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ABSTRACT: 2D magnetic materials have attracted extensive research interest due to their potential application in
nanospintronics, optospintronics, and magnonics. Ferromagnetic- and antiferromagnetic-layered materials have
been demonstrated and successfully inserted into van der Waals heterostructures. However, the effects of magnetic
frustration in van der Waals materials and the possibilities offered by spin configurations characterized by nonlinear
spin arrangements have not been fully considered yet. Herein, we establish the magnetic phase diagram of bulk
CrOCl, a frustrated van der Waals magnet, using magnetization and magneto-optical spectroscopy techniques. In
particular, we use the magnetic superstructures relative to the crystallographic unit cell and the associated rich zone-
folded phonon series to describe the magnetic-field-induced phases. Theoretical calculations taking into account the
competing nearest neighbors’ magnetic exchange interactions provide insight into the lattice vibrations of this class
of magnetic system. This study expands the scope of 2D magnetic materials and provides a methodology to
characterize frustrated van der Waals magnets.
KEYWORDS: van der Waals magnet, Raman scattering, zone-folded phonons, density functional theory, magnetic phases

INTRODUCTION
On-lattice frustration, in certain magnetic compounds featuring
spin−spin interactions of various kinds between first, second,
and neighboring lattice sites, leads to very rich magnetic phase
diagrams comprising highly degenerate disordered phases and
complex spin orders. Varying the temperature, magnetic field,
or hydrostatic pressure, one can navigate through these exotic
phase diagrams. Spectacular examples of emerging exotic
quantum phases1,2 and cascades of magnetic ground states
driven by an external magnetic field3−7 or hydrostatic
pressure8,9 have been reported in the last years.
van der Waals magnetic materials are layered materials that

can be thinned down to the monolayer limit, while retaining
collective magnetic properties,10 different in nature from those
of the bulk parent material.11 They altogether offer a broad

portfolio of intralayer magnetic ordered states, such as
ferromagnetism (FM), Neél-like zigzag, or stripe antiferromag-
netism10,12,13 (AFM), combined with ferro- or antiferromag-
netic interlayer interactions.14 Accordingly, they represent a
rich platform to revisit and further explore low-dimensional
magnetism, with new opportunities as they can be inserted
within van der Waals heterostructures15 to induce specific
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properties in the neighboring layers via proximity effects;16−18

they may even pave the way to an ultimately thin (van der
Waals) spintronics.19

Depending on the lattice structure and on the nature/
strength of spin−spin interactions between different kinds of
neighbor sites, these interactions may have antagonistic effects,
each promoting alone a different kind of order. Such
competition of interactions prevents simple (i.e., ferro or
antiferromagnetic) spin orders to develop and instead favors
nontrivial spin arrangements. Bulk chromium oxychloride
CrOCl falls in this class of compounds�it is a frustrated
magnet, possessing a rich phase diagram, whose phases have
only been partly assigned.
At room temperature, CrOCl crystallizes in the ortho-

rhombic FeOCl structure with the Pmmn space group20,21 (see
Table S1 of the Supporting Information). The crystal structure

of CrOCl, together with the relevant views along the a , b ,
and c axes, is presented in Figure 1a−d. When decreasing
temperature, magnetic correlations become significant below
27 K, where an incommensurate spin density wave builds up,22

which then evolves below the Neél temperature TN = 14 K into

an antiferromagnetic (AFM) state with a b4 period21 (see
Figure 1e). Even though the size of the magnetic unit cell is

b4 , X-ray experiments detected a b2 structural distortion,23

accompanied by a distortion to a monoclinic lattice with the
P21/m space group.

The b4 periodicity of the magnetic order is a consequence
of the frustration in the magnetic exchange parameters, as
defined in Figure 1j. Exchange interactions calculated using
density functional theory (DFT) methods and the broken
symmetry formalism,24−29 i.e., by mapping total energies
corresponding to various collinear spin arrangements within a
supercell onto the Heisenberg Hamiltonian, are presented in
the S3 of the Supporting Information. The leading exchange
interactions are J1, J2, J3, and J7. As can be seen in Figure 1j, FM
interaction J3 connects Cr atoms in different unit cells along
the a axis and does not lead to a new periodicity along this
direction. Frustration is due to incompatible interactions
between J1 (AFM), J2 (FM), and J7 (AFM). In particular, J7 is

