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Designing Magnetic Properties in CrSBr through
Hydrostatic Pressure and Ligand Substitution

Evan J. Telford, Daniel G. Chica, Michael E. Ziebel, Kaichen Xie, Nicholas S. Manganaro,
Chun-Ying Huang, Jordan Cox, Avalon H. Dismukes, Xiaoyang Zhu, James P. S. Walsh,
Ting Cao, Cory R. Dean, and Xavier Roy*

Magnetic van der Waals (vdW) materials are a promising platform for
producing atomically thin spintronic and optoelectronic devices. The A-type
antiferromagnet CrSBr has emerged as a particularly exciting material due to
its high magnetic ordering temperature, semiconducting electrical properties,
and enhanced chemical stability compared to other vdW magnets. Exploring
mechanisms to tune its magnetic properties will facilitate the development of
nanoscale devices based on vdW materials with designer magnetic properties.
Here it is investigated how the magnetic properties of CrSBr change under
pressure and ligand substitution. Pressure compresses the unit cell,
increasing the interlayer exchange energy while lowering the Néel
temperature. Ligand substitution, realized synthetically through Cl alloying,
anisotropically compresses the unit cell and suppresses the Cr-halogen
covalency, reducing the magnetocrystalline anisotropy energy and decreasing
the Néel temperature. A detailed structural analysis combined with
first-principles calculations reveals that alterations in the magnetic properties
are intricately related to changes in direct Cr–Cr exchange interactions and the
Cr–anion superexchange pathways. Further, it is demonstrated that Cl alloying
enables chemical tuning of the interlayer coupling from antiferromagnetic to
ferromagnetic, which is unique among known two-dimensional magnets.

1. Introduction

The discovery of two-dimensional (2D) magnets,[1] prepared by
mechanical exfoliation of bulk van der Waals (vdW) materials,
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provides an ideal platform to understand
and ultimately control 2D magnetism,
fueling opportunities for atomically
thin spintronic[2] and magneto-optic
devices.[3] Among the growing number
of 2D vdW magnets, including binary
metal halides[4] and chalcogenides,[5]

MXenes,[6] and transition metal ternary
compounds,[7] the vdW A-type anti-
ferromagnet CrSBr has emerged as a
particularly exciting material boasting
a high Néel temperature TN = 132 K,
stability under ambient conditions,[7e,8]

and functional semiconducting trans-
port properties.[8,9] Furthermore, CrSBr
manifests a uniquely strong coupling
between magnetism and electronic,[8,9]

optical,[7e,10] and structural properties,[11]

as well as tunable coupling between
magnons and excitons.[12] Consequently,
developing routes to modify the bulk
magnetic properties of CrSBr could
unlock new magneto-optical, magneto-
electric, magneto-elastic, and quantum
transduction phenomena that can be
functionalized in the next generation of

nanoscale spintronic and optoelectronic devices. Recent experi-
ments demonstrated that uniaxial strain on thin flakes of CrSBr
changed the magnetic ground state from antiferromagnetic
(AFM) to ferromagnetic (FM) due to a change in the sign of
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Figure 1. Structure and magnetic coupling of CrSBr under pressure and Cl alloying. A) Schematic depicting the effect of pressure on the crystal structure
of CrSBr as viewed along the c-axis (left) and a-axis (right). The dark gray arrows denote the qualitative direction of the unit-cell changes. B) Schematic
depicting the effect of Cl alloying on the crystal structure of CrSBr1−xClx as viewed along the c-axis (left) and b-axis (right). Dark green arrows denote
the qualitative direction of the unit-cell changes. C) Crystal structure of CrSBr as viewed along the c-axis (left) and a-axis (right). Double-ended black
arrows denote the direction of the relevant magnetic couplings. Dark blue arrows denote the direction of Cr3+ moments in the AFM state. D) Schematic
of the superexchange pathways for the three largest intraplanar FM couplings in CrSBr. The corresponding bonds and bond angles contributing to the
superexchange interactions are labeled.

the interlayer coupling.[11] However, there have been no exper-
imental investigations of strategies to tune the intralayer cou-
pling in CrSBr, which is expected to more strongly affect its mag-
netic properties. Understanding how structural and electronic
modifications to CrSBr affect these intralayer magnetic proper-
ties will enable the engineering of new materials in this class
of transition-metal ternary compounds with designer magneto-
electronic and magneto-optical properties.

In this work, we uncover how physical and chemical modi-
fications of the CrSBr structure affect the magnetic properties
through combined magnetic, structural, and computational anal-
ysis. We find that compression of the lattice under pressure
(Figure 1A) reduces TN through suppression of intralayer FM in-
teractions and increases all axial saturation fields due to an in-
crease in interlayer exchange energy. Upon Cl alloying, the com-
bined effects of anisotropic lattice compression (Figure 1B) and
reduced Cr–halogen covalency lead to an even larger decrease in
TN and a decrease in all axial saturation fields due to the combined
decrease of interlayer exchange energy and magnetic anisotropy.
In both cases, the reduced ordering temperature comes from
suppressed intralayer FM superexchange interactions, highlight-
ing the delicate balance between Cr–Cr direct exchange and Cr–
anion superexchange pathways. At the highest accessible Cl con-
tent, the suppressed in-plane magnetic anisotropy results in a

glassy magnetic ground state, hosting competing FM and AFM
interlayer interactions, which could prove useful for interrogat-
ing phase transitions between FM and AFM states with external
stimuli. Together, these results reveal a rich magnetic phase space
within the CrSBr family, motivating further exploration of pre-
and post-synthetic mechanisms that could, for example, grant
access to 2D-XY-like regimes or increase the magnetic ordering
temperature.

