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ABSTRACT: van der Waals (vdW) magnets are receiving ever-growing attention nowadays due to their significance
in both fundamental research on low-dimensional magnetism and potential applications in spintronic devices. The
high crystalline quality of vdW magnets is the key to maintaining intrinsic magnetic and electronic properties,
especially when exfoliated down to the two-dimensional limit. Here, ultrahigh-quality air-stable vdW CrSBr crystals
are synthesized using the direct solid—vapor synthesis method. The high single crystallinity and spatial homogeneity
have been thoroughly evidenced at length scales from submm to atomic resolution by X-ray diffraction, second
harmonic generation, and scanning transmission electron microscopy. More importantly, specific heat
measurements of ultrahigh-quality CrSBr crystals show three thermodynamic anomalies at 185, 156, and 132 K,
revealing a stage-by-stage development of the magnetic order upon cooling, which is also corroborated with the
magnetization and transport results. Our ultrahigh-quality CrSBr can further be exfoliated down to monolayers and
bilayers easily, providing the building blocks of heterostructures for spintronic and magneto-optoelectronic
applications.
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(vdW) materials with thickness down to the atomic liquid gating in the monolayer.’ Cr,Ge,Tes shows a semi-
limit has received widespread attention in the research

community. The discoveries of 2D ferromagnetism with easy-
axis anisotropy in vdW Cr,Ge,Te4 and Crl; atomic layers have
offered platforms for studying 2D magnetism and building
blocks for integrating spintronic and magneto-optoelectronic
devices.' ™ Sooner after, many other magnetic phases and
tunable properties have been discovered in 2D magnets, both
in their thin-film and bulk forms. For example, bulk Fe;GeTe,
(FGT) shows itinerant ferromagnetism with T, = 220—230

T he advance of two-dimensional (2D) van der Waals K,** which can be enhanced to room temperature via ionic

conducting behavior and possesses a ferromagnetic transition
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Figure 1. (a, d) Crystal structures of CrSBr viewed from b- and c-axes. (b) XRD pattern with Miller indices on CrSBr single crystals. The left
inset shows the optical image of the pristine CrSBr single crystal on the millimeter grid. The right inset shows a SAED pattern along [001]
and a precession image of (hk0) zone constructed by using a set of 1209 measured @-scan frames. (c) EDX mapping of CrSBr, suggesting
uniform distributions of constitute elements throughout the crystal. Scale bar, 250 ym. (e, f) HAADF-STEM images of the CrSBr crystal
highlighting the presence of minimal defects over a 35 nm field-of-view.

temperature of 65 K in bulk,"” but can be tuned to 180 K in
the few-layered samples when using solid ion conductors as the
gate dielectric.® Chromium trihalides are another big family of
2D magnets. Whereas bulk CrCl; single crystals show an in-
plane antiferromagnetic (AFM) order below 17 K,”'" CrBr,
shows out-of-plane ferromagnetism below T, = 37 K'' and
Crl; hosts an out-of-plane ferromagnetic transition at about 61
K. Besides, layer-dependent magnetism has been found in
CrCl; and Crl;, from ferromagnetic (FM) in a monolayer to
AFM in a few layers, and back to FM in bulk."*'® The halide
atoms play an important role in determining the magnetic
texture. Interestingly, as the Cr—Cr distance increases with the
halogen size from Cl to Br to I, the direct exchange interaction
is supposed to be weakened. This means that the super-
exchange mechanism, which prefers to form FM alignment,
plays a more important role in the chromium trihalides
series.'® In addition, from Cl to Br to I, the spin—orbit
coupling (SOC) strength increases, resulting in the evolution
of spin anisotropy from the easy plane to nearly isotropic and
to the easy-axis type.'” Furthermore, by tuning the chemical
ratio of halide elements, the easy axis can be tuned in

CrCl;_,Br,, and frustrated magnetic regions are demonstrated
in the phase diagram of CrCl3_x_},Bery.18’19

