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Controlling the phases of matter is a central task in condensed matter physics
and materials science. In 2D magnets, manipulating spin orientation is of
great significance in the context of the Mermin—Wagner theorem. Herein, a
systematic study of temperature- and pressure-dependent magnetic proper-
ties up to 1 GPa in van der Waals CrPS, is reported. Owing to the temper-
ature-dependent change of the magnetic anisotropy energy, the material
undergoes a first-order spin reorientation transition with magnetic moments
realigning from being almost parallel with the c axis in the ac plane to the
quasi-1D chains of CrSg octahedra along the b axis upon heating. The spin
reorientation temperature is suppressed after applying pressure, shifting the
high-temperature phase to lower temperatures with the emergence of spin-
flop transitions under magnetic fields applied along the b axis. The saturation
field increases with pressure, indicating the enhancement of interlayer anti-
ferromagnetic coupling. However, the Néel temperature is slightly reduced,
which is ascribed to the suppression of intralayer ferromagnetic coupling.
The work demonstrates the control of spin orientation and metamagnetic
transitions in layered antiferromagnets, which may provide new perspectives
for exploring 2D magnetism and related spintronic devices.

vdW materials with diverse ground states
and potential applications in spintronics
have sparked intense interest in funda-
mental research.}*l Controlling the phases
and magnetism of these 2D magnets has
always been a key issue.>’] Compared to
3D magnetic materials, the magnetism
of 2D magnets can be manipulated more
easilyl®! owing to their layered nature and
vdW gap between layers. Several methods
have been utilized to tune the magnetism
of these 2D magnets, including electro-
static doping,®®! electric-field control,”!
different substrates,'®l proximity cou-
pling,” and pressure.l'>" In particular,
the application of pressure offers an effec-
tive way to tune the electronic and mag-
netic properties by modifying the bond
lengths and angles of the lattice continu-
ously without changing the chemical
composition or inducing disorder. For
instance, hydrostatic pressure alters the
stacking order and induces antiferro-
magnetic (AFM) to FM phase transition

1. Introduction

Since the discovery of 2D intrinsic ferromagnetism (FM) in
atomically thin van der Waals (vdW) magnets,?l 2D magnetic

in bilayer CrI;.3™ It also controls the shape of the hyster-
esis loop and decreases the coercive field as well as the Curie
temperature (T¢) in Fe;GeTe, flakes.™ The application of
pressure also yields different T¢ in bulk crystals, with T¢
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enhanced in CrI;" and VI;[7% unchanged in Cr,Si,Te,"

but suppressed in Cr,Ge,Te,, 2% CrBr;,2!l and Fe;_GeTe,.?223
Surprisingly, spin reorientation transition (SRT) with uni-
axial anisotropy switching to easy-plane anisotropy has been
observed in Cr,Ge,Te; crystals under hydrostatic pressures up
to 2 GPa.l2Yl Together, these studies demonstrate that the appli-
cation of pressure is a universal and clean way to manipulate
magnetic properties, and also to comprehend lattice-related
magnetic exchange coupling regardless of the physical form of
2D magnets.

Notably, studies on pressure-induced magnetic prop-
erty changes in 2D magnets focus mainly on ferromagnets,
leaving most of the antiferromagnets less well explored. In this
study, we focus on the AFM semiconductor CrPS,, which has
been proven to be a promising 2D magnet with a number of
intriguing properties, including photoluminescent Fano reso-
nance,””! good photoconductivity,?®! synaptic effect,””] giant
tunneling magnetoresistance,?®l and exchange bias effect.?” In
particular, CrPS, is air-stable, making it a practical alternative
for h-BN in protecting 2D materials and assembling vdW het-
erostructures.% It has an A-type AFM structure of out-of-plane
FM monolayers coupled antiferromagnetically with a Néel tem-
perature Ty = 38 K,?132 and can be exfoliated into an FM mon-
olayer33] because of the low exfoliation energy close to that of
graphene.}