The structure of a vdW CrSBr layer consists of two buck-
led rectangular planes of CrS fused together, with both surfaces
capped by Br atoms (Figure 1C). Stacking of the layers along
the c-axis produces an orthorhombic structure with the space
group Pmmn.[8,13] The primary magnetic couplings consist of
three intralayer FM superexchange interactions (denoted J1, J2,
and J3) mediated by intralayer Cr─S─Cr and Cr─Br─Cr bonds
(Figure 1D).[14] The interlayer AFM super-superexchange cou-
pling (JIL) is mediated by Cr–Br–Br–Cr interactions between the
sheets (Figure 1C).[7e,10,14g,15] The strong intralayer coupling gives
rise to short-range FM correlations below a characteristic tem-
perature (Tc ≈ 160 K),[7e,8,14f,g] while the weaker interlayer ex-
change (Table S1, Supporting Information) induces long-range
A-type AFM order below TN = 132 K.[14g] In the magnetically
ordered state, each layer orders ferromagnetically with adjacent
layers aligned antiferromagnetically along the stacking direction
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(Figure 1C).[8,13a,14f,g] CrSBr exhibits uniaxial magnetic anisotropy
along the b-axis, originating from anisotropic exchange interac-
tions mediated by the surface-capping Br.[14f,16]

2. Results and Discussion

2.1. CrSBr Under Pressure

While intralayer superexchange interactions in CrSBr are FM,
analogous interactions in the isostructural compounds VOCl,[17]

CrOCl,[18] and FeOCl[19] are AFM, suggesting that the sign of
magnetic exchange in this family of materials may be highly
sensitive to Cr─halogen─Cr and Cr─chalcogen─Cr bond angles.
With this in mind, we chose hydrostatic pressure (P) as an ini-
tial route to modify the magnetic properties of CrSBr, as pres-
sure provides a medium to modify the structure without chang-
ing chemical properties. For measurements of CrSBr under P,
samples were prepared by grinding bulk single crystals in liquid
nitrogen (see Experimental Section for details). The powder was
then mixed with Daphne oil and loaded into a commercially avail-
able piston-cylinder pressure cell along with a small piece of Pb
acting as a manometer (Figures S1–S3, Supporting Information
and Experimental Section for details). We performed magnetic
measurements on the randomly oriented powder as a function
of temperature (T), magnetic field (μ0H), and P.

Figure 2A presents the magnetic susceptibility (𝜒) of CrSBr
versus T for various P up to 1.39 GPa. TN manifests as a
peak in 𝜒 versus T and is extracted numerically by finding the
zero-crossings of d𝜒/dT (Figure S4, Supporting Information).
The ambient-P TN = 135 ± 3 K is in agreement with previ-
ous reports.[7e,8,9,10,13a,14f,g,20] Upon the application of P, TN de-
creases linearly at a rate of dTN/dP = −12.6 ± 1.0 K GPa−1 (in-
set of Figure 2A). Curie–Weiss analysis reveals that the Weiss
temperature (𝜃W) also decreases with increasing P, while the
Curie constant (C) is independent of pressure (Figure S5, Sup-
porting Information), indicating a weakening of the intralayer
FM coupling strength with no change in the S = 3/2 Cr3+ mo-
ments. Further measurements of 𝜒 versus T with a large ap-
plied μ0H = 3 T (where all spins in the magnetic state are po-
larized along the field direction) (Figure S6, Supporting Infor-
mation) show a paramagnetic(PM)-to-FM phase transition with
a decreasing Curie temperature with increasing P, supporting
the conclusion that increasing P weakens the intralayer FM cou-
pling. In Figure 2B, we plot magnetization (M) versus μ0H with
increasing P. Because the CrSBr samples were measured as a
randomly oriented powder, we expect the M versus μ0H traces to
be an average of the axial-oriented M versus μ0H traces (Figures
S7 and S8, Supporting Information). At ambient P, M versus
μ0H is approximately linear at low μ0H followed by a change
in slope at μ0H = 0.28 ± 0.05 T (b-axis saturation field) and a
subtle kink at μ0H = 0.46 ± 0.05 T (a-axis saturation field) fol-
lowed by saturation at μ0H = 1.05 ± 0.05 T (c-axis saturation
field). With increasing P, the low-field slope decreases, result-
ing in an increasing saturation magnetic field HSAT (defined here
as the μ0H at which M = 0.9 MSAT). HSAT increases at a rate of
dHSAT/dP = 0.49 ± 0.03 T GPa−1 (inset of Figure 2B). For consis-
tency, we repeated all measurements on a second CrSBr sample,
which show quantitatively similar results (insets of Figure 2A,B
and Figure S9, Supporting Information). We note that powder X-

ray diffraction (PXRD) measurements showed no evidence of ir-
reversible phase transitions after grinding or applying maximum
P (Figure S10, Supporting Information).

To interpret the changes in magnetic properties of CrSBr un-
der P, we measured the lattice parameters of CrSBr under P
(Figures S11–S15, Supporting Information and Experimental
Section for details) and performed complementary theoretical
simulations to calculate both the relaxed structural parameters
and magnetic properties of CrSBr under P (see Experimental Sec-
tion for details). In Figure 2C, the experimental lattice param-
eters are plotted versus P. All lattice parameters decrease, with
the most significant change along the c-axis. Our density func-
tional theory calculations well-predict the experimental change
in lattice parameters under P (Figure S12, Supporting Informa-
tion) and find that, as the c-axis compresses, the correspond-
ing interlayer AFM coupling drastically strengthens (by 340% at
1.5 GPa—inset of Figure 2D). From this, one might expect TN to
increase under P. However, all primary intralayer FM couplings
weaken (J1, J2, and J3—Figure 2D and Table S1, Supporting In-
formation) and the magnitude of the strongest intralayer cou-
pling, J2, is more than 30 times that of JIL for the entire P range,
indicating that the intralayer magnetic exchange is the domi-
nant contribution to the ordering temperature. The calculations
fully support this conclusion, correctly predicting a decreasing TN
with increasing P (Figure 2E and Table S1, Supporting Informa-
tion). Furthermore, the experimental observation of an increase
in HSAT with increasing P is explained by the strengthening of
the interlayer AFM coupling, in agreement with our calculations
(Figure 2E and Table S1, Figure S7, Supporting Information).

Using the computed high-pressure structures, we can be-
gin to rationalize the observed magnetic properties and derive
magneto-structural correlations for CrSBr. Looking first at the in-
terlayer spacing, we find the theoretically predicted vdW gap de-
creases significantly (≈10% at 1.5 GPa) with P, leading to an in-
crease in Cr–Br–Br–Cr overlap and thus JIL (Table S1, Supporting
Information). The intralayer magnetic exchange is more com-
plex. The intralayer exchange interactions in CrSBr represent a
competition between FM superexchange interactions and weaker
AFM direct exchange interactions. Changes in the superex-
change interactions should be explained by the Goodenough–
Kanamori–Anderson rules[21] for a Cr3+ ion. These would pre-
dict the strongest FM coupling for bond angles near 90° and the
strongest AFM coupling for bond angles near 180°. In contrast,
the strength of AFM direct exchange interactions increases expo-
nentially as the distance between magnetic ions shrinks.