The weak interlayer coupling in 2D materials/magnets
allows the vertical stacking of the same or different atomic
layers, where various behaviors that are not accessible in
individual layers may be introduced. For instance, the magnetic
proximity effect probed by the Zeeman spin Hall effect
through nonlocal measurements is observed in graphene/
CrBr; heterostructures.”® A large anomalous Hall effect is
observed in the Cr,Ge,Tes/(Bi,Sb),Te; heterostructure,
showing that exchange coupling between the two different
layers is strong and a sizable exchange gap opens in the surface
state.”' An antisymmetric magnetoresistance effect is observed
in the Fe;GeTe,/Graphite/Fe;GeTe, trilayer heterostructures,
which is proposed to result from a spin-polarized current
induced by spin-momentum locking at the graphite/FGT
interface.”” Similar antisymmetric magnetoresistance is ob-
served in the AFM/FM heterostructure of MnPS;/
Fe,GeTe,.”> More recently, different magnetic states are
discovered in moiré superlattices of twisted Crl; layers.”* >
However, most of the 2D magnets have an out-of-plane easy
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Figure 2. (a) Schematic of the SHG experimental setup. The incident fundamental and the reflected SHG light are in red and blue,
respectively. Red arrows indicate the incident light polarizations while the blue arrow indicates the selected reflected SHG light polarization.
HWP: half wave plate, DM: dichroic mirror. (b) Polar plots of SHG RA in both the parallel and the crossed channels at selected
temperatures. The experiment data (filled circles) are well fitted by the model based on group theory analysis (solid lines). All plots are of
the same intensity scale, normalized to a value of 1.0 corresponding to 35 pW. The CrSBr crystal structures are overlaid in the background.
Inset shows the definition of polar angle ¢ that is the angle between the incident light polarization and the crystal axis a. (c) Scanning SHG
image of the bulk CrSBr sample measured at ¢ = 90° in the parallel channel at 80 K. Inset shows the corresponding wide-field optical image.

The scale bar of the inset is 15 ym.

axis, which are severely affected by the vertical heterostructure
integration. Moreover, many of the 2D magnets are limited to
their low magnetic transition temperature, and the research of
atomic thin vdW magnets is often hindered by their extreme
sensitivity to air and degraded properties during the fabrication
process. Thus, the pursuit of 2D magnetic materials with
preferably an in-plane magnetic easy axis, better crystal and
exfoliation qualities, higher air stability, and better interfacial
properties will be rather rewarding in the 2D magnets studies.

Very recently, an air-stable 2D AFM CrSBr with a high Néel
temperature Ty = 132 K has been reported.”””* As shown in
Figure 1a,d, the Cr—S framework is sandwiched by Br atoms,
forming one layer of CrSBr. Both Cr and S are octahedrally
coordinated, and each layer of CrSBr is weakly coupled via the
vdW force along ¢ direction, resulting in the easy exfoliation of
this material. Besides the high magnetic transition temperature,
the single layer of CrSBr shows a FM order, and these FM
layers couple antiferromagnetically along the c-axis. The
monolayer is also demonstrated to be air-stable and shows
an in-plane FM order below 146 K based on second harmonic
generation (SHG) results.”” Furthermore, a strong spin-charge
coupling is observed in the graphene/CrSBr heterostructure,
which is due to a large induced exchange interaction by the
proximity of the AFM CrSBr.*® To further facilitate the future
heterostructure and device studies of this material, high-quality
bulk crystals which enable a better and large-area exfoliation
will be necessary.

