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Triaxial anisotropic magnetocaloric effect in the van der Waals antiferromagnet CrSBr
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Magnetic anisotropy is a pivotal parameter that determines the magnetic ordering behavior and plays an
important role in practical applications of magnetic materials. However, its influence on thermodynamic prop-
erties remains experimentally unexplored. As an air-stable, antiferromagnetic (AFM) van der Waals (vdW)
semiconductor, CrSBr exhibits unique uniaxial in-plane magnetic anisotropy, making it an ideal platform to
elucidate these unresolved relationships. Herein, high-quality CrSBr single crystals are synthesized via a modi-
fied two-step chemical vapor transport (CVT) method. A comprehensive analysis using modified Arrott plots, the
Kouvel-Fisher method, the Widom scaling law, and critical isotherm analysis confirms a possible direct crossover
from the tricritical mean-field behavior to the 3D Ising behavior, suggesting non-negligible interlayer coupling
in bulk CrSBr. Supported by first-principles calculations and molecular field approximations, a pronounced
triaxial magnetic anisotropy is quantified, with relative anisotropy energy satisfying K (b → c) > K (b → a).
Notably, strong anisotropy energy overcomes the interlayer exchange coupling (K > JS2), driving a field-
induced first-order spin-flip transition along the easy b axis. The maximum magnetic entropy change (−�Smax

M )
is 5.21, 5.09 and 4.74 J/(kg K) for H ‖ b, H ‖ a, and H ‖ c, respectively. Pronounced in-plane uniaxial magnetic
anisotropy guarantees an anisotropic magnetocaloric effect, as evidenced by a negative linear correlation between
K and rotating magnetic entropy change −�SR

M. These findings contribute to understanding of magnetism and
associated thermodynamic properties in triaxially magnetically anisotropic CrSBr, thereby facilitating the tuning
of magnetic anisotropy and exotic spin states in two-dimensional magnets.

DOI: 10.1103/g97j-4cz4

I. INTRODUCTION

Since the discovery of chromium-based van der Waals
(vdW) layered magnets CrI3 and CrGeTe3 [1,2], magnetic
anisotropy has been known as a key parameter to main-
tain magnetic ordering in the two-dimensional (2D) limit,
breaking through the Mermin-Wagner theorem [3,4]. Owing
to tunable magnetic anisotropy and controllable magnetic
stacking configurations, chromium-based 2D magnets have
potential applications in constructing atomically thin spin-
tronic devices and nonvolatile magnetic storage devices [5–7].
Nevertheless, their sub-liquid-nitrogen ordering temperature
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and ambient sensitivity pose significant barriers to integrating
these materials into practical devices—limitations shared by
most studied 2D magnetic systems.

CrSBr, a ternary vdW antiferromagnetic (AFM) semi-
conductor, has emerged as a highly attractive candidate to
overcome the aforementioned shortcomings. CrSBr demon-
strates remarkable air stability under normal environmental
conditions and a high bulk Néel temperature (TN) of 132
K, which increases with decreasing layer number [8–10]. In
particular, its A-type AFM ordering, characterized by ex-
traordinary in-plane magnetic anisotropy, offers substantial
opportunities for manipulating magnetic device functional-
ities, including magnetoelectric, magneto-optical, and spin-
tronic devices [11]. Shao et al. [12] reported the discovery
of a magnetic surface exciton in CrSBr, which originates
from AFM spin correlations. Yang et al. [13] achieved sur-
face plasmon polaritons with highly anisotropic propagation
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characteristics by engineering a graphene/CrSBr heterostruc-
ture. Recently, by twisting two bilayers of CrSBr, a fully
AFM tunnel junction has been constructed with a more than
700% nonvolatile tunneling magnetoresistance ratio achieved
in zero magnetic fields [14]. In the development of device ap-
plications, the fundamental magnetocaloric properties remain
a critical consideration. A recent theoretical prediction for
the Cr-based vdW magnet CrI3 found that magnetocrystalline
anisotropy energy (MAE) could contribute to the anisotropic
magnetocaloric response by influencing magnetization dy-
namics [15]. However, direct experimental evidence is still
rare in 2D magnets. CrSBr is theoretically and experimen-
tally predicted to exhibit well triaxial magnetic anisotropy
[16,17], making it an ideal platform for understanding mag-
netic anisotropy-related magnetocaloric effect in 2D magnets.
Recent studies revealed that temperature-dependent multi-
phase transitions in CrSBr enhance entropy change [18], and
spin entropy in CrSBr flakes significantly boosts the Seebeck
coefficient and then can improve thermoelectric conversion
efficiency [19]. However, the relationship between magnetic
entropy and magnetic anisotropy has yet to be elucidated.
Understanding anisotropic thermodynamic effects can help
elucidate the connection between magnetic anisotropy and
long-range magnetic order in two-dimensional Heisenberg
systems with isotropic exchange. Besides, recently observed
peculiar magnetic behaviors in CrSBr deserve attention. The
second harmonic generation confirms that the TN of CrSBr
increases with decreasing layer number, suggesting the pres-
ence of a hidden intermediate magnetic phase above TN [9].
Below TN, an extra ferromagnetic (FM) phase can be observed
with a sharp increase of magnetization onsetting at ∼35 K,
which is attributed to the FM ordering of magnetic defects,
the slowing down of magnetic fluctuations and spin freezing,
or the ionization of the Br/S vacancies [18,20–22]. Multiple
phase transitions suggest complex interatomic interactions
in such an orthorhombic structure with anisotropic crystal
axes (a �= b �= c). Consequently, it is essential to reveal the
fundamental magnetic properties of highly crystalline bulk
CrSBr—particularly the temperature-dependent spin ordering
with critical behaviors and triaxial magnetic anisotropy with
related magnetocaloric effect.