To understand the magnetic behavior of CrSBr under pres-
sure, the effects of both direct exchange and superexchange must
be considered. With increasing pressure, the magnitude of di-
rect exchange should increase for J1, J2, and J3, as all Cr–Cr dis-
tances (dCr–Cr) shrink (Table S1, Supporting Information). These
changes should be most pronounced for J1 and J2, which have
experimentally determined dCr–Cr of ≈3.51 and ≈3.59 Å, respec-
tively, whereas dCr–Cr for J3 is much larger (≈4.76 Å). Because
dCr–Cr remains well outside the range of Cr─Cr bonding for all
pressures studied here, we would expect the direct exchange
interactions to remain small relative to superexchange interac-
tions, which agrees with our experimental and computational
data where the net intralayer coupling remains FM. However, the
relative changes in the calculated exchange energies at 1.5 GPa
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Figure 2. Magnetic properties of CrSBr under pressure. A) Zero-field-cooled 𝜒 versus T for various applied P. A measuring field of 250 Oe was used for
all traces. Inset shows the extracted percentage change in TN versus P for multiple measurement runs and different samples. The extracted slope of TN
versus P is given in the inset. B) M versus μ0H at 2 K for various P. μ0H is randomly oriented along all crystal axes. HSAT is defined as the μ0H at which
M is 90% of the saturation M (denoted by a black dashed line). Inset shows extracted HSAT versus P along with the extracted slope of HSAT versus P.
C) Percentage change in lattice constants and the unit-cell volume versus P, as determined by powder X-ray diffraction. The dashed black line is a fit to
an equation of state (see Experimental Section for details). D) Calculated percentage change in intralayer magnetic couplings versus P. Inset: calculated
percentage change in interlayer magnetic coupling (JIL) versus P. E) Calculated HSAT (left axis, orange, purple, and green dots) and TN (right axis, solid
black dots) versus P.

compared to ambient pressure (ΔJ1 ≈ΔJ3 >ΔJ2) are inconsistent
with the expectations for direct exchange alone (ΔJ1 ≈ΔJ2 >ΔJ3),
suggesting that superexchange pathways are also affected by lat-
tice compression.

As noted above, changes in superexchange pathways under
pressure should be most sensitive to changes in the Cr─S─Cr
and Cr─Br─Cr bond angles. At 1.5 GPa, all of these angles are
predicted to change by less than 1° compared to the relaxed
ambient-pressure structure, suggesting that the modulation of
the superexchange energies should be smaller or similar in mag-
nitude to the changes in direct exchange (Table S1, Supporting
Information). The largest change is observed in the Cr─S1─Cr

bond angle (𝜃3, Figure 1D), which increases toward 180°, enhanc-
ing the contribution of AFM exchange pathways and weaken-
ing the overall FM coupling (Table S1, Supporting Information).
Consequently, both direct exchange and superexchange contri-
butions contribute to the reduced magnitude of J3 with increas-
ing P. In contrast, for J1 and J2, all of the relevant Cr─S─Cr (𝜃2
and 𝜃1B) and Cr─Br─Cr (𝜃1A) (Figure 1D) bond angles trend to-
ward 90° with increasing P (Table S1, Supporting Information),
which should enhance the FM superexchange interactions. Since
the changes in bond angles are relatively small, the magnitude of
these effects is likely minimized and could be less than the cor-
responding increase in AFM direct Cr–Cr exchange. Collectively,
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these results reiterate the balance between superexchange and di-
rect exchange that must be considered when designing new ma-
terials in this family of ternary compounds.

2.2. Cl-Alloying of CrSBr

While these results motivate studies of the magnetic behavior of
CrSBr at even higher pressures where larger bond angle changes
may affect superexchange pathways more strongly, chemical
modifications could more drastically alter superexchange path-
ways by both inducing larger structural changes than were ob-
tained in the pressure range studied here and affecting the co-
valency of the Cr─halogen bonds. Specifically, we hypothesized
that the substitution of Br with Cl could induce a large lattice
compression, while simultaneously allowing us to study the ef-
fects of changing Cr–halogen covalency on the magnetic prop-
erties. Furthermore, theoretical studies on ligand engineering[22]

and strain[15] on chromium chalcohalides demonstrate changes
to the magnetic properties with these perturbations. To explore
this hypothesis, we synthesized a series of mixed-halogen com-
pounds CrSBr1−xClx with x = 0–0.67 (from now on referred to
as “Cl−x”) using the chemical vapor transport approach (see
Experimental Section for details). The crystal structure of each
compound was determined through single-crystal X-ray diffrac-
tion (SCXRD) (Figure 3A and Table S2, Supporting Information).
Within the examined compositional range, the mixed-halogen al-
loys are isostructural to the parent compound CrSBr with the
space group Pmmn (Figure 3A). Because Cl is smaller than Br,
Cl alloying has a significant impact on the lattice parameters,
causing the lattice to “accordionize” along the a-axis, resulting in
a decrease of the a- and c-lattice parameters with no significant
change to the b-axis (Figure 3B and Figure S16, Supporting Infor-
mation). The incompressibility of the structure along the b-axis
stems from the Cr─(Cl/Br) bonds lying parallel to the ac-plane. At
the highest Cl content (Cl-67), the a- and c-axes have compressed
by 2.2% and 4.9%, respectively, compared to CrSBr, with the a-
axis compression exceeding the effects of pressure at 1.5 GPa
(Figure S12, Supporting Information). We note that despite the
structural changes resulting from Cl alloying, the crystals with
the highest concentration of Cl remain exfoliatable down to the
monolayer limit (Figure S17, Supporting Information).

The chemical compositions of all new materials were deter-
mined through a combination of refining the Cl/Br occupancy
on the mixed anion site on SCXRD data and energy disper-
sive X-ray spectroscopy (EDX) (Figure 3C, Figures S18–S23, and
Table S3, Supporting Information). The percentages of Cl atoms
substituted on the Br sites are close to the nominal stoichio-
metric amount of bromine and chlorine used in the synthesis
(Figure 3D). Importantly, the chemical composition maps mea-
sured using EDX (Figure 3C and Figures S18–S23, Supporting
Information) show no evidence of Cl or Br clustering on the mi-
cron scale. Polarized Raman spectroscopy on all alloys supports
this, demonstrating a continuous frequency increase of charac-
teristic CrSBr modes with increasing Cl concentration (Figure
S24, Supporting Information), consistent with the homogeneous
substitution of the lighter Cl atoms on Br sites.[23] Despite the
significant structural changes upon Cl alloying, photolumines-
cence measurements on the various compositions show negligi-

ble changes in the optical band gap (Figure 3E). This is consistent
with previous band-structure calculations for CrSBr and CrSCl
monolayers[24] and establishes our ability to tune the lattice and
(as will be seen below) magnetic structure without significantly
changing the electronic structure. Given the strong coupling be-
tween magnetism and optical and electronic properties in CrSBr,
Cl alloying offers an entirely new space for designing magneto-
optical and magneto-electronic properties without drastically af-
fecting the band structure.