In our previous study, the low-field metamagnetic transition
of CrPS, was identified as a spin-flop transition.*/ During the
spin-flop transition, magnetic moments realign from the ac
plane (at a small angle from the ¢ axis) to the quasi-1D chains
of CrSy octahedra along the b axis, showing both in-plane and
out-of-plane magnetic anisotropy in CrPS, Strong in-plane
optical anisotropy has also been observed in CrPS, flakes,**
confirming the inherent anisotropy of CrPS,. Notably, the
spin-flop field is very low (less than 1 T at 2 K) and disappears
at 35 K, indicating that CrPS, has small magnetic anisotropy
energy (MAE) and a potential SRT32 with the sign change of
MAE. The low magnetic anisotropy and weak interlayer AFM
exchange couplingB®'3% enable the effective tuning of SRT and
metamagnetic transitions using external pressure. In particular,
manipulating the spin orientation in 2D magnets is crucial for
current information technology and applications of spintronic
devices. Manipulating Néel vector by uniaxial strain has recently
been realized in MnPSe;,1°! questioning whether similar phe-
nomena could occur in CrPS, with a smaller MAE. The first
high-pressure experiment of CrPS, mainly studied electronic
and optical properties under pressures up to 31 GPa, yet leaving
magnetic properties unclear.l®l A recent study investigated the
magnetism in CrPS, under pressure by direct measurements of
temperature-dependent magnetization along the b axis and spe-
cific heat. SRT was found to be rapidly suppressed by pressure,
whereas Néel temperature Ty decreased only slightly.?”) How-
ever, the precise determination of the change of the Néel vector
during SRT and the underlying mechanisms of pressure-tuned
transitions remain unsolved.

Here, we investigated the magnetic properties of CrPS,
at hydrostatic pressures up to 1 GPa under magnetic fields
along all three crystallographic axes. The anomaly observed in
the M-T curves is identified as an SRT with spin realigning
from the ac plane to the b axis upon heating. When H // ¢,
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the spin-flop transition field decreases with increasing pres-
sure, which results from the decrease of MAE. With a further
increase in pressure, a spin-flop transition emerges with H //
b when the sign of MAE changes. The saturation field (Hg)
of AFM to FM increases due to the reduced vdW gap with
enhanced interlayer exchange coupling under pressure. How-
ever, Ty is slightly suppressed, which is ascribed to the sup-
pression of intralayer FM coupling. The pressure-dependent
X-ray diffraction (XRD) and first-principles calculations were
further performed to comprehend pressure-dependent mag-
netic properties.

2. Results and Discussion

2.1. Spin Reorientation Transition

The magnetic ground state of CrPS, is an A-type AFM con-
sisting of out-of-plane FM monolayers coupled antiferro-
magnetically, as shown in Figure le. The magnetic moments
lie in the ac plane with a small deviation of 8.94° from the
¢ axis. According to our previous study, the disappearance of
the spin-flop transition with H // ¢ and an anomaly in M-T
at approximately 35 K indicate a potential spin configuration
change with MAE close to zero, namely an SRT. Therefore,
we conducted a temperature-dependent neutron diffraction
experiment with the two typical diffraction patterns shown in
Figure 1a,b at 20 and 35 K, respectively. The magnetic reflec-
tions at 20 and 35 K can both be indexed with the k = (0,
0, 0.5) propagation vector in the nonmagnetic unit cell of
C2 space groupl3!323839 (Note S1, Supporting Information),
consistent with that of 1.7 K, indicating no magnetic group
change. However, two magnetic structures are symmetry-
allowed with spins in the ac plane or along the b axis.’%
Owing to the disappearance of the spin-flop transition with
H // cat 35 K (Figure 1c), the magnetic moments are unlikely
in the ac plane. Meanwhile, the boundary between the A-type
AFM and the spin-flop state in the magnetic phase diagram
of CrPS, with H // ¢ approaches the spin-reorientation tem-
perature in the zero field,?"3”) which also indicates that the
high-temperature spin-reorientation and spin-flop phases are
identical with magnetic moments along the b axis. In con-
trast, a spin-flop transition is observed with H // b at 35 K
(Figure 1d), thereby confirming that magnetic moments turn
from the ac plane to the b axis during SRT upon heating.
Therefore, the spin is determined to be along the b axis in
refinement for 35 K, giving an ordered moment of 1.47uy/
Cr using the Rietveld analysis with the FullProf suite,[*041
which is smaller than that obtained at a lower temperature
due to the more substantial thermal fluctuation near Ty.
The temperature-dependent lattice parameters and magnetic
moments are summarized in Figure S2, Supporting Informa-
tion. Notably, the b axis where the quasi-1D chains of CrSg
octahedra lie along is abnormally elongated upon cooling,
which is consistent with an earlier study®*? and will be dis-
cussed later. In brief, the SRT in CrPS, is realized by the rear-
rangement of moments from antiferromagnetically aligned
in the ac plane (AFM,) to antiferromagnetically aligned
along the b (AFM,) axis upon heating.