In this work, high-quality CrSBr single crystals were syn-
thesized by a custom-built chemical vapor transport (CVT)
method to systematically investigate the aforementioned un-
resolved questions through comprehensive structural and
magnetic characterizations. The combination of the modified
Arrott plot, the Kouvel-Fisher plot, the Widom scaling law,
and critical isotherm analysis around second-order magnetic
transition near 135 K indicates a crossover-like critical be-
havior between tricritical mean-field and 3D Ising limit [β =
0.265(8), γ = 1.297(1), and δ = 5.71(9)]. Further quantita-
tive calculation by the molecular field approximation reveals
triaxial magnetic anisotropy and first-order spin-flip transi-
tion in CrSBr. Macroscopically, this triaxial anisotropy is
explicitly reflected in the thermodynamic response, yielding
an anisotropic magnetocaloric effect with maximum magnetic
entropy changes (−�Smax

M ) of 5.21, 5.09 and 4.74 J/(kg K)
along the b, a, and c axes at 5 T, respectively. Consequently,
the rotating magnetic entropy −�SR

M exhibits a strong crys-
tallographic orientation dependence with �SR

M (b → c) >

−�SR
M (b → a). Our findings provide fundamental insights

into magnetic transition mechanisms from the perspectives of
magnetic exchange and anisotropy energy, while establishing
a comprehensive analysis of the magnetic anisotropy-driven
magnetocaloric effect, where the temperature and magnetic
field dependence of magnetic anisotropy is a key factor that
affects the thermodynamic properties.

II. EXPERIMENTAL DETAILS

The single crystals of CrSBr were prepared using a mod-
ified CVT method with a two-step transport process [23].
I. 2Cr + 3Br2 → 2CrBr3: High-quality chromium tribromide
(CrBr3) was synthesized via CVT using mixed chromium
(99.996%, Alfa Aesar) and TeBr4 (99.999%, Alfa Aesar)
powders with a stoichiometric ratio of 1 : 0.75. The mixture
was sealed in an evacuated quartz tube and placed in a two-
zone tubular furnace. The source end was kept at 973 K, and
the sink was kept at 853 K for 7 days during the growth. After
CVT growth, the black crystals of CrBr3 were formed on the
cold side of the tube [24]. II. 2Cr + 3S + CrBr3 → 3CrSBr:
chromium (99.996%, Alfa Aesar), sulfur pieces (99.9995%,
Alfa Aesar), and CrBr3 were sealed within a quartz tube and
positioned in a dual-zone tube furnace. The source zone and
growth zone were heated to 1123 and 1223 K, respectively,
within 24 hours and maintained at these temperatures for 48
hours. Subsequently, the temperature of the two zones was re-
versed: the source zone was heated to 1223 K while the growth
zone was cooled to 1123 K over 12 hours. The temperatures
were then maintained for 48 hours, after which both ends were
cooled to room temperature naturally. The strip-like crystals
were purified by immersion in a 1 mg/mL aqueous CrCl2

solution for 1 hour at room temperature to remove unreacted
precursors. The solution was decanted, followed by sequential
rinsing with deionized water and acetone to eliminate residual
sulfur and organic impurities to ensure the formation of stoi-
chiometrically precise, defect-minimized CrSBr crystals.

The crystal structure of the sample was determined by
x-ray diffraction (XRD) using a Rigaku Mini-Flex II diffrac-
tometer with Cu Kα radiation (λ = 1.5406 Å). The structural
refinement was performed using the FULLPROF software based
on the Le Bail method with the peak profile of Pseudo-Voigt
functions [25,26]. To further elucidate the complete crystal-
lographic structure and in-plane order, single-crystal x-ray
diffraction was performed using a Rigaku XtaLAB Synergy
single-crystal diffractometer. Data collection, integration, ab-
sorption correction, and structural refinement were carried
out using Olex2. The morphology was examined by scanning
electron microscopy (SEM) (JSM-7800F, JEOL), which is
equipped with an energy-dispersive x-ray spectrometer (EDS)
to obtain a quantitative analysis of chemical composition.
X-ray photoelectron spectroscopy (XPS, ESCALAB Xi+)
was applied to analyze the information about the surface
chemical state of the single crystal. Magnetic properties and
heat capacity of CrSBr were investigated using a Quantum
Design Physical Properties Measurement System (PPMS-
9T) with a vibrating sample magnetometer (VSM). A single
crystal with 2.50 mm × 1.44 mm × 0.16 mm was used for
magnetic measurements, and the oscillatory demagnetization
protocols were rigorously applied prior to each experimen-
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FIG. 1. (a) A schematic diagram of the experimental procedure for growing CrSBr single crystals via a two-step method. (b) Photograph
of bulk single-crystal CrSBr on a grid paper, the A-type magnetic structure of CrSBr from side view, and the EDS mappings of the Cr, S,
and Br in the CrSBr flake. (c) The refined XRD pattern of single-crystal CrSBr at room temperature. (d) The three bond angles for intralayer
superexchange paths in CrSBr structure. (e) Temperature-dependent zero-field-cooled (ZFC) magnetization under an applied field of 0.1 T
parallel to crystallographic a, b, and c axes. The inset shows ZFC M-T curve under an applied field of 0.01 T parallel to a and b axes. (f) At 2
K, field-dependent magnetization with field parallel to a, b, and c axes, respectively. The inset is the enlarged part of (f).

