture NA = 0.35 used to focus the excitation beam down
to a spot size of 1 wm and to collect Raman scattering or
photoluminescence signals. The sample was placed on piezo
motors, allowing for the spatial mapping of the optical re-
sponse. This setup is then inserted into a closed metallic tube
filled with helium exchange gas and then placed at liquid
helium temperature in a superconducting solenoid producing
magnetic fieldsupto B = 14 T.

B. Theory

Lattice dynamics properties for orthorhombic CrSBr were
calculated using the linear response or density-functional
perturbation theory (DFPT) implemented in the mixed-basis
pseudopotential method [21,22]. The electron-ion interac-
tion is described by norm-conserving pseudopotentials, which
were constructed following the descriptions of Vanderbilt
[23]. Semicore states Cr-3s and Cr-3p were included in the
valence space. In the mixed-basis approach, valence states are
expanded in a combination of plane waves and local func-
tions at atomic sites, which allows an efficient description of
more localized components of the valence states. Here, plane
waves with a cutoff for the kinetic energy of 24 Ry and local
functions of s, p types for S and Br and s, p, d types for
Cr, respectively, were employed. Spin-polarized calculations
were done for both the small cell, assuming a ferromagnetic
(FM) ground state, and a 1 x 1 x 2 supercell with an anti-
ferromagnetic (AFM) ground state. Brillouin-zone integration
was performed by sampling a 12 x 8 x 4 k-point mesh for the
FM cell and a 12 x 8 x 2 (AFM) k-point mesh for the AFM
cell, respectively. The exchange-correlation functional was
represented by the general-gradient approximation (GGA) in
the PBE form [24].

Within GGA, the ground state of CrSBr in the magnetic
state is insulating, albeit with a rather small gap size of 0.3 eV,
as compared to the experimental optical gap of 1.25eV [7].
To improve on the gap size, correlations at the Cr site were
incorporated in the DFT4U scheme. Following previous
publications [25-27], we used U = 4eV and J = 1eV (cor-
responding to Uer = U — J of 3eV), thereby increasing the
gap to 1.3eV. The main effect of the +U correction on the
phonons was a hardening in particular of the high-frequency
modes due to a reduced electronic screening.

Lattice constants for the orthorhombic structure were
taken from measurements at 7 = 10K by Lopez-Paz et al.
(a=351069A, b =4.74623 A, ¢ = 7.9162 A) [15]. Internal
structural parameters were relaxed until the atomic forces
were smaller than 2.6 x 1072eV/A. Above-mentioned cal-
culational parameters guaranteed convergence of phonon
frequencies better than 1 cm~!. Comparison of phonons for
the FM and AFM cell showed that the difference in magnetic
structure has hardly any effect on phonon frequencies. The
main difference is a folding of the Z-point phonons of the FM
cell to the I' point of the AFM phase. This renders some of
the cell modes at Z (FM) to become Raman active in the AFM
phase. Full phonon dispersion for the FM cell was calculated
by performing DFPT calculations of dynamical matrices on a
4 x 4 x 2 momentum mesh and subsequently using standard
Fourier interpolation to obtain dynamical matrices throughout
the Brillouin zone. To correctly describe the Longitudinal
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FIG. 2. False color map of the unpolarized Raman scattering
response of bulk CrSBr as a function of temperature. The different
magnetic phases are indicated, the paramagnetic phase (PM), the
intermediate magnetic phase (iFM), and the antiferromagnetic phase
(AF), together with the critical temperatures Ty and T7* and the
different phonon symmetries.

Optical / Transverse Optical (LO/TO) splitting of infrared
active modes, the nonanalytic part of the dynamical matrices
was included following the procedure outlined in Ref. [28]. It
does not affect the Raman modes.

III. RESULTS AND DISCUSSION

The primitive cell of bulk CrSBr includes 6 atoms in the
high-temperature paramagnetic phase and 12 atoms in the
AF super cell (1 x 1 x 2) below Ty. The phonon spectrum
includes 15 optical modes and 3 acoustical branches. The
calculated phonon Brillouin zone for bulk CrSBr is presented
in Fig. 1(a). When measured in back scattering geometry with
the incident light perpendicular to the surface, the unpolarized
first-order Raman scattering spectrum of bulk CrSBr is com-
posed of three main contributions at 117, 257, and 345 cm™ !,
respectively [see Fig. 1(c)]. They arise from I'-point optical
phonons of A;, symmetry, with atomic displacements pattern
perpendicular to the plane of the layers. When imposing a
60° tilt angle to the sample, three new contributions appear
in the room-temperature Raman scattering response at 92,
194, and 301 cm™~!, which correspond to the three By, modes
at the I' point, with atomic displacements in the plane of
the layers. The atomic displacements associated with all the
phonon modes of bulk CrSBr are presented in Fig. S1 of the
Supplemental Material [30].