© 2021 Wiley-VCH GmbH
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Figure 1. a,b) Neutron diffraction patterns of CrPS, at 20 and 35 K, respectively. c,d) Field-dependent magnetizations at 31 (black line) and 35 K (red
line) of (c) H// cand (d) H // b, respectively. Red arrows highlight the disappearance (appearance) of the spin-flop transition at 35 Kfor H // ¢ (H // b).
e) The refined magnetic structure at 20 K with magnetic moments lying in the ac plane with a small deviation of 8.94° with respect to the ¢ axis. f) The
refined magnetic structure at 35 K with magnetic moments along the b axis.

2.2. Pressure-Dependent Magnetic Properties

After understanding the change of spin orientation during SRT,
we conducted magnetization measurements of CrPS, under
hydrostatic pressure up to approximately 1 GPa. The samples
were made of CrPS, single crystals stacked together with the
same orientation. The magnetic properties of the samples with
magnetic fields along each crystallographic axis without pres-
sure are consistent with those of the pristine CrPS,, indicating
the negligible misalignments of crystals. The temperature-
dependent magnetizations under different pressures with mag-
netic fields along the ¢ and b axis are shown in Figure 2a,b. Ty
is slightly suppressed with increasing pressure, as evidenced by
the kinks of both the M-T curves (dashed lines). In contrast,
the spin reorientation temperature Tsp decreases evidently,
which can be traced by the sudden-drop (H // c) or sudden-rise
(H // b) anomaly of magnetization when cooling from Ty, indi-
cated by the black arrows. The evolution of Ty and Tgr under
pressure is basically consistent with an earlier report.’”l On the
other hand, the magnetizations around Ty also become smaller
with the application of pressure, indicating the enhancement
of AFM exchange coupling. Temperature-dependent mag-
netizations at a specific pressure are shown in Figure 2c,d.
The saturation field Hg from AFM to FM (indicated by black
arrows), which is directly connected to the AFM coupling,
decreases at a higher temperature where thermal fluctuation
weakens the exchange coupling as expected. With increasing
pressure, Hg continuously shifts to higher values, as shown in
Figure 2e,f. This confirms that the AFM coupling is enhanced
with increasing pressure, consistent with the reduced magneti-
zations in M-T curves.
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In addition to the AFM to FM transition, the spin-flop transi-
tion occurs as a sharp and nonlinear increase of magnetization
when the magnetic field is parallel with the magnetic easy ¢ axis.
At a fixed pressure, the signature of spin-flop transition reduces
with increasing temperature and finally vanishes at 25 K due to
the linear decrease of MAE K, (Figure 2¢)." In pristine CrPS,,
the spin-flop transition vanishes at 35 K when K, decreases to
zero with Hg x\/ﬁ due to the change of spin orientation.
Therefore, the disappearance of the spin-flop transition with
H /] ¢ can be regarded as a hallmark of SRT. As the pressure
increases, the spin-flop transition under H // ¢ also gradually
disappears with decreasing Hgy (Figure 2e), indicating that SRT
moves to a lower temperature (between 20 and 25 K for 0.40(4)
GPa in Figure 2c). Since increasing temperature also lowers the
Hgp, the pressure and temperature may have the same effect on
the MAE and SRT. The pressure reduces K, = Espy, — Eapv, and
turns it from positive to negative, thereby driving spin orienta-
tion from AFM,, to AFM,,. Owing to the increase of |K,| induced
by pressure in the AFM, phase, the spin-flop transition with
H /] b becomes more remarkable at higher pressures compared
to that in Figure 1d (Figure 2d,2f). At a given pressure with
H // b (0.38(4) GPa in Figure 2d), the spin-flop hump emerges
at 15 K and gradually expands with increasing temperature. A
similar phenomenon is observed when increasing pressure at
a given temperature (15 K in Figure 2f), confirming the same
influence of temperature and pressure on the MAE change. In
short, the pressure lowers Tgy with the decrease (increase) of
Hgr under H // ¢ (H // b). When the pressure is up to 0.64(3)
GPa, the AFM,, can be stabilized at the lowest temperature (2 K)
of the experiment. The complete data, including those of H // a,
are shown in Figures S3-S6, Supporting Information.