tal run to eliminate residual magnetic field artifacts. The
demagnetization-corrected magnetization curves were subse-
quently derived using the relation H = μ0H−4πNM, where
N represents the geometry-dependent demagnetization fac-
tor. For H ‖ c, N is 0.822, N is 0.114 for H ‖ b, and N is
0.064 for H ‖ a, consistent with the platelet-like morphol-
ogy of the CrSBr crystal. The calculation of N is provided
in Note S1 of Supplemental Material (SM) [Eq. S(1)] [27].
The characteristic fields used in the M-H analysis were de-
termined from the demagnetization-corrected magnetization
curves. The relevant saturation fields, including the spin-flip
field Hflip and the saturation fields Hb

s for H ‖ b, Ha
s for H ‖ a,

and Hc
s for H ‖ c. Specifically, using the magnetization curve

along for H ‖ b as an example in Fig. 1(f), Hflip is deter-
mined by the maximum of the first derivative curve dM/dH,

while the saturation field Hb
s is identified as the point where

dM/dH returns to the near-zero level following the spin-flip
transition.

First-principles calculations based on density functional
theory (DFT) were performed using the Vienna Ab initio
Simulation Package (VASP) [46,47], applying the exchange-
correlation description of GGA [48]. An on-site Hubbard
term U = 4 eV and Hund’s exchange coupling JH = 0.9 eV
were used for Cr-d orbitals. Brillouin zone integrations were
performed using a 	-centered Monkhorst-Pack k-point grid
of 9 × 7 × 4. Spin-orbit coupling (SOC) was self-consistently
included in the calculations of magnetic anisotropy energy
(MAE). The plane-wave cutoff energy was taken as 500 eV,
and the energy and force convergence criteria for structural
relaxation were set to 10−6 eV and 0.01 eV/Å.
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III. RESULTS AND DISCUSSION

A. Structure and intrinsic magnetism

CrSBr single crystals were synthesized via a two-step
method, as illustrated in Fig. 1(a). Initially, CrBr3 single
crystals were grown [24], which subsequently served as a
precursor for the reaction with additional Cr and S to form
the final CrSBr crystals. Detailed synthesis and growth proce-
dures are provided in the Experimental details. As shown in
Fig. 1(a), CrSBr single crystals can be grown to a striplike
millimeter size (∼5.0 mm × 1.5 mm × 0.5 mm). The long
side of the crystal coincides with the crystallographic a axis,
and the short side is along the crystallographic b axis, man-
ifesting the in-plane lattice structural anisotropy as earlier
reported [23]. The EDS mappings revealed the homogeneous
elemental distribution of Cr, S, and Br without detectable
impurities, which is further supported by multi-area statistical
measurements (Note S2 in SM [27]). The corresponding EDS
spectrum demonstrated strong signals of Cr, S, and Br, which
is consistent with the expected stoichiometric ratio of CrSBr
Fig. 1(b)]. XPS analysis of the CrSBr crystal identified Cr, S,
and Br, with an atomic ratio close to the EDS results, as shown
in Fig. S2 and Note S3 in SM [27]. Deconvolution of the high-
resolution spectra yielded the following peaks: Cr 2p3/2 and
2p1/2 at 575.7 and 585.1 eV, S 2p3/2 and 2p1/2 at 161.9 and
163.1 eV, and Br 3d5/2 and 3d3/2 at 68.8 and 69.7 eV. The ob-
served binding energies agree with reported values for Cr3+,
S2−, and Br–, validating the expected S–Cr–Br bonding and
the high quality of the synthesized material [49]. The XRD
pattern contains only (00l ) peaks and has a narrow full width
at half maximum (< 0.02◦), indicating high-quality single
crystallinity of the as-grown bulk crystal [Fig. 1(c)]. The Le
Bail refinement of the XRD pattern indicates that the layered
structure of CrSBr belongs to the orthorhombic space group
Pmmn (No. 59) with the vdW gap of 2.786(1) Å, as illustrated
in Fig. 1(b). This structure was further confirmed by single-
crystal x-ray diffraction, which precisely determined the
lattice parameters to be a = 3.5141(8) Å, b = 4.7499(12) Å,
and c = 7.9428(17) Å (Fig. S3), consistent with previous re-
ports [9,50]. Within this structure, as illustrated in Fig. 1(b),
each layer consists of two buckled CrS planes sandwiched
between Br sheets. The local coordination environment of
each Cr ion is a distorted [CrS4Br2] octahedron with local C2v

symmetry, indicating pronounced structural anisotropy along
all three crystallographic directions. Temperature- and field-
dependent magnetic measurements were further conducted
to investigate the magnetic properties of CrSBr. Figure 1(e)
exhibits zero-field-cooled (ZFC) magnetization characteris-
tics of CrSBr for an applied field of 0.1 T parallel to the
a, b, and caxes, respectively. The TN, manifested as a peak
in the ZFC curve, can be observed at around 135 K. The
smaller magnetization for H ‖ b below the TN indicates the
bulk easy-magnetization axis along the b direction. According
to the Curie-Weiss law, the high-temperature magnetization
(above 150 K) can be fitted, and the Weiss temperature Tθ

can be obtained as 175.8, 157.7, and 155.3 K for H ‖ a, b,
and c from the least-squares analysis (Fig. S4, SM [27]),
respectively. The fitted Tθ values are positive and close to TN,
confirming the local FM coupling between moments. This
is consistent with the A-type AFM structure as shown in

Fig. 1(b), where neighboring Cr moments form intralayer FM
interactions.