We now turn to explore how the magnetic properties of the
mixed-halogen compounds change with increasing Cl content.
In Figure 4A, we plot 𝜒 versus T for all compounds. For Cl
concentrations up to Cl-41, we observe a clear AFM transition
with a peak in 𝜒 at TN, followed by a decrease in 𝜒 at low T with
no difference between zero-field-cooled (ZFC) and field-cooled
(FC) traces. TN for each stoichiometry up to Cl-41 was extracted
numerically by finding the zero-crossings in d𝜒/dT (Figures S25
and S26, Supporting Information) and is found to decrease lin-
early at a rate of dTN/dx = −61.8 K x−1 (inset of Figure 4A). The
corresponding Curie–Weiss analysis (Figure S27, Supporting
Information) for this compositional range reveals that 𝜃W also
decreases with increasing Cl content while the Curie constant
remains constant, indicating a weakening of the intralayer FM
coupling without a change in the S = 3/2 Cr3+ moments.

At high T, Cl-57 and Cl-67 follow a similar trend to the lower
Cl concentrations. Specifically, 𝜃W lowers with increasing Cl con-
tent. Near the magnetic ordering temperature, however, the 𝜒

of Cl-57 and Cl-67 show distinctly different behavior from the
lower Cl concentrations. For both compounds, the 𝜒 versus T
traces display a small kink (at T = 100 and 86 K for Cl-57 and Cl-
67, respectively), a broad maximum (at T = 89 and 42 K), and a
clear divergence between the FC and ZFC traces at low T. These
features suggest the possibility of multiple magnetic phase tran-
sitions, and further indicate that the magnetic ground state of
Cl-57 and Cl-67 cannot be described as a trivial antiferromag-
net (Figure S26, Supporting Information for additional axial ori-
entations). Complementary ac magnetic susceptibility measure-
ments on Cl-57 and Cl-67 at zero dc field confirm the presence
of multiple magnetic transitions and reveal frequency-dependent
behavior (Figures S28 and S29, Supporting Information), sug-
gesting these compounds are best described as spin glasses or
glassy magnets. We hypothesize the glassiness emerges either
from intralayer magnetic disorder or from competing FM and
AFM interlayer interactions (see discussion below). Regardless,
the magnetic critical temperatures (identified by peaks in the in-
phase magnetic susceptibility) follow the same trend as the lower
Cl concentrations (Figures S27–S29, Supporting Information for
details). This indicates that, over the entire compositional range,
increased Cl alloying leads to decreased magnetic ordering tem-
peratures and weakened intralayer coupling.

To better understand the origin of this unusual magnetic
behavior at high Cl content, we performed axial-oriented M
versus μ0H traces at 2 K for each stoichiometry (Figure 4B–D).
For μ0H along the easy b-axis (Figure 4C), we observe a clear
AFM-to-FM spin-flip transition for Cl doping up to Cl-41. The
HSAT, which we define as the midpoint of the transition where
M = 0.5 MSAT to better illustrate the transition at higher Cl
concentrations, decreases sharply with increasing Cl content,
indicating a weakening of the interlayer AFM coupling. For Cl-57
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Figure 3. Structural parameters and electronic properties of CrSBr1−xClx. A) Crystal structure of Cl-57 as viewed along the c-axis (top) and a-axis (bottom).
B) Lattice parameter ratio versus Cl content (x) for CrSBr1−xClx. C) Left: scanning electron microscopy (SEM) image of a cleaved crystal of Cl-57.
Right: corresponding EDX elemental mapping. Blue, yellow, red, and green maps correspond to Cr, S, Br, and Cl elemental mapping, respectively.
In each elemental map, the top-left inset shows the average concentration relative to Cr. The error bar is the standard deviation between multiple
measurements and crystals. In all images, the scale bar is 100 μm. D) Halogen content determined using SCXRD and EDX versus Cl content used in
chemical vapor transport reactions. The dashed black line demarcates 1:1 measured Cl content to Cl content used in chemical vapor transport reactions.
E) Photoluminescence intensity versus photon energy for all synthesized Cl concentrations. The corresponding Cl content for each trace is given in the
inset. All data were taken at 70 K.

and Cl-67, we observe s-shaped M versus μ0H traces with no
observable hysteresis. We propose that this change in behavior
arises from competing interlayer FM Cr–Cl–Cl–Cr interactions
and AFM Cr–Br–Br–Cr interactions. In the aggregate, this leads
to a negligible interlayer coupling for Cl-57 and Cl-67, and causes
these two compositions to behave as ferromagnets under small
applied fields. For μ0H along the a- and c-axes (Figure 4B,D,
respectively), all alloys display similar behavior—a continuous
spin canting process whereby the b-axis aligned spins cant to-
ward the applied field direction. We observe a reduction in a- and
c-axis HSAT, defined as the point where M = 0.9 MSAT, signifying
a lowering of the magnetic anisotropy energy. A summary of the

dependence of all axial saturation fields on Cl doping is given in
the bottom inset of Figure 4A. Remarkably, the a- and b-axis HSAT
approach zero, indicating a diminishing anisotropy between the
two in-plane directions, while the out-of-plane anisotropy only
decreases by ≈50% (see also Figure S30, Supporting Informa-
tion for a detailed comparison between CrSBr and Cl-57). This
reduction in the effective anisotropy between the a- and b-axes
motivates further study of the critical behavior of these high
Cl-content materials, specifically the possibility that they could
display 2D-XY behavior at the monolayer limit.[4c,25]