mainly responsible for stabilizing the four times periodicity

along the b axis.
When a magnetic field is applied along the c axis, bulk

CrOCl undergoes a series of magnetic phase transitions first to
a spin-flop phase around B = 3.0 T and then to a ferrimagnetic
(FiM) phase (see Figure 1f) above B = 3.85 T. This phase has
been inferred from the observation of a plateau in the
magnetization30 corresponding to 1/5 of the magnetization at
saturation. For B > 4 T, an apparent splitting of a phonon with
Ag symmetry30 has been assigned to a Raman scattering
signature of the FiM phase. Above the FiM state, the high-
magnetic-field phases of CrOCl are not known even though it
has been shown that the magnetic lattice saturates at B = 30
T.22 Recently, thin layers of CrOCl down to the monolayer
have been investigated by magneto-tunneling measurements,31

suggesting magnetocrystalline anisotropies more subtle than
the easy-axis anisotropy for bulk CrOCl.31,32

In this work, we present magneto-Raman scattering and
magneto-infrared (IR) absorption spectroscopy analysis of
phonon modes in bulk CrOCl, confronted with magnetization
versus magnetic field measurements up to high magnetic fields
(30 T continuous, 60 T pulsed) and DFT calculations. Our
results show that the magnetic frustration in this van der Waals
magnet induces magnetic phases with unit cells much larger
than the crystallographic one. This additional magnetic
periodicity changes both the phonon Raman scattering and
the infrared responses by folding the phonon Brillouin zone
onto the Γ point. We observe a series of zone-folded phonons
(ZFPs) in the low-temperature AFM phase, which changes
under an external magnetic field into another series of ZFP
modes in the FiM phase and which persists up to B = 19 T.
Above this magnetic field, the series of ZFP modes transforms
again into another series of ZFP similar to that observed at B =
0, indicating, at high magnetic fields, the presence of a
magnetic phase with the same periodicity as the AFM phase.
For B > 19 T, all Raman-active phonons experience a gradual
change of their energies, as large as 1 meV, up to the saturation
magnetic field of B = 30 T. In particular, the ZFP modes allow
for spectroscopy of the magnetic ground states and also reflect
the magnetic hysteresis as observed when sweeping the
magnetic field in opposite directions.

Figure 1. (a−c) Crystal structure of bulk CrOCl along the main crystallographic axes and (d) perspective view of the lattice. The field-

induced magnetic phases of CrOCl considered in this work: (e) Antiferromagnetic (AFM) with a b4 period; (f) ferrimagnetic (FiM) with a

b5 period compatible with a 1/5 total magnetization; (g) canted FiM phase with a b5 period; (h) canted AFM phase with a b4 period; (i)
ferromagnetic (FM); and (j) definition of the Cr−Cr magnetic exchange parameters Ji.
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Using DFT calculations, we describe the phonon modes of
different ground states. The theoretical calculations of the ZFP
modes compare well with the experimental observations,
supporting the presence of magnetic phases with unit cells
much larger than the crystallographic one. Using an unfolding
procedure,33 we were able to assign the series of ZFP to the

k 0 phonon modes of the crystallographic cell.
Finally, experiments performed with the external magnetic

field applied along the in-plane directions show that bulk
CrOCl has not only an easy magnetic axis along c but also an
intermediate and a hard axis in the plane of the layers.

MAGNETIZATION MEASUREMENTS
Figure 2a shows the magnetization (M) as a function of a
magnetic field applied along the c axis, measured up to B = 60
T. Seven different regions can be defined in the M vs B plot.
They have been labeled with Roman numerals in Figure 2a. As
mentioned above, the zero field phase, region I in Figure 2a, is

an AFM phase (see Figure 1e) with a b4 period,21 which is
maintained up to B ∼ 3.5 T, in our experiment performed at
4.5 K.22,23,30,31,34 Magnetization increases linearly as a function
of the B field in this phase. We understand this behavior as
possibly originating from the finite temperature at which the