As we know, the direct exchange arising from the electron
hopping between the nearest neighbor Cr sites, formed from
the 3d orbitals, is AFM in nature restricted by the Pauli ex-
clusion principle [51]. However, as the nearest Cr-Cr distance
in a monolayer of CrSBr is 3.54 Å, much larger than 2.52 Å
for Cr metal in the Bethe-Slater curve, the direct interaction
is weaker than the superexchange interaction mediated by
the S/Br anions between Cr ions in CrSBr. According to
the Goodenough-Kanamori-Anderson rules [52], the superex-
change interaction between two Cr atoms is ferromagnetic
for a 90◦Cr-S/Br-Cr angle, and is AFM for a 180◦Cr-S/Br-Cr
angle. As depicted in Fig. 1(d), the chemical bonding along
the basal directions involves Cr-S/Br-Cr paths along the a
axis with a cation-anion-cation angle of 95.4(4)◦/89.4(8)◦,
and Cr-S-Cr paths along the c axis with a cation-anion-cation
angle of 96.8(1)◦, while Cr-S-Cr paths along the b axis exhibit
an angle of 159.6(8)◦. It is not surprising that FM interac-
tions occur along the a and c axes in the monolayer. This
suggests competing AFM and FM contributions along the
b axis. Conversely, the interlayer coupling across the vdW
gap along the macroscopic c axis is dominated by weak
supersuperexchange, which stabilizes the AFM coupling to
form the A-type AFM. Some studies show multiple phase
transitions in CrSBr, notably including an intermediate FM
ordered phase near 145 K, and a FM-like phase near 35 K.
Some studies found a high defect concentration in heavily
n-type doped crystals grown via a one-step CVT synthesis
using Cr2S2 and Br2 as precursors, which contributes to the
anomalous increase in magnetic susceptibility observed at 35
K. Nevertheless, following a two-step CVT growth protocol
similar to that of A. Scheie et al. [23], no abnormal kinks are
observed in our M-T curves with applied fields of 0.1 and 0.01
T [Fig. 1(e) and its inset], indicating no detectable signs of
magnetic defects or secondary magnetic ordering phenomena
in our high-crystallinity CrSBr crystal.

B. Triaxial magnetic anisotropy of CrSBr

The metamagnetic transition and magnetic anisotropy are
further analyzed by field-dependent magnetization curves
with the magnetic fields parallel to different crystallographic
axes at 2 K, as shown in Fig. 1(f). The M-H curves at
T = 2 K show a typical AFM feature with negligible
magnetic susceptibility in low fields. Notably, for H ‖ b,
by increasing H to a critical field Hflip = 0.35(8) T, the
magnetization exhibits a sharp and nonlinear increase and
then becomes saturated rapidly above Hb

s = 0.58(4) T,
indicating a field-induced metamagnetic transition. For H ‖ a
and H ‖ c, the metamagnetic transition is not observed.
Instead, there is linear M growth and larger high-field
saturation behavior with Ha

s of 1.09(0) T and Hc
s of 1.84(6) T,

respectively. Such an anisotropic field response is consistent
with previous magnetization studies on high-quality CrSBr
crystals [53]. This arises from the reconstruction of the
spin-moment arrangement, which gradually transitions
from the bulk easy axis (b axis) to the ac plane, inducing
canted antiferromagnetism. In the octahedral crystal field
of [CrS4Br2], the 3d orbitals of Cr undergo splitting. This
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results in a lower-energy triplet state t2g (dxy, dyz, and dxz)
and a higher-energy doublet state eg (dx2−y2 and dz2 ). In
accordance with Hund’s rule, the remaining three electrons of
Cr3+ (3d3) fill the t2g state. The absence of orbital degeneracy
results in an orbital singlet with a quenched orbital moment
[54,55]. As shown in Fig. 1(f), the saturated magnetization
gives a magnetic moment of ms ≈ 3.4 μB/Cr, confirming a
largely quenched orbital moment. In the single axis case, the
Hamiltonian of the collinear AFM system CrSBr is mainly
determined by AFM exchange interaction, magnetocrystalline
anisotropic energy, and Zeeman energy [56];

H = J
∑ →

S i · →
S j − K

(∑
S2

iy +
∑

S2
jy

)

− gμBH0

(∑
Siy +

∑
S jy

)
, (1)

where Si and S j are the spins at sites i and j of the sublattice.
S can be obtained by ms = gμB

√
S(S + 1), where g = 2. J is

the exchange constant of the interaction between spins Si and
S j . The K term represents the uniaxial anisotropy of a single
axis and the last term is the usual Zeeman term (μB is the
Bohr magneton, and H0 is the applied static magnetic field
along the y direction). With the field applied parallel to the
magnetic easy axis, the molecular field approximation based
on a semi-classical model gives critical fields as [57]

HS = 2HAF − HA, (2)

where HAF = JS2/gμBS is AFM exchange field, and
HA = 2K/gμBS is the anisotropy field based on the two-spin
macrospin model. The HA can be further subdivided into
Hba

A = Hb
S−Ha

S and Hbc
A = Hb

S−Hc
S , representing the effective

anisotropy fields between the b and a axes and between
the b and c axes, respectively [58]. Thus we can calculate
K = 0.047(1) meV and JS2 = 0.112(7) meV for the b axis
versus a axis, and K = 0.124(6) meV and JS2 = 0.078(6)
meV for the b versus c axis. This indicates that bulk CrSBr
has the easy magnetization b, hard c, and intermediate a axes.