The large unit cells needed to adequately model random
distributions of halogens in the alloys precluded detailed
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Figure 4. Magnetic properties of CrSBr1−xClx. A) 𝜒 versus T for various Cl contents (x). A measuring field of 250 Oe was used for Cl-00, Cl-11, and
Cl-27, whereas a measuring field of 100 Oe was used for Cl-41, Cl-57, and Cl-67. For Cl-00, Cl-11, Cl-27, and Cl-41, only the zero-field trace is shown as
it overlaps the field-cooled trace. For Cl-57 and Cl-67, both zero-field-cooled and field-cooled traces are shown. The top inset shows extracted critical
temperature versus Cl content. Gray, blue, and yellow regions correspond to experimentally identified PM, AFM, and spin-glass regions, respectively. The
green region corresponds to the predicted FM state for CrSCl (Table S4, Supporting Information). Up to Cl-41, the critical temperature depends linearly
on Cl doping. The linear fit parameters are given in the inset. The bottom inset shows the extracted saturation magnetic fields at 2 K for fields parallel to
the a-, b-, and c-axes. M normalized to the saturation magnetization (M/MSAT) versus μ0H at 2 K for μ0H oriented along the B) a-, C) b-, and D) c- axes.
The saturation magnetic field is defined as the magnetic field when the magnetization is 90%, 50%, and 90% of the saturation magnetization for the a-,
b-, and c-axes, respectively.

computational studies of specific compositions. Instead, we
modeled the magnetic properties of the theoretical end-member
of this series, CrSCl, to better understand the experimental
trends. Because CrSCl is not currently experimentally accessible,
we simulated and relaxed the structure using CrSBr as a model
lattice (Figure S31 and Table S4, Supporting Information). The
relaxed CrSCl structure agrees remarkably well with an extrapo-
lation of the experimental data up to 100% Cl content (Figure 3B
and Table S4, Supporting Information).

As with the high-pressure data above, the combination
of experimental magnetic data and computed magnetic and
structural parameters allows us to derive magneto-structural
correlations for halogen alloying in CrSBr. Increasing Cl content
leads to a reduction in the interlayer spacing (Figure 3B), which
could naively be expected to strengthen the interlayer magnetic
exchange. Our experimental data, however, reveal that the inter-

layer coupling weakens with increasing Cl content (Figure 4C).
This behavior can be explained by the reduced orbital overlap
of interlayer Cr–Cl–Cl–Cr exchange compared to Cr–Br–Br–Cr.
Consistent with this hypothesis, calculations predict a change in
the interlayer coupling from AFM in CrSBr to FM in CrSCl (Table
S4 and Figure S31, Supporting Information), confirming that
orbital overlap between the halogens across the vdW gap, rather
than the interlayer Cr–Cr distance is responsible for directing
the sign and strength of interlayer exchange. These results sup-
port the conclusion that the glassy behavior of Cl-57 and Cl-67
arises from competing interlayer FM Cr–Cl–Cl–Cr and AFM
Cr–Br–Br–Cr interactions. We note that the change in sign of the
interlayer coupling upon Cl substitution in CrSBr is distinctly
different from what is observed in bulk chromium trihalides,
where the interlayer coupling is always AFM in the high-T mon-
oclinic structure and FM in the low-T rhombohedral structure,
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independent of the identity of the halide.[25] The weak interlayer
coupling emerging from competing FM and AFM interactions in
Cl-57 and Cl-67 should make the magnetic ground state in these
materials particularly susceptible to external stimuli, such as
strain, pressure, and magnetic field, making exfoliated flakes of
these materials promising candidates for switchable 2D devices.

The largest change in the calculated intralayer coupling upon
Cl substitution is the magnitude of J1, which decreases by ≈80%
while remaining FM (Table S4, Supporting Information). The
shorter calculated dCr–Cr in CrSCl compared to CrSBr should in-
crease the contributions of AFM direct exchange, though this is
unlikely to fully explain the marked drop in the magnitude of
the exchange energy. While the Cr─S2─Cr and Cr─X─Cr bond
angles associated with J1 do change with halogen substitution
(Figure S16 and Table S4, Supporting Information), the large re-
duction in the superexchange contribution to J1 is most likely
driven by the more ionic nature of the Cr─Cl bond compared to
the more covalent Cr─Br bond. This predicted decrease in J1 for
CrSCl compared to CrSBr explains a majority of the reduction
in 𝜃W with increasing Cl content. However, examination of the
other exchange pathways is useful to better distinguish the rela-
tive contributions of structural and electronic changes on mag-
netism, in addition to the relative effects of direct exchange and
superexchange.

Because Cl substitution induces an expansion along the b-
axis, the reduced magnitude of J3 cannot be explained by direct
exchange, and must instead be rationalized by the shift in the
Cr─S1─Cr bond angle toward 180°, which enhances the AFM
contributions in the superexchange pathway (Table S4 and Figure
S16, Supporting Information). Similarly, because Cl substitution
has little effect on the dCr–Cr relevant to J2, direct exchange is un-
likely to contribute strongly to changes in J2. Surprisingly, while
J2 is calculated to become more strongly FM, the Cr─S─Cr bond
angles relevant to J2 increase away from 90° (Table S4, Supporting
Information), suggesting that electronic, rather than structural
modifications, must drive the changes in magnetic exchange.
Here, we propose that the reduced covalency of the Cr–Cl inter-
action (compared to Cr–Br) leads to an increase in the Cr─S bond
covalency (indicated by a reduction in dCr–S2), which enhances
the magnitude of the J2 superexchange. Further, this change in
the Cr–halogen covalency helps explain the changes in magnetic
anisotropy with Cl substitution. Our experimental and computa-
tional data support large reductions in the magnetic anisotropy
energy when Cl is substituted for Br (Table S4, Supporting Infor-
mation), in line with previously predicted results.[22] The com-
bined effects of reduced Cr–halogen covalency and smaller spin–
orbit coupling for Cl compared to Br should dramatically weaken
magnetocrystalline anisotropy in these materials, which is largely
derived from anisotropic exchange interactions mediated by the
halogens.