Figure 2. (a) Low-temperature (4.5 K) magnetization curve of bulk CrOCl with the magnetic field applied along c . The data for B < 7 T
have been measured with SQUID magnetometry, and in pulsed magnetic fields for B > 7 T, see Figure S8 of the Supporting Information.
Vertical dashed lines indicate the critical magnetic fields separating the different magnetic regions labeled by Roman numbers. (b) Raman
scattering response of bulk CrOCl measured at room temperature and at T = 5 K. (c,d) Magneto-Raman scattering spectra acquired when
sweeping the magnetic field along c (c) from 0 to 30 T and (d) from 30 T to 0 measured with 1 T field increments/decrements. Four
different regions can be defined when sweeping the magnetic field up or down, labeled with Arabic and primed Arabic labels, respectively
(see text). (e) Schematic comparison of the different regions associated with specific behaviors in the magnetization versus magnetic field
measurements and the Raman scattering response when sweeping the magnetic field up and down, as shown in panels a, c, and d.
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experiment is performed and potential paramagnetic impurities
in our bulk specimen.
A first hysteresis cycle is observed between 3.5 and 4 T

(region II in Figure 2a). When increasing the magnetic field in
this region (black curve), the small plateau at around one tenth
of the saturation magnetization has recently been assigned to
the transition from the low-temperature AFM state to a spin-
flop phase, which then evolves to a FiM state characterized by
a magnetization plateau (region III) at one-fifth of the
magnetization.30−32,35 The proposed magnetic order for the
FiM phase in the 10-spins unit cell is depicted in Figure 1f,
with 6 spins (respectively 4) aligned (respectively, antialigned)
with the field direction.30,31 It is interesting to note that this

magnetic order with a b5 periodicity is the simplest
conceivable one with 1/5 of the total magnetization; however,
other orders might be relevant. The magnetization plateau
associated with the ferrimagnetic phase extends up to B = 10
T.
We have performed magneto-optical Kerr effect experiments

that show the appearance of a net magnetization in CrOCl
above B = 4 T; see Figure S9 of the Supporting Information.
The field-dependent Kerr rotation spectra exhibit a sudden
increase in amplitude above 3.5 T when a spectroscopic
structure around 1.7 eV appears. This corresponds to the Kerr
rotation originating from interband transitions across the band
gap in the ferrimagnetic phase. The ferrimagnetic origin of the
polar Kerr rotation is proven by its sign change upon the
change of the sign of the external magnetic field and a relative
saturation between 4.5 and 6 T. Above 10 T (regions IV, V,
and VI in Figure 2a), the magnetic phases have not been
identified so far. Based on our Raman scattering experiments
and DFT calculations, we provide new insights into the

magnetic order associated with them (see below). Around B =
29 T, magnetization saturates and remains constant (region
VII) up to the highest value of the magnetic field accessible in
our experiment, B = 60 T. CrOCl is then fully polarized in an
FM state (see cartoon in Figure 1i).
Evaluating the magnetic susceptibility dM/dB, see the lower

panel of Figure 2a, we can identify two anomalies: at B = 20.5
T when sweeping the magnetic field up and at B = 14 T when
sweeping down. We understand these peaks in the
susceptibility as signatures of magnetic phase transitions,
which imply that sweeping the magnetic field up, the canted
FiM phase extends up to B = 20.5 T, and that when sweeping
the B field down, the canted AFM phase extends down to B =
14 T. This magnetization curve will serve as a guide to
interpret the results of Raman scattering and infrared
spectroscopy experiments.

RAMAN SCATTERING MEASUREMENTS
Temperature Dependence. The Raman scattering

response of bulk CrOCl at 5 and 300 K is presented in Figure
2b. At room temperature, it is composed of three contributions
identified as phonons with Ag symmetry34 and labeled Ag1−3.
They correspond to atomic displacements along the c axis
(see Figure S11 of the Supporting Information). The other six
Raman-active modes with B2g and B3g symmetries and

displacements along the a and b axes are expected to have
extremely low intensities and cannot be observed in our
experiment.
When decreasing temperature, on top of these prominent

phonon modes (hardened under the effect of anharmonicity),
another series of Raman scattering features with much lower
intensity can be seen clearly at 5 K; see Figure 2b. The full