© 2021 Wiley-VCH GmbH



ADVANCED FUNCTIONAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.afm-journal.de

(@) 12 (©) 0.8— (e)

I TN 08l ° i THRE
—o— 0. a . 0. 030(4) GPa —
10t s 0.30(4) GPa Zoas e
o v 0.40(4) GPa S0 o 7
S gl + 0.55(4) GPa . ~ 067 4y [
X —< 0.71(3) GPa = g 0 02 04 06 08
= —>- 0.86(3) GPa QE, 5 / H (T)
g 6 —e— 1.05(4) GPa S E’ 0.4} 7
E 4l go.u Vp:/j;’
/ HIilc¢™ 7
e m=0arT | 0.40(4) GPa ISK %755 7%
0 . . . . . . H(T)
2 20 40 60 80 100 0 2 4 6 8 2 4 6 8
T(K) H (T) H(T)
(b) 8 TSR 1 TN ‘ * (f) 0.07
~=- 0 GPa 0.6 F_ oos
~e~ 0.19(3) GPa ‘ H
e 6 038(4) GPa S0
S ~v— 0.64(3) GPa ‘ —_ s 0.01
X —+— 0.80(4) GPa 2 041}
oy e E o :0 02 04 06 08 1
a 1.00(4) GPa — 20K kS H(D —— 0GPa
8 4 2K 25K | = —-0.19(3) GPa
S - fOKK - gg; 02l / 0.38(4) GPa
. 21 —— 0.64(3) GP
H/lb —~ 15K — 40K HI/lb —+ 0804) GPZ
2 / 0.38(4) GPa — 15K < 1.00(4)GPa
. , . . o . . . . 0 . . . .
2 20 40 60 80 100 0 2 4 6 8 0 2 4 6 8
T (K) H(T) H(T)

Figure 2. a,b) Temperature-dependent magnetizations with H // c and H // b at an applied magnetic field of 0.1 T under zero-field cooling, respectively.
c,d) Field-dependent magnetizations with H // ¢ of 0.40(4) GPa and H // b of 0.38(4) GPa at different temperatures, respectively. e,f) Field-dependent
magnetizations with H // cand H // b at 15 K of different pressures, respectively. The black arrows highlight the Tgz in (a) and (b) as well as Hs in (c—e).