Intriguingly, a comparison of the Curie-Weiss analyses per-
formed at the highest pressure (1.39 GPa—Figure S5, Supporting
Information) and at the highest Cl substitution (Cl-67—Figure
S27, Supporting Information) reveals nearly identical changes in
the 𝜃W, implying similar changes in the overall magnitude of the
intralayer FM exchange. However, the effects on the magnetic or-
dering temperature are much more dramatic for Cl substitution
(−43.5 K vs CrSBr) compared to pressure (−16.6 K at 1.39 GPa
vs ambient P), indicating that other factors play a key role in

the magnetic ordering temperature of CrSBr and its analogs.
The presence of interlayer frustration in the Cl-substituted com-
pounds may partly explain the reduced critical temperatures, but
the small magnitude of interlayer exchange compared to the in-
tralayer exchange suggests this effect should play a small role in
dictating the ordering temperature. Instead, we propose that the
reduced magnetic anisotropy between the a- and b-axes in the
alloys suppresses the magnetic ordering temperature. An inter-
mediate magnetic regime with short-range FM correlations has
been observed previously in CrSBr, and these results could sup-
port claims that this regime hosts 2D-XY-like behavior (Figure
S32, Supporting Information),[14f,g] motivating further study of
the magnetism of the mixed-halogen compounds at the 2D limit.
More broadly, the effects of anisotropy observed here indicate that
strong uniaxial anisotropy is required to maximize magnetic or-
dering temperatures for in-plane, orthorhombic 2D magnets and
that 2D-XY-like magnetic regimes may be accessible outside of
materials with high rotational symmetry.

3. Conclusion

In summary, we have demonstrated two routes to tune the mag-
netic properties of the layered semiconductor CrSBr: pressure
and halogen substitution. Compression of the lattice under pres-
sure reduces TN through the suppression of intralayer FM in-
teractions and increases all axial saturation fields due to an in-
crease in interlayer exchange energy. Cl alloying similarly de-
creased TN, due to the suppression of intralayer FM coupling
through anisotropic lattice compression and reduced Cr–halogen
covalency. However, a key difference with Cl-alloying is the ob-
served decrease in all axial saturation fields which results from de-
creasing interlayer exchange energy and magnetic anisotropy. Pre-
liminary optical and exfoliation experiments indicate that these
Cl-substituted analogs retain the semiconducting properties and
ambient stability of the parent CrSBr phase, motivating further
characterization of the coupling between magnetism and optical,
electronic, and structural properties across the series. More gen-
erally, these results highlight that the CrSBr family of 2D magnets
offers the ability to chemically or mechanically control magnetic
coupling and anisotropy, similar to the more thoroughly stud-
ied chromium trihalide family. While the achievable Cl-alloying
range in our study was relatively large, chalcogen and iodine al-
loys were found to be synthetically inaccessible with CVT. Syn-
thesizing these compounds will require the development of new
synthetic methods, but we predict they will expand upon the rich
phase space of these materials, which includes diverse magnetic
ground states (FM, AFM, spin glass) and spans a wide range of
ordering temperatures. Furthermore, the enhanced tunability of
the interlayer coupling, improved stability in ambient conditions,
and semiconducting transport properties strongly motivate the
incorporation of CrSBr and its analogues into functional 2D spin-
tronic devices.

4. Experimental Section
Synthesis of CrSBr: Large single crystals of CrSBr were grown using a

chemical vapor transport reaction described in ref. [14g].
Synthesis of CrSBr1−xClx: The synthesis of Cl-alloyed CrSBr was

achieved using a modified reaction of the pure CrSBr reaction. Chromium
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Table 1. Ratio of reagents for each particular Cl-alloyed CrSBr sample.

Target
composition

Cr:S:CrCl3:CrBr3
target ratio

Single crystal
composition

CrSBr 2/3:1:0:1/3 CrSBr

CrSCl1/8Br7/8 2/3:1:1/24:7/24 CrSCl0.11Br0.89

CrSCl1/3Br2/3 2/3:1:1/9:2/9 CrSCl0.27Br0.73

CrSCl1/2Br1/2 2/3:1:1/6:1/6 CrSCl0.41Br0.59

CrSCl5/8Br3/8 2/3:1:5/24:1/8 CrSCl0.57Br0.43

CrSCl3/4Br1/4 2/3:1:1/4:1/12 CrSCl0.67Br0.33

Note: All compositions were synthesized through chemical vapor transport (CVT)
reactions using a stoichiometric amount of chromium(III) bromide/chloride, sulfur,
and chromium. CVT reactions rely on all the elements having large enough partial
pressures for effective mass transport through the formation of volatile transport ef-
fective species which were generated in situ at the crystal growth temperatures (850–
950 °C). The temperatures used in the synthesis allowed for both halogens species
to transport effectively and be incorporated into the final product; though, the final
composition of the product was typically deficient in chloride (i.e., the nominal ra-
tio of chlorine to bromine used in the synthesis was greater than the ratio derived
from SCXRD and EDX). CVT reactions with higher chlorine concentrations were at-
tempted though only resulted in the deposition of Cr(Cl/Br)3 and Cr2S3 phases on
the sink side limiting the highest chlorine alloy level to Cl-67. Note that the original
synthesis[26] for Cl-alloyed CrSBr required the use of S2Cl2 and S2Br2. Because these
reagents are liquid, using the original method limits the precise control of the stoi-
chiometry compared to solids which can be mass accurately. Additionally, the original
synthesis incorporated only 1/3 Cl onto the Br sites while the method described in
this work can incorporate double the amount of Cl.

metal (99.94%, −200 mesh, Alfa Aesar), sulfur pieces (99.9995%, Alfa Ae-
sar), chromium(III) chloride (anhydrous, 99.9%, Thermo Scientific), and
bromine (99.99%, Aldrich) were used as received. Chromium(III) bromide
was synthesized as described in ref. [14g]. In a typical reaction, a slightly
off stoichiometric ratio of the reagents with a total mass of 1 g (see Table 1
for the ratio of reagents for each particular Cl-alloyed CrSBr sample) were
loaded into a 12.7 mm o.d., 10.5 mm i.d. fused silica tube which was sealed
to a length of 20 cm. The tube was subjected to the following heating pro-
file using a computer-controlled two-zone horizontal tube furnace: Source
side: Heat to 800 °C in 24 h, soak for 48 h, heat to 875 °C in 12 h, soak
for 72 h and then water quench. Sink side: Heat to 875 °C in 24 h, soak for
48 h, heat to 800 °C in 12 h, soak for 72 h and then water quench. Cau-
tion! When quenching the reaction, ensure proper PPE is used, including
a full-face shield, fire-resistant lab coat, and a blast shield.

Powderization of CrSBr Crystals for Magnetometry Measurements under
Pressure: CrSBr was powderized through the following process: large
crystals of CrSBr were placed in a thin porcelain crucible along with enough
liquid N2 to fully submerge the crystals. The crystals were ground with a
thermally equilibrated pestle for 5 min. The material was rinsed with ace-
tone to remove residual moisture from condensation.