The experimentally observed evolution of phonon ener-
gies in CrSBr as a function of temperature, presented in
Fig. 2, clearly goes beyond phonon evolutions observed in
semiconducting 2D materials [20]. When lowering tempera-
ture, anharmonicity effects lead to a decrease of the phonons
linewidths and to an increase of the phonons energies [31,32]
with a dependence that reflects multiphonon processes and
that, in a first approximation, takes the form w(7) = wy +
ci{n;), where (n;) is the temperature-dependent population
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FIG. 3. Evolution of the A?g phonon energy (red points) and
linewidth (blue points) as a function of temperature. The errors are
smaller than the symbol size.

of phonons with energy w; and c; is a numerical factor
[32]. At T = 5K, the three main Raman scattering features
corresponding to the A};"3 phonons are observed at 121,
254, and 346 cm™!, respectively. A comparison between ex-
perimental and calculated phonon energies is presented in
Table S1 of the Supplemental Material [30]. Let us first in-
vestigate the evolution of the A? . phonon with temperature
presented in Fig. 3. Below Ty, CrSBr becomes magnetically
ordered and the spin-spin interaction is modified by prop-
agating phonons that can change the superexchange angles
and the resulting the magnetic exchange couplings [33]. This
interaction might also slightly modify the lattice constant
and phonon energies [27]. We observe a hardening of the
phonon mode from room temperature down to 7 where
the phonon energy stays rather constant down to 7y. This
temperature range corresponds to the intermediate magnetic
phase in which the intralayer ferromagnetism is established,
but spins in adjacent layers are not all AF ordered [11,13].
For lower temperatures, the Af , phonon mode hardens again
before showing a sharp discontinuity around 7 = 25 K which
coincides with the transition to a new magnetic ground state
[14,15]. The evolution of the full width at half maximum
(FWHM) of the AL phonon presented in Fig. 3 also devi-
ates from expectations considering only anharmonicity: The
FWHM decreases when lowering temperature but shows an
inflection point in the intermediate magnetic phase, around
T = 140 K. We understand this behavior as a combined effect
of anharmonicity with the reduction of the phonon thermal
populations and of the simultaneous reduction of spin fluctua-
tions of the magnetic ions [15], which leads to the suppression
of a phonon scattering mechanism and to a decrease of the
linewidth. Close to T = 25K, we observe a sharp increase
of the FWHM of the A?g phonon. The evolution of both the
energy and of the FWHM of the A3 ., phonon hence reflects the
details of the magnetic ordering in this bulk magnetic van der

Waals material, revealing the four magnetic phases discovered
in bulk CrSBr.

In addition to these effects, particularly pronounced for the
A3, phonon mode [34], the emergence of magnetism in bulk
CrSBr and the spin-phonon coupling also has profound impli-
cations on the overall Raman scattering response. As can be
seen in Fig. 2, the scattered intensity from the different phonon
modes increases significantly for 130K < 7' < 160 K, which
corresponds to the intermediate magnetic phase. We present in
the Supplemental Material [30] the evolution of the energies,
width, and integrated intensities of all observed Raman scat-
tering features; see Figs. S2—-S4. The evolution of the phonon
energies goes beyond effects of crystal anharmonicity and
most of the peaks show intensity anomalies corresponding to
the iFM phase when Ty < T < T¢. The increase of full width
below T = 25K, particularly marked on the A?g phonon, is

also observable on A% . butnot on the A{ o phonon. The increase
of the scattered intensity in the iFM phase affects most of the
phonon modes (see Supplemental Material Figs. S4 and S5
[30D).