2.3. Pressure-Temperature Phase Diagram Therefore, the phase regions are divided by the Tsy obtained
from M-H. By linear fitting of the Tsg, pressure-tuning Tsp
The pressure dependences of characteristic temperatures Tgg ~ rates of —24.3(20) K GPa™! for H // ¢ (disappearance of AFM,,)
and Ty are summarized in the pressure-temperature phase dia-  and —44.4(65) K GPa™! for H // b (appearance of AFM,) are
gram in Figure 3a. The Ty points are extracted from both M-T  obtained. The negative slopes verify that temperature and
and M-H curves. For M-T curves, Tsg points are obtained from  pressure have a similar effect on the MAE, that is, SRT can
dM/dT with H // c. Since the temperature interval for meas- be driven by increasing temperature or increasing pressure
uring M—-H curves is 5 K, Tsg is determined to be T_j;—2.5,  individually.
where T is the critical temperature when spin-flop transi- There is an unexpected discrepancy between the Tgg
tion disappears (H // ¢) or appears (H // b), which captures  obtained from M—H curves of H // c and H // b, indicating the
the actual spin orientation better than that of M-T curves. coexistence of spin components both in the ac plane and along
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Figure 3. a) Temperature-pressure magnetic phase diagram of CrPS,, determined from M-T (open symbols) and M-H (open symbols) curves. The blue
region between AFM,, and AFM, phase represents the phase coexistence of both phases (AFM,+ AFM,). Ty estimated from M-T are all located in the
phase-coexistence region, showing the consistency of our data. b) Pressure-dependent saturation field at different temperatures with H // cand H // b.
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the b axis. We also checked the temperature-dependent magnet-
izations of a single CrPS, crystal, which confirmed the coexist-
ence of both spin components between 32 and 34 K by tracing
the spin-flop transition (Figure S7, Supporting Information),
indicating that it is an intrinsic property of CrPS,. However,
this can be either a gradual change of the easy magnetic axis
in a single phase during the SRT with spin components both
in the ac plane and along the b axis, or an abrupt change with
phase coexistence of the AFM,, and AFM,, phase, depending on
whether the SRT is second- or first-order. To explore the nature
of SRT, we measured temperature-dependent magnetizations
during both cooling and heating processes at a prolonged
temperature change rate of 0.1 K min~'. The curve shows an
apparent thermal hysteresis around Tsp (see Figure S8, Sup-
porting Information), indicative of a first-order transition, as
suggested by a previous study.’”! As the SRT can be regarded as
a spontaneous spin-flop transition without magnetic field and
the spin-flop transition is usually first-order, it is not surprising
that SRT is also first-order. Therefore, the area between AFM,,
and AFM, phase region is the phase coexistence region of
AFM,, and AFM, phase. Phase coexistence can be realized by
the coexistence of different types of magnetic domains, which
has been observed in the Kagome ferromagnet Fe;Sn,.[*243]
Surface reconstructions could also be a cause, which induces
phase coexistence of FM and AFM phase in bulk vdW Crl;.*
Further experiments are needed to understand the phase coex-
istence in CrPS,. It's worth noting that the determined phase
coexistence region is not very accurate due to the large temper-
ature interval (5 K) between each M—H curve. By extrapolating
the intercept of fitting lines with the pressure axis, the critical
pressure for appearance and complete stabilization of AFM,, at
0 K is obtained, which is 0.67(38) GPa and 1.41(50) GPa, respec-
tively. In contrast to Tsg, Ty is slightly suppressed by pres-
sure even though the interlayer AFM coupling is enhanced, as
inferred from the Hg.

The saturation fields Hs.. (H // ¢) and Hg,, (H // b) of the
sample at various temperatures and pressures are summarized
in Figure 3b. At a fixed temperature, Hg, which can be roughly
considered as interlayer AFM coupling, increases linearly with
pressure. The increased rate, obtained by linearly fitted H // ¢
data points, is higher at a lower temperature due to the stronger
AFM coupling with minor thermal perturbation and can be up
to 2.87 T GPa!at 10 K. In pristine CrPS, without pressure, Hg.
is the smallest because the magnetic moments are almost near
the ¢ axis. As pressure increases, Hg, is the smallest when SRT
occurs (Figure 3b). This confirms the conclusion that magnetic
moments realign from being almost parallel with the ¢ axis to
being along the b axis during SRT upon increasing pressure.

2.4. Origin of Magnetocrystalline Anisotropy Revealed by
In Situ XRD

The large tunability of SRT in CrPS, can be ascribed to the small
magnetocrystalline anisotropy. The spin-orbit coupling, which
is the main source of MAE, is weak in CrPS, with all constituent
elements of small atomic numbers. The chromium in CrPS,
is in the oxidation state of +3 with an electronic configuration
35%3d%. Owing to the octahedral crystal field effect (distorted S
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octahedral environment around the Cr**), 3d orbitals of Cr split
into a lower-energy t, triplet (d,, d,., and d,;) and a higher-
energy doublet ¢, state (d,,,, and d,;). The remaining three
electrons of Cr** (3d%) fill the t,, state, complying with Hund’s
rule. The lack of orbital degeneracy results in an orbital singlet
with a quenched orbital moment.”] The neutron diffraction
and saturated magnetization give a magnetic moment of =3 up/
Cr,B132 confirming that the orbital moment is fully quenched.
When the orbital moment is quenched, the lowest order non-
zero contribution of MAE arises from quantum fluctuations of
the orbital moments,*! which is quadratic and vanishes in a
perfect octahedral environment. However, the distorted S octa-
hedral environment around the Cr*" yields a nonzero small
single-ion anisotropy of 0.0058 meV, as revealed by inelastic
neutron scattering,*¥ which is the source of MAE in CrPS,.