Determination of Applied Hydrostatic Pressure for Magnetometry Mea-
surements under Pressure: Since the superconducting critical temperature
(TC) of Pb is well-known to linearly depend upon the applied pressure at
a rate of dTC/dP = 0.379 K GPa−1,[27] the measured TC of Pb can be used
to determine the applied pressure on CrSBr. The Pb plus CrSBr sample
was first zero-field cooled below the transition to 6 K, then the magnetic
susceptibility (𝜒) versus temperature (T) was measured with a small mea-
suring field of 5 Oe (such that the measuring field is much less than the
zero-temperature upper critical field,[28] which for lead is 800 Oe). 𝜒 ver-
sus T was measured at a rate of 0.05 K min−1 to ensure the transition was
precisely resolved and traces with increasing and decreasing T were mea-
sured to check for measurement precision. The Pb TC was extracted by
finding the condition where 𝜒 = 0.5 𝜒N (where 𝜒N is the susceptibility in
the normal state) and correlated to the measured pressure-cell compres-
sion.

Vibrating Sample Magnetometry under Pressure: All vibrating sample
magnetometry was conducted on a Quantum Design PPMS DynaCool sys-

tem using the commercially available HMD high-pressure cell. Multiple
single CrSBr crystals were selected, and powderized in liquid nitrogen us-
ing a mortar and pestle. Before and after the VSM measurements, PXRD
was used to confirm there was no significant change in structure upon
powderizing or after applying maximum pressure. The powder was then
combined with Daphne 7373 oil and a ≈1–2 mm long wire of Pb in a Teflon
capsule was inserted into the pressure cell. The variable temperature scans
and field-dependent magnetic susceptibility curves for each pressure were
measured during the same measurement cycle. The measurements per-
formed at different pressures were done sequentially with increasing pres-
sure (from zero applied pressure up to the maximum achievable pres-
sure). After the final maximum pressure measurement, the capsule con-
taining the CrSBr powder, Daphne 7373 oil, and the Pb manometer was
removed, fixed to a brass paddle with GE varnish, and re-measured as a
consistency check of the zero-pressure measurement.

Vibrating Sample Magnetometry on CrSBr1−xClx: All vibrating sample
magnetometry was conducted on a Quantum Design PPMS DynaCool
system. For each stoichiometry, a pristine single CrSBr1−xClx crystal was
selected and attached to a quartz paddle using GE varnish (which was
cured at room temperature under ambient conditions for 30 min) and
oriented with the a-, b-, or c-axis parallel to the applied field direction.
The same crystal was used for all axial-orientated measurements. The
variable temperature scans and field-dependent magnetic susceptibility
curves for each axis were measured during the same measurement cy-
cle. Between axial-oriented measurements, the crystal was removed using
a 1:1 ethanol/toluene solution, dried in air, and then reoriented and reat-
tached using GE varnish.

Ac Magnetometry on CrSBr1−xClx: All ac magnetometry was conducted
on a Quantum Design PPMS DynaCool system with the ACMSII module.
For each measured stoichiometry, a pristine single CrSBr1−xClx crystal was
selected and attached to a quartz paddle using GE varnish (which was
cured at room temperature under ambient conditions for 30 min) and ori-
ented with the a- or b-axis parallel to the applied magnetic field. An ac
magnetic field excitation of 4 Oe was used for all measurements. The vari-
able temperature and frequency-dependent magnetic susceptibility curves
for each axis were measured during the same measurement cycle.

Ambient-Pressure Powder X-Ray Diffraction: Powder diffraction pat-
terns were collected on a Malvern Panalytical Aeris diffractometer with a
Cu K𝛼 X-ray source energized to 40 kV and 15 mA. The X-ray beam was fil-
tered with a Ni𝛽 filter. The LN-powderized sample of CrSBr was mounted
on a Si-zero background holder which was spun during the collection to
reduce preferred orientation.

Single-Crystal X-Ray Diffraction: Single crystal diffraction measure-
ments were collected on CrSBr1−xClx crystals using an Agilent Supernova
single-crystal diffractometer. The crystals were mounted onto a MiTeGen
MicroLoops holder with paratone oil. The X-ray source was a Mo K𝛼
micro-focus energized to 50 kV and 0.8 mA. The collection temperature
was maintained at 250 K using an Oxford instruments nitrogen cryostat.
The data collection, integration, and reduction were performed using the
Crysalis-Pro software suite. The crystal structure was solved and refined
using ShelXT[29] and ShelXL[30] respectively.

Details of Diamond Anvil Cell (DAC) Assembly: Boehler–Almax dia-
mond anvils with 300 μm culets set in tungsten carbide seats with a coni-
cal aperture of 80° were used. The anvils and seats were loaded into Dac-
Tools iBX-80 type cells. A stainless-steel gasket with a starting thickness of
250 μm was pre-indented to a thickness of ≈40 μm. A sample space with a
diameter of ≈200 μm was then created in the center of the indented gasket
via electro-discharge machining using a Boehler μDrill with a copper wire
electrode.

High-Pressure Powder X-Ray Diffraction Measurements: To reduce tex-
ture effects in powder X-ray diffraction measurements, single crystals of
CrSBr were first cooled to 77 K in liquid nitrogen and then ground with a
mortar and pestle. The resulting powder was sieved to remove large, un-
ground crystals. The sieved powder was further ground between two glass
slides prior to loading in the diamond anvil cell.

The sample chamber prepared as described above was loaded with
CrSBr powder, a small piece of gold foil to serve as a pressure calibrant
during diffraction measurements, and two ruby microspheres (BETSA) to

Adv. Physics Res. 2023, 2300036 2300036 (9 of 12) © 2023 The Authors. Advanced Physics Research published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advphysicsres.com

serve as a pressure calibrant during gas loading. A representative photo-
graph of one of the loaded cells is shown in Figure S11 (Supporting In-
formation). The cell was subsequently loaded with neon as the pressure
transmitting medium using the COMPRES gas loading system as GSE-
CARS, at the Advanced Photon Source at Argonne National Laboratory.[31]

High-pressure powder X-ray diffraction experiments were conducted at
beamline 16-ID-B, within HPCAT at the Advanced Photon Source (APS).
High-intensity monochromatic synchrotron radiation with a fixed wave-
length of 0.406626 Å was used as the source in all diffraction measure-
ments. The cell was loaded into a diaphragm gas membrane assembly,
which enables diffraction measurements over very small pressure incre-
ments (≈0.1 GPa). At each pressure step, separate diffraction images
were collected without rotation on the CrSBr sample and the Au foil to en-
able the determination of lattice parameters and sample-space pressure,
respectively. Diffraction images were masked and integrated using the
Dipotas 0.5.1 software package to produce the corresponding 1D diffrac-
tion patterns.[32]