Figure 3. (a) Low-temperature Raman scattering response of bulk CrOCl at selected values of the magnetic field applied along c and
corresponding to the AFM, to the FiM, the canted antiferromagnetic, and to the FM phases (log scale). Arrows indicate the zone-folded
phonons. (b−d) Experimental spectra (5 K) compared to theoretical calculations (log. scale; theoretical energies stretched by 6%, structures
used for calculation have been fully relaxed); (b) measurement at 0 T, calculation for an AFM 1 × 4 × 1 monoclinic unit cell; (c)
measurement at 6 T, calculation for a FiM 1 × 5 × 1 orthorhombic unit cell; (d) measurement at 30 T, calculation for a FM 1 × 1 × 1
orthorhombic unit cell; (e) low-temperature IR transmission spectra measured at B = 0 T (AFM phase) and at B = 5 T (FiM phase). Arrows
indicate the zone-folded phonons.
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temperature dependence can be found in Figures S1 and S2 of
the Supporting Information. These modes become optically
active when the long-range magnetic order is settled and a
magnetic unit cell, with a different size than the crystallo-
graphic cell, appears. This is the case when the AFM ground

state with a b4 periodicity is stabilized below TN = 14 K.
Figure 3b shows the comparison of the experimental Raman
spectra at zero field and 5 K and the DFT calculations for the
fully relaxed 1 × 4 × 1 monoclinic unit cell with the AFM
magnetic order shown in Figure 1e. The calculated parameters
of the relaxed AFM cell are presented in Table S2 of the
Supporting Information. The calculation confirms that the low-
intensity Raman features arise from two effects: the change in
symmetry, from orthorhombic to monoclinic, and the
magnetoelastic distortions induced by the magnetic order;
see Figures S9 and S10 of the Supporting Information.
It is important to note here that the spin superperiodicity

developed below TN does not explain, alone, the appearance of
folded phonon modes in the Raman spectra because the
electromagnetic wave does not interact with the spin but with
the full charge density. As is the case in CrOCl, most magnetic
phase transitions are accompanied by small lattice distortions
producing a superperiodicity (relative to the nonmagnetic
crystal periodicity). The Raman activity of such modes
depends on the amplitude of the lattice distortion, which is
traced back to the strength of the magneto-elastic interaction.
The additional features in the spectra thus reflect the different
magnetic phases through the lattice distortion mentioned
above and can be used to reveal the field-induced magnetic
phases.
Magnetic Field Dependence. The magnetic field

dependence of the Raman scattering response for increasing
fields is shown in Figure 2c, and in Figure 3a for 0, 6, 20, and
30 T.
When increasing the magnetic field, the series of additional

features characteristic of the AFM 1 × 4 × 1 phase changes
abruptly (within 100 mT) to another series for B > 3.85 T (see
Figure S3 in the Supporting Information). This observation
indicates that at this particular magnetic field, small displace-
ments of the atomic positions occur following a change in the
magnetic ground state and in the size of the magnetic unit cell.
This is consistent with our understanding of the periodicity of

the magnetic phases of bulk CrOCl that change from b4 in

the AFM phase to b5 in the FiM phase. Good agreement is
found between the series of low-intensity Raman-active modes
of the FiM phase measured at 6 T and the DFT calculations
for the fully relaxed 1 × 5 × 1 orthorhombic cell with the FiM
magnetic order (Figure 1f), as seen in Figure 3c. The
calculated parameters of the relaxed FiM cell are presented
in Table S3 of the Supporting Information.
Increasing further the magnetic field, this series of low

intensity features persists up to 19 T, where it abruptly changes
to another series, which is strongly reminiscent of the one
observed at 0 T. Comparing the position of the peaks marked
with arrows in the Raman scattering response for 0 and 20 T in
Figure 3a, all the peaks present at 20 T appear to be slightly
hardened versions of the modes at 0 T (some of the low-
intensity features are only visible at 0 T). This series persists up
to 27 T and then progressively vanishes. From 27 T up to 30
T, the Raman scattering response is only composed of the
three high-intensity Ag phonon peaks of the FM phase. We

observe a blue shift of the three Ag modes at 30 T with respect
to those at 20 T. The full magnetic field dependence showing a
B2 hardening of their energies is presented in Figure S5 of the
Supporting Information. The comparison of the experimental
Raman scattering response at 30 T to the DFT-calculated
spectra for the 1 × 1 × 1 orthorhombic cell with the FM
magnetic order shown in Figure 1i is presented in Figure 3d.
The calculated parameters of the relaxed FM cell are presented
in Table S4 of the Supporting Information.
The additional features also show magnetic hysteresis. As