Currently, CrSBr is usually synthesized through the chemical
vapor transport (CVT) method using chromium metal and
S,Br, sealed in quartz ampule in two-zone tube furnaces.””**
However, vdW materials grown from the CVT method often
present more defects than other methods,’"** which
potentially impacts the magnetic order in 2D. Besides, S,Br,
here plays a joint role of transport agent and reactants, which
would cause the crystal to cluster together easily and hinder
the size and quality of the single crystal. Herein, we present a
simpler and more direct solid—vapor synthesis method, which
yields much bigger size and higher quality of crystals than the
conventional CVT method. The high single crystallinity and
homogeneity of the single crystals have been thoroughly
evidenced at different length scales by X-ray diffraction (XRD),
second harmonic generation rotational anisotropy (SHG RA),
and scanning transmission electron microscopy (STEM),
respectively. More importantly, the specific heat measurements
of our sample reveal a three-stage development of the magnetic
order upon cooling, which is corroborated with the magnet-
ization and transport results.

RESULTS AND DISCUSSION

Figure 1b shows the optical images and the XRD pattern of the
CrSBr single crystal. The black and shiny single crystals with a
lateral size as large as 7 mm X 1 mm are typically obtained
(more optical images in Supplemental Figure S1). Only 00!
peaks can be observed as expected, since the flat surface is
perpendicular to the crystallographic c-axis. The full-width at
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Figure 3. (a) Schematic illustration of monolayer CrSBr. (b) Optical image of thin CrSBr flakes deposited onto a SiO,/Si wafer substrate via
mechanical exfoliation. (c) Schematic of calculated out-of-plane momentum (k_) dependence for various Bragg rods of monolayer CrSBr.
The thickness and color indicate the complex magnitude and phase of the structure factor, respectively. (d) Atomic force microscopy
topography of exfoliated CrSBr flakes. (e) Experimental Bragg intensities (scatter points) for (110) (orange), (220) (blue), (200) (purple),
and (210) (green) peaks plotted as a function of tilt angle, which strongly agree with the fitted kinematic models.

half-maximum of the peaks is as narrow as 0.04°, which
indicates the large crystalline domains and no noticeable
inhomogeneous strain fields within samples. Procession X-ray
and electron diffraction (Figure 1b, inset) clearly demonstrate
the single-crystal nature with sharp Bragg peaks without
distortions such as ring shapes or blurry spots, suggesting near-
perfect single crystallinity without noticeable grain boundaries
or distortions in the samples over a ~100 um length scale. This
is also reflected by the refinement results (R;= 1.35% and wR,=
3.51%, refinement details shown in Supplemental Table S1).
Furthermore, we construct procession images along the three
(0kl), (hol), (hk0) plane directions pixel-by-pixel from the
complete sets of single-crystal XRD w-scan images (1209
frames). As the precession images have detailed information on
diffraction layers in the reciprocal space, it provides a direct
and clear viewpoint on the crystal quality. The three procession
images, shown in the inset of Figure 1b and Supplemental
Figure S2, further demonstrate no noticeable crystal twining or

lattice distortion in three dimensions in our single-crystal
samples. The lattice parameters of CrSBr at 170 and 296 K are
shown in Supplemental Table S1. The energy dispersive X-ray
(EDX) spectroscopy mapping (Figure 1lc) suggests uniform
distributions of constitute elements throughout the crystal.
Moreover, the EDX spectra yields the Cr:S:Br molar ratio as
33.36(21)%:33.02(22)%:33.12(19)%, which is very close to
the stoichiometric ratio of 1:1:1.

We further demonstrate the high crystalline quality of CrSBr
at the atomic scale in mechanical exfoliated atomic layers.
Atomically resolved high-angle annular dark-field (HAADF)-
STEM measurements (Figure le,f and Supplemental Figure
S3) confirm the absence of atomic defects, grain boundaries, or
changes in the stacking order in thin CrSBr flakes. The
HAADF-STEM images show Cr and S—Br atomic columns
viewed in projection as a cubic pattern with alternating dim
(Cr) and bright spots (S—Br). The crystal uniformity is
observed to the edge of the specimen (Figure 1f).
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Furthermore, the selective area diffraction pattern (SAED)
(Figure 1b inset) reveals sharp Bragg spots with an in-plane
two-fold symmetry, which agrees with the lattice periodicity of
CrSBr.