To further corroborate the experimentally determined tri-
axial anisotropy, first-principles calculations based on three
spin-quantization directions for the same A-type AFM con-
figuration were performed, with the spin quantization axis
constrained along the crystallographic b, a, and c directions.
Detailed computational methods and magnetic configurations
are provided in Note S6 of SM [27]. As shown in Table S4, the
calculated relative MAE values (defined as �Ei = Ei − Eb)
are 0, 82, and 89 µeV/Cr for the b, a, and c axes, respec-
tively. This confirms the b axis as the easy magnetization axis,
the c axis as the hard axis, and the a axis as the interme-
diate axis, consistent with our molecular-field analysis and
previous studies [17]. As aforementioned, due to quenched
orbital moments, the lowest order nonzero contribution of
magnetic anisotropy energy arises from quantum fluctuations
of the orbital moments [54], which is quadratic and vanishes
in a perfect octahedral environment. However, the local dis-
tortion of the CrS4Br2 octahedra yields magnetic anisotropy
due to uniaxial anisotropy derived from spin-orbit coupling
and shape anisotropy attributed to the magnetic dipole-dipole
interaction of Br ions, as reported by early first-principles cal-
culations and Monte Carlo simulations [17,59]. Meanwhile,
the larger anisotropy energy than that of exchange coupling

between the easy and hard axes is conventionally interpreted
as a hallmark of the spin-flip transition in AFM systems like
(Fe, Co)3GaTe2, which is different from the strong exchange
interactions of spin-flop in CrPS4 and MnBi2Te4 [60,61].

C. Arrott plots and phase transition behavior

Figures 2(a)–2(c) present the isothermal magnetization
curves of CrSBr under magnetic fields up to 5 T from 84
to 204 K for H ‖ a, H ‖ b and H ‖ c, respectively. Below
TN of 135 K, the magnetizations at all crystallographic axes
increase dramatically with applied field, until the curves
plateau near the saturation field HS. Noticeably, the spin-flip
transition for H ‖ b can be observed, and its Hflip dwindles
and vanishes at 135 K as the temperature increases, which
is related to the temperature scaling of anisotropy energy.
Meanwhile, the magnetization along all crystallographic axes
gradually exhibits linear paramagnetic behavior as the temper-
ature increases above TN. To precisely determine the magnetic
ordering near the transition temperature, we performed the
critical-exponent analysis within the Widom scaling frame-
work including the modified Arrott plot, the Kouvel-Fisher
method, the Widom scaling law, and critical isotherm analysis
(Note S7 in SM [27]). The Arrott plots of M2 versus H/M
are presented in Figs. 2(d)–2(f). As previously mentioned,
the only AFM exchange coupling in A-type AFM CrSBr is
interlayer coupling mediated by the vdW gap, which usually
makes it small, especially compared to those with intralayer
exchange coupling. Therefore the saturated fields of CrSBr
are small (less than 2 T), and the M2 versus H/M curves
near the transition temperature should be parallel straight
lines in the high-field region with the same slope of S(T ) =
dM1/β/d (H/M )1/γ . In Figs. 2(d)–2(f), the curves are nonlin-
ear in the high-field region, suggesting that the mean-field
theory is inadequate for accurately characterizing the critical
behavior of CrSBr. Thus the critical behavior is systematically
investigated by means of the modified Arrott plot (MAP)
for H ‖ c based on five canonical theoretical models, includ-
ing 2D Ising (β = 0.125, γ = 1.75), 3D Ising (β = 0.325,
γ = 1.24), 3D XY (β = 0.345, γ = 1.316), 3D Heisenberg
(β = 0.365, γ = 1.386), and tricritical mean-field (β = 0.25,
γ = 1), as shown in Figs. S7(c)–S7(g) in SM [27]. The deriva-
tion of the MAP is provided in Eq. S(3). The normalized
slopes NS = S(T )/S(TN) are summarized and compared to
the ideal value of 1 to determine the most appropriate model,
as depicted in Fig. S7(h). The 2D Ising and tricritical mean-
field models agree most closely with the experimental data,
exhibiting the least deviation.

The tricritical mean-field exponents (β = 0.25, γ = 1)
were selected as initial parameters for further iterative anal-
ysis. A new modified Arrott plot can be drawn based on
the obtained β and γ values. This process is iterated until
β and γ are stable and the detailed iterative method can
be seen in Eqs. S(4)–S(6). Figure 2(g) shows the final con-
verged critical exponents β = 0.265(8) with Tt = 137.216(1)
K, and γ = 1.297(1) with magnetic transition temperature
(Tt ) = 137.277(6) K. Besides, the critical exponent can also
be evaluated by the KF method [Eqs. S(8) and S(9)], the
linear fitting gives β = 0.273(2) with Tt = 137.350(2) K and
γ = 1.263(1) with Tt = 137.314(7) K [Fig. 2(h)]. These val-
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FIG. 2. The isothermal magnetization curves of CrSBr from 84 to 204 K with (a) H ‖ a, (b) H ‖ b, and (c) H ‖ c. (d), (e), and (f) are
Arrott plots with H ‖ a, H ‖ b, and H ‖ c, respectively. The data are taken at �T = 6 K intervals from 84 to 204 K. (g) The temperature
dependence of the spontaneous magnetization MS and the inverse initial magnetization χ−1

0 and their corresponding red fitting curves. The
inset is the field-dependent magnetization scale plot on a log-log scale with the red fitting curve at 137 K. (h) Kouvel-Fisher (KF) plots of

MS (T )( dMS (T )
dT )