shown in Figure 2d, when sweeping down the magnetic field
after having reached the magnetization saturation at B = 30 T,
the magnetic field values at which the series changes are
different. From Figure 2c,d, we can thus identify four different
regions in the magneto-Raman scattering response of bulk
CrOCl, which we have labeled with Arabic and primed Arabic
labels, from 1 to 4 and 1′ to 4′, respectively. The main
difference between increasing and decreasing the magnetic
field concerns the critical field that defines the transition
between regions 2 and 3 (19 T), to be compared to the
transition between 2′ and 3′ (15.5 T). A series of additional
Raman-active modes can hence be used as a tool to evaluate
and characterize magnetic hysteresis.
Such additional features are also observed with different

selection rules when measuring the infrared (IR) transmission
of bulk CrOCl. The low-temperature IR transmission spectra
measured at B = 0 T (AFM phase) and at B = 5 T (FiM phase)
are presented in Figure 3e. They present distinct sharp
absorption features that correspond to additional IR-active
modes, distinct from the Raman-active series, and the series
abruptly changes to another series at the magnetic phase
transition. They offer deeper insight into the phonon band
structure as they provide the IR-active modes. The magnetic
evolution of the IR response up to B = 16 T is presented in
Figures S6 and S7 of the Supporting Information.
The comparison between the seven magnetic field regions

defined from the magnetization versus magnetic field measure-
ments (labeled with Roman numbers) and the ones defined
from the Raman scattering measurements is shown in Figure
2e. From this, we discuss the nature of the magnetic phases
associated with the regions labeled IV, V, and VI in Figure 2a,e.
The increase in magnetization in the 10−14 T range (region

IV) is certainly a canted phase with the same periodicity ( b5 )
as the FiM phase. Its magnetic order is represented
schematically in Figure 1g. The increase in magnetization in
the 20.5−30 T range (region VI) must be a canted phase with

the periodicity ( b4 ) of the AFM phase. The magnetic order of
this canted AFM phase is schematically represented in Figure
1h. The hysteresis cycle in the 14−20.5 T range (region V)
corresponds to a competition between these two canted
phases. At this stage, the spin-flop phase detected in the
magnetization measurements in the 3−3.85 T range (region II
in Figure 2a) cannot be distinguished from the AFM 1 × 4 × 1
phase as both phases share the same (magnetic) periodicity.

ZONE-FOLDED PHONONS
The additional Raman and infrared active modes that appear at
a low temperature and under a magnetic field can be, in
general, attributed to small distortions that change the
crystallographic symmetry of the unit cell. In bulk CrOCl,
the paramagnetic and the FM phases have the same
orthorhombic structure with the Pmmn space group. The
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AFM magnetic order is monoclinic with the P21/m space
group, and the FiM phase is orthorhombic with the Pmmn
space group. As already mentioned, the AFM unit cell is four

times larger along the b axis than the paramagnetic one, and
the FiM unit cell is five times larger. One can thus wonder if
the additional features appearing in the Raman scattering
response could be understood as additional modes that appear
at Γ as a result of the zone folding of the 1 × 1 × 1 cell. Indeed,
from group theory analysis, there are nine Raman-active
phonons in the paramagnetic or FM phase, 36 in the AFM
phase, and 45 in the FiM phase.
The phonon band structure of the fully relaxed 1 × 1 × 1

FM cell is shown in Figure S12 of the Supporting Information.
The result of folding this band structure four and five times
smaller Brillouin zones is also shown. They are compared, side-
by-side, with those of the corresponding fully relaxed AFM and
FiM phonon bands. One can observe small energy differences
and band anticrossings, which are a consequence of the small
structural distortions produced by the magnetoelastic inter-
actions. It is important to note that even if the phonons
generated by the strict zone-folded process of the 1 × 1 × 1
cell will appear as Raman or IR active by the group theory
analysis, their intensity will be zero. No new modes can appear
by unnecessarily changing the size of the unit cell. It is the small
displacement of the atomic positions due to the magnetoelastic
interactions, evidenced by the slight change of their energies
that make them visible.
The phonon band structure of the fully relaxed 1 × 4 × 1