Second, to further characterize the homogeneity of the
single crystal in the micron length scale, we have carried out
SHG RA measurements on bulk CrSBr under the nominal
normal incidence geometry. Figure 2a shows the schematic of
the experimental setup. A long working distance 20X objective
with a 0.4 numerical aperture (NA) focuses the 800 nm
incident laser beam onto the sample surface. The relatively
large NA yields a cone-shaped focused beam, covering the
incident electric field polarizations from perfectly parallel to
the sample surface to 23.5° ie., arcsin(NA), off from it. A
dichroic mirror (DM) set, together with a bandpass filter set,
selects the 400 nm SHG light and directs it to a photo-
multiplier-tube detector that is connected to a current amplifier
and then a lock-in amplifier. The polarizations of the incident
and the reflected light can be selectively chosen using a half-
wave plate (HWP) and a polarizer, respectively.

We have performed SHG RA measurements to verify the
structural symmetries at various temperatures across the AFM
phase transition temperature Ty = 132 K. Figure 2b shows the
polar plots of SHG intensity as a function of the incident
polarization angle ¢ away from the a-axis (Figure 2b inset) in
two channels where the incident fundamental and the reflected
SH light polarizations are parallel (parallel) and perpendicular
(cross) to each other. We clearly see that all RA patterns show
two mirrors normal to crystal axes a and b, consistent with the
point group mmm determined by our XRD measurement
(space group Pmmn, no. 59, see Supplemental Table S1).
Furthermore, we observe that from 100 to 200 K, the SHG RA
results in the parallel channel remains nearly constant
including both the shape and the amplitude, whereas those
in the crossed channel shows a modest evolution. The two
smaller lobes in SHG RA patterns of the crossed channel along
the g-axis gradually shrink as the temperature increases, while
the two larger lobes along the b-axis barely change in intensity.
The absence of significant changes in both channels across Ty
= 132 K is consistent with the same mmm point group for both
the paramagnetic phase above Ty and the layered AFM phase
below Ty, demonstrating the robust and consistent crystal
structure of the samples. Usually, the two-fold rotation
symmetry operation along the c-axis should forbid any SHG
radiation in the normal incidence geometry, including both the
electric dipole and the electric quadrupole contributions. Our
observed nonzero SHG RA signal is attributed to the electric
quadrupolar contribution from the large NA-induced oblique
light rays (Figure 2a). We further simulated the SHG RA
functional form by computing the electric quadrupolar SHG
under the mmm point group and then taking an average over
the full azimuthal direction at an oblique angle 6 = arcsin(NA)
[see Supporting Information]. The experimental data are well
fitted by this model as shown in Figure 2b.

In addition to the single-spot SHG RA measurement to
confirm the point symmetry, we have also performed scanning
SHG microscopy measurements to examine the spatial
homogeneity at a spatial resolution of subum and a length
scale of several tens of ym. Figure 2¢ shows an SHG scanning
image measured at ¢» = 90° in the parallel channel at 80 K,
showing a uniform distribution of the SHG intensity, further
confirming the structural and magnetic homogeneity of the
sample at the micron scale.

Monolayer (Figure 3a) and bilayer are readily fabricated as
large, single crystals from the bulk using mechanical exfoliation,
as confirmed with AFM and 3D reciprocal space measure-
ments.”” Figure 3d shows an AFM image of monolayer and
bilayer CrSBr flakes indicated by the black dash square of the
wide-field optical microscopy image shown in Figure 3b, which
can be routinely obtained by mechanical exfoliation from bulk
single crystals. By tilting the sample, we can measure the
diffraction spots as a function of out-of-plane crystal
momentum (k,). A schematic of the 3D Bragg structure for
several monolayer CrSBr peaks are shown in Figure 3c. The
experimental Bragg rod intensities are shown in Figure 3e as
discrete points together with their expected values in solid
lines. As the k, dependence for bilayer flakes is noticeably
different from that for monolayers, we can confirm our ability
to exfoliate CrSBr crystals down to monolayer thickness. In
addition, fitting the k, dependence for the Bragg peaks
provides direct quantification for the out-of-plane spacing
between two adjacent elements. Specifically, we experimentally
measured ACr = 0.90 + 0.16 A, AS = 0.61 = 0.09 A, ABr =
2.59 + 0.19 A and ¢ = 7.91 + 0.288 A for the bilayer CrSBr
crystal. These bilayer CrSBr preserves its structure after several
months of intermittent air exposure, further demonstrating the
air stability of these thin CrSBr thin flakes (Supplemental
Figure S4). Moreover, our thermal stability data also show that
the thin flakes maintain their symmetry and structure across
room temperature to 523 K upon heating (Supplemental
Figure SS)