To gain insight into the pressure-tuned MAE, we performed
in situ XRD under different hydrostatic pressures. The pres-
sure-dependent XRD patterns and related lattice parameters are
shown in Figure 4. All peak positions gradually shift to higher
angles due to the compression of unit cells induced by pres-
sure. Refinements exhibit monotonic decreases of a, b, and ¢
with increasing pressure. In contrast,  becomes larger and
gradually deviates from 90°. No structural phase transition is
observed under pressures up to 11.4 GPa, which is in agree-
ment with previous Raman spectroscopy.?l As discussed above,
temperature and pressure have the same influence on MAE
change. By comparing temperature- and pressure-dependent
lattice parameters, b and b/a are found to both decrease with
increasing temperature and pressure (Figure 4b and Figure S2,
Supporting Information), indicating that the compression of b
plays a major role. Considering the 1D chains of edge-sharing
CrS¢ octahedra running along the b axis, the SRT from AFM,,
to AFM,, is likely driven by the shrinkage of the 1D CrSg chain
along the b axis. The reduction of MAE is realized by distorting
the octahedral environment around the Cr** during the com-
pression of the b axis. The SRT will occur when the sign of
MAE changes at high temperatures or pressures. Experiments
applying uniaxial tensile strain along the b axis with flexible
substratesi>##] are needed to further explore the interplay
between 1D CrS; chains and the magnetic properties of CrPS,.

2.5. Pressure-Tuned Exchange Couplings from DFT Calculations

Interlayer and intralayer exchange couplings, which determine
the magnetic ground state of the CrPS,, are further investi-
gated by DFT calculations based on the pressure-dependent
lattice parameters obtained from XRD. The strength of the
interlayer and intralayer exchange coupling can be calculated
by the energy difference between different magnetic con-
figurations, that is, Epy—Eaxapm and Eg.apm—Eaarm, respec-
tively. As shown in Figure 5, the interlayer exchange coupling
increases linearly with pressure. Considering the molecular
field approximation based on a semiclassical model, Hg is pro-
portional to the AFM exchange field.®# Therefore, Hg can
be expressed by Epy—Eaapm, increasing linearly with pressure
(Figure 5b), which agrees well with the experimental results
shown in Figure 3b. In contrast, pressure weakens intralayer
FM exchange coupling with smaller Eg apv—Eaapm at higher

© 2021 Wiley-VCH GmbH
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Figure 4. a) XRD patterns of CrPS, under different hydrostatic pressures. b) Pressure-dependent lattice parameters obtained from Rietveld refinements

of XRD patterns.

pressures (Figure 5c). While enhanced interlayer AFM exchange
coupling increases Ty, the decrease of Ty can only be attributed
to the reduced intralayer exchange coupling. The intralayer
exchange couplings are determined by the competition between
direct and super-exchange interactions.”® The intralayer super-
exchange interactions in CrPS, are mediated by the S anions
between Cr ions, which are all ferromagnetic with Cr—S—Cr
angles close to 90° according to the Goodenough—Kanamori
rules."'=3 In contrast, the direct exchange interactions of Cr t,,
states are AFM. Owing to the large Cr—Cr distance (Figure 5a)
in CrPS,, super-exchange interactions are stronger than direct
exchange interactions, resulting in intralayer FM exchange
coupling. With increasing pressure, Cr—S—Cr bond angles
stay almost unchanged whereas Cr—Cr distance decreases
by about 1.1% and 1.5% for Cr1-Cr2 and Cr2-Cr3, respectively
(Table S2, Supporting Information). As the direct exchange
interactions are more sensitive to the distance (= 1/dg,_c,),P*>’
the enhancement of AFM direct exchange interactions will be

dominant under pressure, leading to the reduction of intra-
layer FM coupling. Therefore, Ty is slightly suppressed upon
increasing pressure due to such AFM/FM competition, which
has also been observed in MnBi,Te, with the same A-type mag-
netic structure.’®! The undiminished T in monolayer CrPS,
without AFM interlayer coupling in recent theoretical calcula-
tionsB3+3738 also confirms the importance of intralayer FM cou-
pling in determining the ordering temperature.