AFM and 1 × 5 × 1 FiM magnetic systems (see Figure S12 of
the Supporting Information) can be unfolded in the Brillouin
zone of the 1 × 1 × 1 cell through the procedure proposed by
Allen et al.33 The L phonon mode with wave vector K in the
AFM (FiM) Brillouin zone and energy K L( ) will appear with
a weight

= | |
=

+ ·W G K L T r K L( )
1

( ) eK L
j

j
i K G r

1

( ) j

and the same energy at wave vector G in the Brillouin zone of
the 1 × 1 × 1 cell. Here, is the number of crystal unit cells
in the magnetic supercell (4 for AFM and 5 for FiM), and

T r( )j is the translation operator of 1 × 1 × 1 unit cells labeled

with index j along the b -axis. The resulting phonon band
structures for the AFM and FiM systems are shown in Figure
4a,b, where the hue of the gray lines represents the weight of
the unfolding procedure. There is a strong resemblance
between the unfolded phonon band structures with the band
structure of the 1 × 1 × 1 cell shown in Figure S12 of the
Supporting Information. The 36 red, green, and blue dots in
Figure 4a and 45 in Figure 4b are the Raman-active modes

with =K unfolded in the Brillouin zone of the 1 × 1 × 1
cell. As expected, the ZFP of the AFM cell comes from Γ
(red), ± Y/2 (green), and Y (blue) in the 1 × 1 × 1 cell and
the ZFP of the FiM cell comes from Γ (red), ± 2Y/5 (green),
and ± 4Y/5 (blue).
This unfolding procedure allows us to identify the origin of

the additional features that appear in the Raman response and
assign them to the points of the 1 × 1 × 1 Brillouin zone
commensurate with the magnetic periodicity. The result is
shown in Figure 4c,d, where the calculated Raman spectra are
plotted with the same colors as in the unfolded band structure.
Additional features in the FiM spectra can be assigned to ZFP

from =G , 2Y/5, and 4Y/5. We can see that the apparent
splitting of the Ag1 and Ag3 recently reported

30 for the FiM phase
is actually the result of the appearance of ZFP from 2Y/5 and
4Y/5, respectively.

For the AFM phase, only ZFP from =G and Y appear as
new features in the Raman spectra. The intensity of ZFP from

=G Y /2 is strictly zero. This effect has its origin in the fact

that ZFP from Y/2 are expected for a b4 periodicity, such as
in the AFM phase; however, as already mentioned, the

structural distortion of this phase has only a b2 periodicity.
This result is confirmed by our calculations of the magnetic
order of the AFM phase (see Figure S9 of the Supporting
Information). The spin configurations presented in Figure 1e−
i are schematics and correspond to the simplest ones
compatible with the size of the magnet unit cells deduced
from Raman scattering measurements. There could be
additional interactions leading to noncollinear spin arrange-

Figure 4. (a) Calculated phonon band structure of the fully relaxed 1 × 4 × 1 AFM phase unfolded in the Brillouin zone of the 1 × 1 × 1 unit
cell. The gray hue of the lines represents the weight in the unfolding procedure (see the text). The dots at Γ (red), ± Y/2 (green), and Y
(blue) are the 36 Raman-active modes of the 1 × 4 × 1 AFM phase unfolded in the 1 × 1 × 1 Brillouin zone. (b) Similar unfolding process
performed for the fully relaxed 1 × 5 × 1 FiM band structure. The dots at Γ (red), ± 2Y/5 (green), and ± 4Y/5 (blue) are the 45 Raman-
active modes of the 1 × 5 × 1 FiM phase unfolded in the 1 × 1 × 1 Brillouin zone. (c) Calculated intensity of the 36 Raman-active modes
shown in panel (a). (d) Calculated intensity of the 45 Raman-active modes shown in panel (b).
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ments, such as hidden Dzyaloshinskii−Moriya interactions,36,37

which are not taken into account in the present work.