Given the high crystalline quality of these CrSBr crystals, we
revisit the thermodynamic properties of bulk CrSBr. First, low-
temperature (below 25 K) specific heat behaviors of CrSBr
without external magnetic fields are shown in the inset of
Figure 4, which can be fitted using the Debye model C, =y, T

v 0T
45 .
40
<35
]
IS 3 yT+BT3+ATS
3
OQ 30 2
1 e
25 —
o =
46 8 101214 16 18 20 22 24
20 1 1 1 1 T(K) 1
80 100 120 140 160 180 200
T (K)

Figure 4. Specific heat CP(T) at temperatures from 80 to 200 K
under various external magnetic fields applied along the c direction
of the CrSBr single crystal. Three specific anomalies are marked as
Txny Tinew and T%, respectively. The inset shows the fitting of the
specigic heat from 6 to 24 K using the Debye model C, = yT + pT?
+ 7.

+ BT + nT®, where y,T and ST * + nT® are from the electron
and phonon contributions, respectively. The parameters
obtained from the fitting results are 7, = 9.8 mJ/mol/K?, S
= 0.396 mJ/mol/K* and n = —2.4 X 10~* mJ/mol/K®. The
Debye temperature ®p thus can be estimated using the
127 kN, Z
sp

1/3
relation ©, = ( ) to be Op = 245 K, where N, is
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Figure 5. Magnetization and transport behaviors of CrSBr. (a) Temperature-dependent magnetization with various magnetic fields applied
parallel to c-axis. (b) dM/dT curve of the magnetization under the external magnetic field of 2 T, where the AFM order is completely
suppressed, indicating a phase transition at 155 K. (c) Temperature dependence of the inverse magnetic susceptibility with magnetic fields
of 0.5 and 2 T applied parallel to the c-axis. The red line shows the fitting of our data using the Curie—Weiss law, where a deviation occurs
around 185 K. (d) Ln(R) vs 1/T. Transport behaviors of bulk CrSBr single crystal are fitted using the thermal activation model. The gap
changes across the specific heat anomaly temperatures. Inset: temperature dependence of in-plane conductivity of CrSBr. (e) Schematic
magnetic structures of CrSBr upon cooling. The red and purple arrows in the first two panels indicate the directions of magnetic moments in
CrSBr layers and M stands for magnetization. The color-shaded ellipses here highlight the local magnetic orders developed.

the Avogadro constant and Z is the number of atoms in one
unit cell. The nonzero y, in the semiconducting phase here
may be associated with a constant density of states of AFM
excitations near the Fermi surface, which are discovered in
many 2D semiconducting magnets.34