When the interlayer AF order builds up, the symmetry of
the solid changes due to the additional magnetic periodicity
imposed on the crystallographic one. In bulk CrSBr, the unit
cell doubles along the c¢ axis, which causes the folding of
Z-point phonons on the I' point and the activation of new
phonon modes in the Raman scattering response. This effect
can be clearly seen with the gradual appearance, for tem-
peratures close to 7¢, of an additional phonon peak close
to 194 cm™' which we identify as the Bs, phonon from
the Z point. Additionally, a weak Raman scattering mode at
71 ecm~! is observed below T = 260K and corresponds to
a Bz, phonon from the I' point. At 7 = 130K, this mode
disappears and a new mode rises at 57 cm™!; see Fig. 4(a).
We identify this new mode as the B3, mode from the Z point,
activated below Ty . To further reenforce our interpretation that
the appearance this phonon below Ty is related to the AF
order, we have applied a magnetic field at low temperature.
The sample in its AF phase and the c axis is tilted by 30° with
respect to the light propagation direction and to the external
magnetic field. As the bulk sample is not oriented in the (a, b)
plane, we have simultaneously measured the photolumines-
cence from excitons in bulk CrSBr, which have been shown to
be a probe of the saturation field [8] above which all the spins
are aligned along the direction of the external magnetic field.
These results are shown in Figs. 4(b)—4(d) for the unpolarized
magnetophotoluminescence and magneto-Raman scattering,
respectively. When measuring the magneto-Raman scattering
response, we observe that the 57 cm™! mode observed in
the AF phase gradually disappears when the saturation field
is reached, in our tilted configuration for B > 0.8 T, and the
71 cm™! phonon mode is recovered. Simultaneously, the B%g
phonon observed at 305 cm™! strongly gains in intensity for
B > 0.8 T. This magnetic field corresponds to the saturation
magnetic field extracted from magnetophotoluminescence and
presented in Fig. 4(b), confirming that observing the B3, from
the Z point at 57 cm™! is a characteristic signature of the
AF phase. The results presented in Figs. 4(c) and 4(d) hence
clearly relate the evolution of the Raman scattering response
to the magnetic ordering in bulk CrSBr. Puzzling is the com-
plete disappearance of the B3, phonon from the I" point below
Ty accompanied by the strong reduction of intensity of the By,
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FIG. 4. (a) Evolution of the unpolarized Raman scattering re-
sponse measured at various temperatures between 7' = 5K up to
T = 250K, (b) magnetophotoluminescence of bulk CrSBr up to
B = 1T with the B field applied 30° from the ¢ axis and showing
a saturation field of By, = 0.75T, and [(c), (d)] magneto-Raman
scattering response at 7 = 5 K with the B field applied in the same
configuration as in panel (b) for two different energy windows cen-
tered on the B3, phonon mode (c) and on the B,, phonon modes (d).

phonon from the I' point at 290 cm ™. In the case of phonon
zone folding due to the additional magnetic periodicity below
Ty, one would expect the appearance of new phonon modes
in the Raman scattering response of the magnetic phase, but
phonons already active in the high-temperature phase are ex-
pected to persist, which is not the case in bulk CrSBr, pointing
toward a more complex process.

When the magnetic order appears in bulk CrSBr, the first-
order Raman scattering spectrum is profoundly changed as
described above, but we also observe the appearance of the
second-order Raman scattering spectrum. This evolution is
presented in Figs. 5(a) and 5(b). The second order appears
when the temperature is tuned below 160K, which corre-
sponds to the establishment of the intralayer ferromagnetic
order and grows in intensity when temperature is further de-
creased. It extends from 370 to 780 cm ™~ and includes several
broad features, with FWHM in the range of 20-30 cm™!
which correspond to multiphonon processes, including acous-
tical phonons at the Z and X points of the phonon Brillouin
zone [see Fig. 1(a)]. The appearance of the second-order
spectrum when decreasing temperature is related to a growing
resonance of the laser energy, in this case Ee. = 1.96 eV, with
the B exciton energy at 1.82eV.

We have previously described the sharp increase of the
energy and linewidth of the A?g phonon below T = 25 K. The
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FIG. 5. Top: False color map of the Raman scattering response of
bulk CrSBr as a function of temperature showing both the first- and
second-order Raman scattering spectrum. Bottom: Raman scattering
spectra at different temperatures above and below 7Ty. The inset
focuses on the peak at 467 cm™! (indicated by a star) that appears
below T*.

low-temperature magnetic phase has another Raman scatter-
ing signature within this second-order spectrum. As we show
in the inset of Fig. 5(b), we observe at E = 467 cm™~' an ad-
ditional sharp Raman scattering peak with FWHM = 2 cm™!
that can only be observed at the lowest temperatures, when
T < 40K. This peak appears at an energy higher than that of
the first-order spectrum and can hence hardly be assigned to
the activation of a previously forbidden scattering. It should
rather be a multiphonon process involving, for instance, the
simultaneous emission of A} g and A3 . phonons. Additionally,
this feature does not show any dependence on the applied
magnetic field (see the Supplemental Material Fig. S6). We
cannot conclude with the present data on the origin of this new
mode which appears as characteristic of the low-temperature
magnetic phase in bulk CrSBr.

IV. CONCLUSIONS

To conclude, using temperature- and magnetic-field-
dependent Raman scattering techniques, we have described
the strong spin-phonon coupling in bulk CrSBr. The different
magnetic phases have distinct Raman scattering signatures
that experiments performed in a tilted geometry allow to pre-
cisely trace and investigate. Our ab initio calculations of the
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phonon band structure in the AF phase agree well with the
Raman scattering experiments and allow for the identification
of the different phonon modes. We have shown the Raman
scattering signatures of the still-debated magnetic phase at
low temperature in the form of discontinuities in the tem-
perature evolution of the energy and linewidth of the A?g
phonon mode, in the appearance of a new Raman scatter-
ing peak at E = 467 cm~'. Raman scattering techniques are
very efficient to get insights into the rich magnetic phases
of magnetic layered materials with arbitrary magnetization
direction.
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