MAGNETOCRYSTALLINE ANISOTROPY
Having established previously that one can trace various
magnetic phase transitions using ZFP spectroscopy when the B
field is applied along the c axis, we now consider a magnetic

field along the in-plane a and b directions. Exfoliation of bulk
CrOCl produces lamellar needles with a long (a axis) and

short axis (b axis), similar to the case of CrSBr.38 Applying the
field along a , the B-sequence of ZFP spectra essentially
changes by the values of the critical fields separating the FiM
and the canted FiM phases (regions 1 and 2 or 1′ and 2′ in the
Raman response in Figure 2) and separating the canted FiM
and the canted AFM phases (regions 2 and 3 or 2′ and 3′ in
Figure 2). The critical fields are 6.5 and 15.5 T upon increasing
the field, instead of 3.5 and 19 T (compare Figures 2c and 5a).
When the B field is swept from 30 T down to 0, a hysteresis is
also observed with critical fields observed at 12.5 and 6.5 T,
again different from the case of a field applied along c
(compare Figures 2d and 5b). When the field is applied along
the short axis of the needle, the observed evolution is distinct,
with no change of the ZFP series up to the highest value of the
magnetic field (see Figure 5c,d), suggesting that the FiM phase
cannot be stabilized in this configuration. For both in-plane
field orientations, the magnetoelastic interaction starts to be
effective and shifts the three main phonon modes above 25 T.
These experiments set bulk CrOCl in the class of biaxial
magnetic systems.

CONCLUSIONS
This study establishes CrOCl as a frustrated van der Waals
magnet, with a rich phase diagram governed by competing
magnetic interactions. Using magnetometry, magneto-Raman,
and infrared spectroscopy, along with DFT, we identified
multiple magnetic phases with large unit cells, leading to
distinct zone-folded phonon series. These results demonstrate
the strong coupling between the nontrivial spin configurations
found in bulk CrOCl and lattice vibrations, highlighting the
role of magnetoelastic interactions in frustrated magnets. Our
findings expand the understanding of 2D magnetism,
particularly in materials where frustration leads to unconven-
tional spin states. The observed magnetic hysteresis and field-
induced transitions provide a pathway to controlling spin
configurations through external stimuli. Beyond fundamental
research, these insights have implications for next-generation
technologies. The ability to manipulate spin configurations in
van der Waals magnets could have a significant impact on data
storage, enabling ultradense and energy-efficient memory
devices. These results pave the way for future studies on
spin−lattice coupling and quantum information processing,
positioning frustrated magnets as key materials in advanced
spin-based technologies.

EXPERIMENTAL AND COMPUTATIONAL DETAILS
Growth of Bulk CrOCl. CrOCl was prepared by chemical vapor

transport (CVT) in a quartz glass ampule using chromium oxide and
chromium chloride. In the quartz ampule (40 × 200 mm) were placed
anhydrous chromium(III) chloride (99.9%, Strem, USA) and
chromium oxide (99.9%, Sigma-Aldrich, Czech Republic) in
stochiometric ratio corresponding to 20 g of CrOCl together with
0.3 g of HgCl2 (99.9%, Sigma-Aldrich, Czech Republic). The ampule
was melt-sealed under high vacuum (1 × 10−3 Pa) by an oxygen−

Figure 5. False color map of the low-temperature magneto-Raman scattering response of bulk CrOCl with the B field applied along the long
axis of the needles and sweeping from B = 0 to 30 T (a) and from B = 30 T to 0 (b) and with the magnetic field applied along the short axis
of the needle while sweeping from B = 0 to 30 T (c) and from B = 30 T to 0 (d). The spectra are measured with a 1 T field increment/
decrement.
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hydrogen welding torch. The ampule was first prereacted in a crucible
furnace by gradual heating up to 900 °C. Subsequently, the ampule
was placed in a two-zone horizontal furnace. First, the source zone
was heated at 800 °C, while the growth zone was heated at 950 °C.
After 4 days, the thermal gradient was reversed, and the source zone
was heated at 900 °C, and the growth zone at 850 °C. Over the
period of 15 days, the temperature of the source zone was increased to
950 °C, and the growth zone temperature was decreased to 800 °C.
Finally, the ampule was cooled down to room temperature and
opened in an argon-filled glovebox.
Magnetization Measurements. Pulsed-field magnetization up