Second, in the high-temperature region (80—200 K) with
applied magnetic fields parallel to the c-axis of the CrSBr single
crystals shown in Figure 4, three distinct specific heat
anomalies can be observed. From low to high temperatures,
the first clear sharp peak is at 132 K without applied magnetic
fields. Upon increasing the magnetic field, this peak gets
suppressed toward lower temperatures until disappearing
above 0.5 T, which is a typical behavior of AFM phase
transitions happening at the Néel temperature Ty. The second
hump occurs at ~155 K with a clear change of the slope. This
transition temperature gets enhanced by applying magnetic
fields, which is reminiscent of the intralayer FM coherence (or
order). The third anomaly with its temperature denoted as T*,
which has not been observed previously, occurs around 185 K
and remains nearly unchanged under external magnetic fields
up to 3 T. The heat capacity measurement of CrSBr with
external magnetic fields applied along the b-axis (easy axis) has
also been carried out (Supplemental Figure S6). The behaviors
of the heat capacity as a function of temperature measured
with the external magnetic fields aligned with the crystal ¢- and
b-axes do not show significant differences, and all the three
magnetic transitions can be observed. This transition at T*
with B // b-axis shown in Cp (Figure S6a) gets blurred

compared to that with B // c-axis (Figure 4), which is due to
the relatively weaker coupling coefficient near T* (~80%)
between the vertically aligned sample slabs and the heat
capacity platform.

It comes to our attention that in the isostructural compound
CrOC], similar three specific heat anomalies have also been
observed in the high-quality crystals. CrOCI shows an AFM
order below Ty = 13.5 K. At 26.7 and 27.8K, two other
anomalies emerge, which are related to the formation of
incommensurate magnetic superstructure and a structural
phase transition.>*® However, for our crystals, single-crystal
XRD at 170 K (Supplemental Table S1) and SHG RA
measurements (Figure 2) down to 100 K do not show any
symmetry change nor structural transition in the bulk crystals.

To investigate further these thermodynamic anomalies,
magnetization together with transport measurements have
been carried out. Figure Sa exhibits the temperature depend-
ence of magnetizations for bulk CrSBr single crystals in the
magnetic fields ranging from 0.1 to 2 T applied along c-axis. A
peak around 132 K under 0.1 T stands out clearly. Upon
increasing the external magnetic field, this peak becomes
broader and shifts to lower temperatures and disappears above
2 T, which is a classic behavior for AFM phase transitions
consistent with the specific heat anomaly at Ty. Besides, the
temperature dependence of magnetizations with fields applied
along a-axis is shown in Figure S7, where the AFM order is
totally suppressed above 1 T. The magnitudes of the magnetic
field that suppress the AFM order along a- and c-axes are very
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different, demonstrating strong magnetic anisotropy in CrSBr.
In addition, near the low-temperature limit of 2 K in Figure 5a,
magnetization measured along the c-axis reaches a value of 2.75
pp/Cr under 2 T, which is very close to the expected value of 3
pup expected for the trivalent Cr with an electronic
configuration 3d® indicating nearly all the moments are
ferromagnetically aligned along the c-axis. It is worthwhile
noting that in a recent report, Telford et al. observed a
magnetization hump around 40 K in their CrSBr sample, which
is attributed to a hidden low-temperature magnetic order
related to magnetic defects.’”” However, such a magnetization
hump is absent from the magnetization measurements on our
high-quality samples.

Figure Sb plots the temperature dependence of dM/dT
under the magnetic field of 2 T along the c-axis when the long-
range AFM order is completely suppressed. A clear dip,
indicating a phase transition near 155 K, can be clearly seen
and is consistent with the specific heat anomaly occurred at
Tinera- This phase transition is attributed as the occurrence of
the intralayer superexchan%e coupling and an intermediate
ferromagnetic phase (iFM), ? where the FM order within the
plane is established, while the interlayers show an incom-
mensurate magnetic order.

The inverse magnetic susceptibilities under 0.5 and 2 T are
shown in Figure 5c and demonstrate the deviations from the
Curie—Weiss behavior at ~185 K. The red line in Figure Sc is
the fitting result by using inverse magnetic susceptibilities
through the modified Curie—Weiss law:

C
T-T,

X=xy +

where y, is the temperature-independent susceptibility arising
from the background, C is the Curie—Weiss constant, and T is
the Curie temperature. The yielding values are y,= —1.4 X
107 emu/g/Oe, C = 0.0226 emu K/g/Oe, and T, = 164 K for
the magnetization under 0.5 T and y,= —1.4 X 1074 emu/g/
Oe, C = 0.0231 emu K/g/Oe, and T, = 163 K for the
magnetization under 2 T.