−1
and

χ−1
0

dχ−1
0 (T )/dT

with the red fitting curves. (i) The log-log plot of the reduced magnetization (m = M|ε|−β ) vs the reduced

field (h = H |ε|−(β+γ ) ) above and below Tt. The inset is the modified Arrott plots of isotherms in the temperature range from 125 to 145 K,
where β = 0.265 and γ = 1.297 for the applied field H ‖ c.

ues are in close agreement with those obtained from the
modified Arrott plot, indicating that the extracted constants
are intrinsic. The critical isotherm at Tt , shown in the inset
of Fig. 2(g), gives δ = 5.719(5), which is close to those
estimated from the Widom relation δ = 1 + γ /β, using the
MAP and KF exponents, which gives δ = 5.89(15) and δ =
5.626(34), respectively. In addition to the Widom relation,
representative scaling relations were examined in Note S7
of SM [27], such as the α values derived from the Rush-
brooke and Griffiths relations. The obtained exponents are
summarized in Table I together with representative theoreti-
cal values. A detailed comparison reveals that the extracted
β and α values reside exactly between the tricritical mean-
field and 3D Ising limits. Meanwhile, γ is slightly larger
than the 3D Ising value, and δ slightly exceeds the tricriti-
cal mean-field value. Collectively, this specific distribution of
exponents signifies a crossover-like 3D critical behavior, sug-

gesting the complex mixed-exchange interactions within the
system.

As a further consistency check within the Widom scaling
framework, the rescaled magnetization data are plotted as
M|ε|−β versus H |ε|−(β+γ ), where ε = (T − Tt )/Tt . As shown
in Fig. 2(i), the data fall onto two separate branches above
and below Tt , respectively. This scaling collapse supports the
internal consistency of the extracted exponents. The mod-
ified Arrott plots for the CrSBr single crystal reveal that
the isotherms are parallel and linear, indicating marked lin-
ear behavior [the inset of Fig. 2(i)]. Moreover, according to
Banerjee’s criterion [62], the order of a magnetic transition
can be preliminarily assessed via the slope of Arrott plots,
where positive slopes correspond to second-order magnetic
transitions and negative slopes correspond to first-order mag-
netic transitions. Clearly, in high-field regions for H ‖ a, H ‖
b, and H ‖ c, the concave downward curvature with positive
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TABLE I. Comparison of the critical exponents α, β, γ , and δ of CrSBr with different theoretical models.

Composition Reference Method α β γ δ

CrSBr This work Modified Arrott plot 0.173 0.265(8) 1.297(1) 5.89(15)
CrSBr This work Kouvel–Fisher plot 0.191 0.273(2) 1.263(1) 5.626(34)
CrSBr This work Critical isotherm — — — 5.719(5)
Mean-field [63] Theory 0 0.5 1.0 3.0
2D Ising [63] Theory 0 0.125 1.75 15.0
3D Ising [63] Theory 0.110 0.325 1.24 4.82
3D XY [64] Theory −0.007 0.345 1.316 4.81
3D Heisenberg [64] Theory −0.115 0.365 1.386 4.80
Tricritical mean-field [64] Theory 0.5 0.25 1.0 5.0

slopes around TN suggests a second-order phase transition
in CrSBr. By comparison, the low-field paramagnetic tran-
sition and field-induced transition are first-order transitions,
as evidenced by the negative slopes of Arrott plots. No-
tably, a detailed examination of the magnified Arrott plots
in Figs. 2(d)–2(f) reveals a marked distinction in the b-axis
behavior compared to the a and c axes at low temperatures.
The b- axis plot exhibits a significantly steeper curvature in its
slope, a feature directly attributed to the spin-flip transition.
This pronounced deviation underscores the critical role of
spin-flip dynamics in driving the abrupt magnetic reconfigura-
tion along the b axis, further corroborating the discontinuous
character of the transition.

D. Anisotropic magnetocaloric effect

The magnetocaloric effect, an intrinsic property of mag-
netic materials, arises from changes in the magnetic entropy
of the system due to the coupling between magnetic moments
and an external magnetic field [65]. The isothermal magnetic
entropy change (�SM), recognized as a critical parameter for
quantifying the magnetocaloric effect, is defined as [66]

�SM(T, H ) =
∫ H

0

(
∂S

∂H

)
T

dH =
∫ H

0

(
∂M

∂T

)
H

dH, (3)

where ( ∂S
∂H )

T,P
= ( ∂M

∂T )
H,P

can be derived from isothermal
magnetization curves using the Maxwell relations. When the
magnetization measurement is performed within a narrow
interval of temperature and magnetic field, Eq. (3) can be
rewritten as [67]∣∣∣∣�SM

(
Ti + Ti+1

2
, H

)∣∣∣∣ =
∑

i

[
(Mi − Mi+1)Hi

Ti+1 − Ti

]
�Hi. (4)

Figures 3(a)–3(c) illustrate the temperature dependence
of −�SM under varying magnetic field changes for H ‖ a,
H ‖ b, and H ‖ c, respectively. Obviously, in FM systems
maintained at a specific temperature, an applied magnetic field
typically induces alignment of magnetic moments, thereby re-
ducing the system’s entropy and yielding a negative magnetic
entropy change (−�SM > 0). In contrast, AFM materi-
als exhibit unconventional magnetocaloric behavior. At low
magnetic fields, the initially antiparallel spin configuration
undergoes partial disruption, amplifying magnetic disorder
and paradoxically elevating the magnetic entropy (−�SM <

0). This entropy enhancement emerges from the competition

between field-induced spin reorientation and inherent AFM
ordering. As the external field surpasses the critical threshold,
the moments gradually transition into field-aligned configura-
tions, restoring conventional entropy reduction (−�SM > 0)
through progressive magnetic ordering.