Analysis of Powder X-Ray Diffraction Data: For each pressure step, the
cell pressure was obtained by comparison of the lattice parameters of the
Au foil with the established equation of state.[33] Powder X-ray diffraction
data were then analyzed using the GSAS-II software package.[34] Due to the
weak intensity of the (00l) reflections and the possible overlap of the (011)
and (002) reflections, it was observed that lattice parameters obtained us-
ing the Pawley method were highly sensitive to the initial parameters used
in the refinement. To obtain reasonable initial parameters, the estimated
b-lattice parameter was extracted by inspection of the (020) reflection, and
subsequently a- and c-lattice parameters were estimated by inspection of
the (110) and (011) reflections, respectively. Using these lattice parame-
ters as the initial values, then the patterns were fit over the 2𝜃 range 3–23°

using the Pawley method to extract accurate unit cell parameters at each
pressure. It was noted that it was necessary to constrain the b-axis lattice
parameter during initial refinements of the background, line shape, and a-
and c-axis lattice parameters to obtain reasonable fits of the (020) reflec-
tion.

Then the software package EoSFit7[34] was used to fit the unit cell vol-
ume as a function of pressure. A third-order Birch–Murnaghan equation
of state was used to fit the data:[35]
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where P is the pressure, V is the unit cell volume, V0 is the initial unit cell
volume at ambient pressure, B0 is the bulk modulus, and B0’ is the deriva-
tive of the bulk modulus with respect to pressure. A single equation of
state was sufficient to fit the data at room temperature up to 3.5 GPa, sug-
gesting no phase transition occurs in the pressure range where magnetic
analyses were performed. A small anomaly was possibly observed in the
b-axis lattice parameters near 0.6 GPa, though this anomaly was attributed
to the necessary constraints applied to the b-axis lattice parameter during
refinements, as described above.

Scanning Electron Microscopy: Scanning electron micrographs were
collected on a Zeiss Sigma VP scanning electron microscope (SEM) using
a beam energy of 5 kV. Energy dispersive X-ray spectroscopy (EDX) of the
CrSBr crystals was performed with a Bruker XFlash 6|30 attachment. Spec-
tra were collected with a beam energy of 15 kV. Elemental compositions
and atomic percentages were estimated by integrating under the charac-
teristic spectrum peaks for each element using Bruker ESPRIT 2 software.

Raman Spectroscopy: Raman spectroscopy for all CrSBr1−xClx single
crystals was performed under ambient conditions in a Renishaw InVia
micro-Raman microscope using a 532 nm wavelength laser. A 50× objec-
tive was used with a laser spot size of 2–3 μm. A laser power of ≈2 mW
was used with a grating of 2400 g mm−1 for all spectra. An acquisition time
of 20 s was used for each measurement. For each crystal, 5 independent
spectra were acquired and averaged after subtracting a dark background.
The dark background was a spectrum acquired with no laser excitation and
the same acquisition parameters.

Photoluminescence (PL) Spectroscopy: PL measurements were carried
out with a 450-nm continuous-wave (CW) laser with a power of 900 μW.
The PL spectra were collected by a Princeton Instruments PyLoN-IR de-
tector cooled with liquid nitrogen. All samples were prepared by exfoli-
ating single crystals of CrSBr1-xClx onto SiO2/Si+ substrates passivated
with 1-dodecanol. The exfoliation was done under inert conditions in an
N2 glovebox with < 1 ppm O2 and < 1 ppm H2O content. Thin-bulk flakes
were identified by optical microscopy and loaded into an Oxford Instru-
ments Microstat HiRes2 cryostat inside the glovebox to avoid exposing
the samples to air before measurements.

Exfoliation: CrSBr1−xClx flakes were exfoliated onto 285 nm SiO2/Si+
substrates using mechanical exfoliation with Scotch Magic tape.[36] Before
exfoliation, the substrates were cleaned with a gentle oxygen plasma to
remove adsorbates from the surface and increase flake adhesion.[37] The
exfoliation was done under inert conditions in an N2 glovebox with<1 ppm
O2 and <1 ppm H2O content. Flake thickness was identified using optical
contrast and then confirmed with atomic force microscopy.

Atomic Force Microscopy: Atomic force microscopy was performed in
a Bruker Dimension Icon using OTESPA-R3 tips in tapping mode. Flake
thicknesses were extracted using Gwyddion to measure histograms of the
height difference between the substrate and the desired flake.

Theoretical Calculations: Ab initio calculations of bulk CrSBr and CrSCl
were performed using DFT implemented in the QUANTUM ESPRESSO
package.[38] Norm-conserving pseudopotentials with a plane-wave energy
cutoff of 85 Ry were employed. For structural optimization, the spin-
polarized Perdew–Burke–Ernzerhof exchange-correlation functional was
employed, with dispersion corrections within the D2 formalism[39] (PBE-
D2) included to account for the vdW interactions. The structures were
fully relaxed until the force on each atom was < 0.005 eV Å−1. The cal-
culated lattice constants for bulk CrSBr and CrSCl were 3.5 and 3.4 Å
along the a-axis, respectively, and both 4.7 Å along the b-axis. The cal-
culated interlayer distance for bulk CrSBr and CrSCl were 8 and 7.5 Å,
respectively. For each pressure applied, the intra- and interlayer Heisen-
berg magnetic exchange couplings J were calculated in 3 × 3 × 1 and 3 ×
3 × 2 supercells respectively, by a four-state mapping method[40] within
the local spin density approximation (LSDA). The Curie temperature was
calculated using metropolis Monte Carlo (MC) methods implemented in
the VAMPIRE package.[41] The critical exponent was determined by fit-
ting the temperature-dependent normalized magnetization m(T) to the

Curie–Bloch equation in the classical limit m (T) = (1 − T
TC

)
𝛽
. The sat-

uration fields along different axes were extracted based on the Heisen-
berg model H = H0 + Hinter − g𝜇B

∑
i

h ⋅ Si, where Hinter =
∑

i∈t,j∈b
Jinter,ijSi ⋅

Sj with t and b denote the top and bottom layers in a unit cell, h represents
the external magnetic field. The ground state energy differences between
the FM and AFM states (EFM − EAFM) under different pressures were cal-
culated with spin–orbit coupling (SOC) taken into account within LSDA,
based on the structures revealed by PBE-D2.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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