The temperature of the deviation from the Curie—Weiss
behavior is close to T*, the third anomaly in the specific heat
results. Previously we have demonstrated no structure or
crystal symmetry changes across T*. Instead, this broad hump
at T* in the specific heat could be related to the emergence of
the spin—spin correlations. Upon increasing the magnetic field
to 3 T, the broad hump keeps nearly the same both in the
temperature and the magnitude, which is reminiscent of that
found in frustrated magnetic systems.””*” A plausible scenario
here is that the short-range magnetic order begins to establish
within each CrSBr layer, while the long magnetic order within
the layer is still prohibited due to strong thermal fluctuations.
Only when the temperature decreases to T, can the long-
range magnetic order in each layer develop.

Those specific heat anomalies are also reflected in the
transport results. The inset of Figure 5d shows the temperature
dependence of the conductance of bulk CrSBr. A clear change
of the conductance slope can be observed around 132 K, which
is attributed to the AFM phase transition. Figure 5d shows
Ln(R) vs (1000/T). Three linear relations, which are
consistent with the standard thermal activation model,* can
be observed in different temperature regimes. The gap above
T* is estimated to be about 93 meV and decreases dramatically
to 7.3 meV for Ty < T < T*. Such a drastic change of the gap
reflects the strong coupling between the magnetic order and

the transport behaviors in this material. The gap gets modified
further for T < Ty and finally decreases to 5.6 meV until 10 K.
It is noted that Tj, is not reflected in the transport results,
which may be because the incommensurate magnetic order is
established among adjacent layers at T, while the temper-
ature dependence of resistance here is measured within the
layer of the CrSBr single crystal. Instead, the out-of-plane
resistance measurement may reveal distinct features at Tj,.,
which needs future investigation.

The specific heat anomalies together with the magnetization
and transport results indicate that the magnetic order gradually
develops in three different stages upon cooling, as is illustrated
in Figure Se: (1) From room temperature to T*, the crystal
shows paramagnetic orders with random spin orientations. (2)
For Ty, < T < T%, local or short-range magnetic order begins
to establish due to the spin—spin coupling within each CrSBr
layer, while the long-range magnetic order within the layer is
still suppressed due to thermal fluctuations. When the
temperature decreases to T, where the thermal fluctuations
are reduced, the long-range magnetic order in each layer is
established. (3) For Ty < T < Ty an iFM phase began to
establish where the FM order within the plane is established,
while the interlayers show incommensurate magnetic orders.
(4) For T < Ty, a FM order within the plane together with
AFM order among adjacent planes is formed.

CONCLUSIONS

In conclusion, ultrahigh-quality air-stable and large-size bulk
CrSBr single crystals have been synthesized directly using the
solid—vapor growth method. The high single crystallinity and
homogeneity of the single crystals have been thoroughly
evidenced at different length scales by XRD, SHG RA, and
STEM, respectively. More importantly, specific heat measure-
ments of these ultrahigh quality CrSBr crystals show three
thermodynamic anomalies at 185, 156, and 132 K, revealing a
stage-by-stage development of the magnetic order upon
cooling, which is also corroborated with the magnetization
and transport results. Our ultrahigh-quality CrSBr can further
be exfoliated down to monolayers and bilayers easily, providing
the building blocks of heterostructures for spintronic and
magneto-optoelectronic applications.