For H ‖ a, b, and c, the overall trends of the curves are
nearly identical. Observations indicate that for CrSBr below
TN, −�SM is negative as the magnetic field changes from 0
to 0.5 T, signifying the presence of AFM ordering. As the
field and temperature increase, the magnetic entropy change
of CrSBr becomes negative (−�SM > 0) due to field-induced
AFM-to-FM phase transition. All −�SM curves exhibit pro-
nounced peaks near TN, with the peak profiles broadening
asymmetrically toward both lower- and higher-temperature
sides as the magnetic field strength increases. At H = 5 T ,
the maximum magnetic entropy change −�Smax

M reaches 5.21
J/(kg K) when the magnetic field is parallel to the easily
magnetized b axis. As summarized in Fig. 4(f), this value
indicates that CrSBr exhibits a relatively considerable magne-
tocaloric response among reported vdW magnetic materials.
At H = 5 T, the −�Smax

M reaches 5.21 J/(kg K) when the
magnetic field is parallel to the easily magnetized b axis,
which is competitive among representative vdW magnetic
materials, as shown in Fig. 4(f), such as Fe3−xGeTe2 [1.1
J/(kg K) at 5 T] [68], Fe3GaTe2 [1.67 J/(kg K) at 5 T] [69],
CrI3 [4.24 J/(kg K) at 5 T] [70], MnBi2Te4 [2.48 J/(kg K) at
6 T] [71], CrCl3 [14.6 J/(kg K) at 5 T] [72]. For H ‖ a and
H ‖ c, the −�Smax

M reaches 5.09 and 4.74 J/(kg K) at 5 T,
respectively. Heat-capacity measurements under H ‖ c were
further performed to provide an additional thermodynamic
examination, as shown in Fig. S9 (Note S8 in SM [27]).
The heat-capacity-derived entropy change and �Tad exhibit a
pronounced field-dependent response near the magnetic tran-
sition, supporting the magnetocaloric behavior inferred from
the magnetization measurements [73,74]. In order to analyze
the anisotropy of magnetocaloric effect, the rotating magnetic
entropy change −�SR

M induced by rotating the applied mag-
netic field from the easily magnetized b axis to the a or c axis
direction can be represented as

−�SR
M(b → a) = �SM(a) − �SM(b) (5)

−�SR
M(b → c) = �SM(c) − �SM(b) (6)

based on Eqs. (5) and (6), the calculated −�SR
M within the

temperature range from 84 to 204 K at 5 T is depicted in
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FIG. 3. Temperature dependence of −�SM under different fields with (a) H ‖ a, (b) H ‖ b, and (c) H ‖ c. (d) Temperature dependence
of magnetic entropy change −�SR

M obtained by rotating from the b axis to the aand the b axes to the c axis in a 5 T field. (e) Temperature
dependence of MAE and K along the b axis relative to the c axis and along the b axis relative to the a axis. (f) Variation curves of K and MAE
vs rotational magnetic entropy change induced by rotating the external magnetic field from the easily magnetized b axis towards the a-axis or
c-axis directions.

Fig. 3(d). The distinct trends of these differential curves
are evident: −�SR

M(b → a) remains relatively small,
with a magnitude of approximately 0.1 J/(kg K), whereas

−�SR
M(b → c) exhibits a significantly larger disparity,

reaching a maximum difference of ∼0.4 J/(kg K). This latter
value far exceeds the rotational magnetic entropy reported
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FIG. 4. The temperature dependence of n(T) in various fields with (a) H ‖ b. −�SM(T ) and the corresponding exponent n at mag-
netic fields of 1 and 4.5 T with (b) H ‖ b. −�SM(T ) and the corresponding exponent n at magnetic fields of 2.5 and 4.5 T with (c)
H ‖ c. Normalized �SM/�Smax

M for (d) H ‖ b and (e) H ‖ c as a function of the rescaled temperature θ . (f) Comparative summary of
the −�Smax

M , transition temperature, and the RCP values for representative vdW magnetic materials under comparable magnetic-field
conditions [18,24,68–72,76–80].

for Fe2.72GeTe2 [75], underscoring strong triaxial magnetic
anisotropy inherent to this lattice-anisotropy system. Such
pronounced directional contrast highlights the dominant
role of crystallographic orientation in governing spin-lattice
interactions and entropy redistribution.

To precisely characterize magnetic anisotropy, in addition
to previously calculated K, the MAE is also available, which
can be estimated by calculating the area between the magneti-
zation curves obtained when a magnetic field is applied along
the easy axis and the hard plane as

MAE =
∫ Hext

0
{M(H//easy-axis) − M(H//hard-axis)}dH,

(7)

where the integration area is considered as the energy cost for
magnetization in a certain direction other than the preferred
axis and performed from 0 T to the field at which saturation
magnetization is achieved, typically at 5 T. Figure 3(e) shows
the temperature-dependent MAE and K from b to c axis and
b to a axis. With increasing temperature below TN, the MAE
and K decrease nearly linearly. The MAE and K between the
b to c axis are much higher than those for the b to a axis, high-
lighting the material’s inherent triaxial anisotropy. Figure 3(f)
depicts temperature-dependent MAE and K as a function of
−�SR

M. Intuitively, for both the b → a and b → c axes, the
MAE and K exhibit a negative linear relationship with −�SR

M
as temperature increases, which indicates a strong relationship
between −�SR

M and the MAE. Based on Eqs. (5)–(7), the
correlation can be established between −�SR

M and the MAE
as follows:

−�SR
M(Hext, T ) = �SM(Hext// hard, T ) − �SM(Hext// easy, T )

=
∫ Hext

0

{
∂M(H//easy, T )

∂T
− ∂M(H//hard, T )

∂T

}
dH

= ∂EMAE

∂T
, (8)

clearly from Eq. (8), the magnetic entropy anisotropy is re-
lated to the derivative of the MAE, which is supported by
our experimental results as shown in Fig. 3(f). In fact, it is
understandable that the MAE reduction at a finite temperature
is related to the anisotropic entropy because the MAE is the
difference in free energy, which includes the internal energy

and entropy terms. Thus the magnetic anisotropy can lead
to a modification of the magnetization curves to modulate
anisotropic magnetocaloric properties.