to 60 T was measured at the Dresden High Magnetic Field
Laboratory. The field was produced by a magnet solenoid energized
by a single 1.44 MJ capacitor module. The rise time of the field pulse
was 7 ms with a total pulse length of 25 ms. Magnetization was
obtained by integrating the voltage induced in a compensated coil
system surrounding the sample. A detailed description of the
technique is provided in ref 39.
Raman Scattering. The magneto-Raman scattering response of

bulk CrOCl was measured using a homemade experimental setup.
The excitation laser is focused on the sample by a long working
distance objective (12 mm), which is also used to collect scattered
signals, which are sent using free beam optics to a grating
spectrometer equipped with a liquid nitrogen-cooled CCD. Three
volume Bragg filters are used in series before the spectrometer to
remove the elastic scattering. This setup is then placed in a metallic
tube filled with helium exchange gas and inserted into liquid helium.
We use an optical power of 50 μW focused on ∼1 μm and a typical
acquisition time for the Raman scattering response of 300 s.
Infrared Measurements. The infrared response has been

measured using a Fourier transform spectrometer coupled to the
resistive magnet with an oversized waveguide. The sample is placed in
a closed tube filled with helium exchange gas, and the signal is
collected by a composite silicon bolometer placed behind the sample.
We use a rotating sample holder to change the in situ value between
the sample and a reference to measure the absolute transmission of
the sample. Static magnetic fields up to B = 16 T have been produced
by a superconducting solenoid.
Magneto-Optical Kerr Effect Measurements. Visible magneto-

optical Kerr spectroscopy at 4 K was measured upon reflection in a
polar configuration with a magnetic field applied perpendicular to the
sample surface and nearly normal light incidence. We employed a
custom-built magneto-optical spectrometer based on a rotating
analyzer technique coupled to the Quantum Design Physical Property
Measurement System. The applied magnetic field ranged from −6 to
6 T, and the measured spectral region covered energies from 1.2 to 4
eV.
Computational Details. Phonon calculations were performed

using the finite displacements in the supercell method, as
implemented in the Phonopy package.40,41 The interatomic forces
were extracted from DFT calculations using Quantum Espresso.42,43

The Perdew−Burke−Ernzerhof (PBE)44 version of generalized
gradient approximation (GGA)45 for the exchange−correlation
functional has been used with a plane-wave basis set and norm-
conserving pseudopotentials.46,47 In this way, scalar-relativistic spin-
polarization calculations were performed for every magnetic cell.
Plane-wave kinetic energy cutoffs of 150 and 600 Ry were used for
wave functions and the charge density, respectively. Because only the
Γ-point of the Brillouin zone is of interest in optically excited
phonons, and since Γ-point calculations are always “exact”,48 the
magnetic primitive cell size was used as the smallest supercell size
possible for lighter calculations.

Calculations were performed for three different magnetic
structures. The FM phase (see Figure 1i) was calculated in the
Pmmn cell (space group 59) with the room-temperature exper-
imental21 lattice constants a = 3.863 Å, b = 3.863 Å, and c = 7.694 Å.
In this phase, the Wyckoff positions are 2a, 2b, and 2b for the Cr, O,
and Cl atoms, respectively. There are a total of six atoms in the unit
cell. The AFM phase (see Figure 1e) was calculated in a 24-atom 1 ×
4 × 1 cell, and the FiM phase (see Figure 1f) in a 30-atom 1 × 5 × 1

cell. The AFM cell has P21/m (space group 11) symmetry and the
FiM cell has Pmmn (space group 59) symmetry.

Using the Monkhorst−Pack method,49 the Brillouin zones
corresponding to the FM, AFM, and FiM cells were sampled with 9
× 11 × 5, 9 × 3 × 5, and 9 × 2 × 5 k-point meshes, respectively, in
accordance with cell size. Shifted k-meshes were used for relaxations
only in order to reduce the number of treated k-points by symmetry.
The nonshifted meshes containing the Γ-point were used for force
calculations. Raman intensity calculations have been performed using
the Phonopy Spectroscopy module.50 This method recasts the Raman
intensity tensors in terms of the macroscopic high-frequency dielectric
tensor by using the central-difference scheme. Based on the
equations,50 it was found that the minimal precision to properly
treat low-intensity modes required an accuracy on the computed static
dielectric tensors of 10−4 au. Nonanalytical term corrections have
been included in the phonon band structure calculations using the
dipole−dipole interaction formalism.51−53
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