METHODS

Sample Preparation. The CrSBr single crystal was naturally
grown using the direct solid—vapor method through a box furnace. Cr
powder (Alfa Aesar, 99.97%) and S powder (Alfa Aesar,99.5%) were
weighted inside the Ar-glovebox with the total oxygen and the
moisture level less than 1 ppm. For the sake of easy loading of
bromide, the bromide liquid (99.8%) first was solidified with the
assistance of liquid nitrogen. Cr powders, S powders, and solid Br,
were loaded inside the clean quartz ampule with the mole ratio of
1:1.1:1.2, which were subsequently sealed under vacuum using the
liquid nitrogen trap. We found the extra amount of the S and Br
creating positive vapor pressure can reduce the defects in the grown
crystals. Furthermore, the slightly extra amount of Br in the reactants
was proven to be effective for growing large and high-quality single
crystals. The quartz ampule was heated up to 930 °C very slowly, kept
at this temperature for 20 h, followed by slow cooling down to 750 °C
(1°/h). The assemble was then quenched down to room temperature.
Large CrSBr single crystals grew naturally at the bottom of the
ampule. A tiny amount of CrBr; was also found at the top of the
quartz ampule and could be easily separated from the CrSBr crystals.

X-ray Diffraction. The powder XRD was carried out on the single
crystal at room temperature using a Rigaku Smart Lab X-ray
diffractometer equipped with Cu—Ka radiation. The single-crystal
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X-ray data were measured on a Bruker SMAER diffractometer with an
Apen 11 area detector with a Mo Ka source (4 = 0.71073 A), and the
collected data set was integrated using the Bruker Apex-II program,
with the intensities corrected for the Lorentz factor, polarization, air
absorption, and absorption due to variation in the path length through
the detector faceplate. The data were scaled, and absorption
correction was applied using SADABS. The structure was solved by
using the intrinsic phasing method in SHELXT and refined using
SHELXL with all atoms refined anisotropically. The EDX spectra
were obtained using a Zeiss LEO 1530 with a beam energy of 20 kV.

Electron Microscopy. Atomically resolved HAADF-STEM
images were collected using a Cs aberration-corrected JEOL
3100R0S microscope (300 keV, 22 mrad) with a camera length of
12 cm. SAED measurements were obtained on a Thermo Fisher Talos
operated at 200 keV, equipped with a Gatan OneView camera.

3D Electron Diffraction Measurements. Acquiring 3D electron
diffraction patterns was accomplished by tilting the specimen over a
range of angles relative to the incident beam to provide slices through
the reciprocal structure. SAED patterns were acquired on the TFS
Talos operated at a voltage of 80 keV at a tilt range of +40° with a
0.1° tilt increment for the monolayer sample and +30° with a 1° tilt
increment for the bilayer. Each SAED in the tilt series is first
background subtracted and aligned to a common center. Diffraction
spots at every specimen tilt were characterized by fitting a four-
parameter 2D Gaussian to a windowed region about each peak. The
integrated diffraction peak intensity was then calculated and plotted
against k, for curve fitting with the kinematic model.

Magnetization, Resistivity, and Specific Heat Measure-
ments. DC magnetization was conducted with a Quantum Design
magnetic property measurement system down to 5 K. Resistivity of
bulk CrSBr single crystal with a thickness of about 0.5 mm was
measured with a two-probe method using the Quantum Design
physical property measurement system (PPMS) coupled with
Keithley 6517b. The temperature ranged from 10 to 300 K. Specific
heat measurement was done in the PPMS Dynacool by a time
relaxation method with a magnetic field parallel to the crystallographic
c-axis.

SHG Measurements. The incident ultrafast light source was of 50
fs pulse duration and 200 kHz repetition rate. It was focused down to
a 3 ym diameter spot on the sample normally with a power of 175
UW. For the SHG RA measurements, the polarizations of the incident
and reflected light can be selected to be either parallel or
perpendicular to each other, whose azimuthal angle ¢ can change
correspondingly. The intensity of the reflected SHG signal was
detected by a photomultiplier-tube and then amplified by an
electronic current preamplifier and a lock-in amplifier in sequence.
For the scanning SHG measurement, the same power and the beam
size were used. A two-axis Galvo scanning mirror paired with a
confocal imaging system was used to illuminate the sample at normal
incidence with a constant fluence during scanning.
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