The −�SM can be used to quantitatively analyze the crit-
ical exponent to understand the critical behavior. Around
the second-order phase transition, the field dependence of
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the maximum magnetic entropy change shows a power law:
−�Smax

M = aHn, where a is a constant and the exponent n is
given by [81–83]:

n(T, H ) = d ln |�SM|
d ln H

. (9)

Figure 4(a) shows the temperature dependence of n(T) for
H ‖ b, including both the full field range from 0.5 to 5 T
and the refined low-field data between 0.5 and 1.5 T. The
refined low-field dataset provides a clearer view of the field
evolution around the saturation/metamagnetic region, while
the full-field dataset shows the overall evolution of n(T) up to
5 T. For T < TN, when H � HS (near 1 T), the enhancement
of n above 2 can be observed, suggesting complex AFM
behavior at low fields. Nevertheless, as H > 1 T, the value of
n drops rapidly to around 1 and remains stable, indicating the
field-induced first-order magnetic transitions as inferred from
Banerjee’s criterion. For T > TN, the value of n tends to 2 as
a consequence of the Curie-Weiss law. Similar temperature-
dependent n behaviors can be seen for H ‖ c and H ‖ a, as
shown in Figs. S10(a) and S10(b) in SM [27]. In particular,
due to the larger HS for H ‖ c than that for H ‖ b, the value
of n exceeding 2 occurs in the high critical field near 2.5 T
below TN [Figs. 4(b) and 4(c)]. Figures 4(d) and 4(e) display
the normalized magnetic entropy change �SM/�Smax

M as a
function of the reduced temperature θ with H ‖ b and H ‖
c, respectively [84,85]. All curves across various magnetic
fields coalesce into a uniform curve above TN, while distinct
branches emerge below TN, which is related to field-induced
first-order magnetic transitions in CrSBr. More pronounced
branching profiles below TN for H ‖ c compared to those for
H ‖ b are consistent with their n behaviors [Figs. 4(b) and
4(c)], underscoring strong anisotropy between these crystal-
lographic orientations.

Several magnetocaloric parameters can be further derived
from the −�SM curves, including entropy change (TEC),
refrigerant capacity (RC), and relative cooling power (RCP),
as presented in Note S9 of SM [27]. These parameters
show the same anisotropic trend as �Smax

M , further sup-
porting the anisotropy-controlled magnetocaloric response.
As summarized in Fig. 4(f), comprehensive comparisons of
transition-temperature related −�Smax

M and RCP reveal that
CrSBr exhibits a competitive magnetocaloric performance
among representative vdW magnetic materials. The field
dependences of −�Smax

M and RCP were further analyzed
using the conventional magnetocaloric power-law relations,
−�Smax

M ∝ Hn and RCP ∝ Hm [84]. As shown in Note S10
of SM [27], the H ‖ c data yield fitted values of n = 0.861
and m = 1.166. The corresponding value δRCP ≈ 5.9888 is
close to the value of δ = 5.719(5) derived from the critical
isothermal line.

IV. CONCLUSION

In summary, high-quality CrSBr single crystals have been
successfully fabricated, and systematic investigations have

been performed with regard to its structural, magnetic, and
related magnetocaloric properties. As grown by the two-step
CVT method, CrSBr single crystal shows a second-order
AFM phase transition at 135 K without extra magnetic transi-
tions and magnetic defects. It corresponds to an A-type AFM
ground state upon cooling, where FM coupling within the ac
plane is attributed to superexchange interactions mediated by
S/Br anions between Cr ions. The critical analysis supports
a second-order magnetic transition near 135 K, with ex-
ponents indicating crossoverlike behavior between tricritical
mean-field-like and 3D Ising-like regimes. Molecular field ap-
proximation analysis and first-principles calculations confirm
the triaxial magnetic anisotropy [K (b → c) > K (b → a)] and
spin-flip properties (K > JS2) in CrSBr, which is in con-
nection with the magnetocaloric effect as �SR

M ∝ K . It
demonstrates that anisotropic entropy contribution dominates
the temperature-dependent free energy difference during mag-
netization along noneasy axis directions. −�Smax

M are 5.21,
5.09 and 4.74 J/(kg K) for H ‖ b, H ‖ a, and H ‖ c at 5 T,
respectively, corresponding to a larger − �SR

M (b → a) than
−�SR

M (b → c), revealing a clear anisotropic magnetocaloric
response. Overall, unique in-plane uniaxial anisotropy with
A-type magnetic ordering in CrSBr offers a new avenue
for developing emerging applications, as demonstrated by
our study on triaxial magnetic anisotropy correlated with
magnetocaloric properties. On a broader scope, exploiting
weak vdW interlayer coupling in CrSBr, triaxial magnetic
anisotropy and exotic spin states are tunable through strain
and intercalation.
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