3. Conclusion

In summary, we have combined various magnetization meas-
urements, pressure-dependent XRD, and first-principles
calculations to study the pressure-dependent magnetism of
CrPS,. A first-order SRT with magnetic moments rotating
from the ac plane to the b axis is observed on warming, which
can be traced by the field-induced spin-flop transition. The

(@) (b) 42 T (¢) 61 "
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| FM - % 559— A-AFM\ ++%a++;%++

3 3 W ot JI% Gt e o
P ] o
{00 T 00 e DY e

Figure 5. a) In-plane crystal structure of CrPS,. Black solid lines highlight the direct exchange interactions between adjacent Cr atoms. Red dashed
lines highlight the super-exchange interactions between Cr ions meditated by the S anions. b) The energy difference of FM and A-type AFM magnetic
structures at different pressures. c) The energy difference of G-type AFM and A-type AFM magnetic structures at different pressures.
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spin reorientation temperature can be tuned by hydrostatic
pressure, offering an effective way to control the Néel vector
in CrPS,. Such tunable magnetic anisotropy between easy-
axis and easy-plane anisotropy makes perfect platforms for
producing and studying 2D Ising-type magnetism as well
as the Berezinskii-Kosterlitz—-Thouless (BKT) regime of 2D
magnetism, which has recently been predicted in monolayer
CrCl;.5% In particular, CrPS, opens up a pathway to reveal the
evolution of these major universality classes of magnetism
with dimensionality by reducing thicknesses. In addition,
interlayer AFM exchange coupling is enhanced by pressure,
leading to the increase of the saturation field. However, Ty is
slightly suppressed, which is ascribed to the reduced intra-
layer FM exchange coupling. Our complementary study dem-
onstrates the rare experimental realization and understanding
of controlling spin orientation and metamagnetic transitions
in a vdW antiferromagnet, which may shed light on the com-
prehension and tuning of magnetism in the 2D limit as well
as stimulate 2D AFM spintronics in the future.

4. Experimental Section

Crystal Growth: CrPS, single crystals were synthesized through
chemical vapor transport. Stoichiometric mixtures of Cr, P, and S
powders with iodine as the transport agent were sealed in a quartz
tube. The tube was then loaded into a two-zone furnace with a
temperature gradient of 953-873 K and kept for 8 days. The crystals of
CrPS, were formed on the cold side of the tube. The crystal was usually
strip-like with the long side of the crystal being the crystallographic
b axis.

Magnetization Measurements: Pressure-dependent magnetizations
were measured using a Quantum Design Physical Properties
Measurement System (PPMS-9T). The pressure cell used was a
commercial clamp-type cell made of nonmagnetic BeCu alloy. Samples
were made of single crystals stacked with the same crystallographic
orientation to investigate the magnetic properties under magnetic
fields parallel to crystallographic axes. Then, they were immersed in
the pressure-transmitting medium (Daphne 7373 oil) with pure Pb as
the manometer. The background signal from the cell was negligible
because of the large mass of the samples.

Neutron and X-Ray Diffraction: Neutron powder diffraction
measurement was performed on the ECHIDNA high-resolution powder
diffractometer (A = 2.4395(2) A) at the Australian Nuclear Science and
Technology Organisation (ANSTO).91 Pressure dependence of XRD
patterns was performed on a Bruker D8 VENTURE PHOTON Il system
(Mo Ke, A = 0.71073 A). A diamond anvil cell was used for applying
pressures with pressure estimated from the ruby fluorescence.lfl A
standard CeO, sample was used for calibrating the diffraction data. All
preliminary data reductions were performed using Dioptas program.[®2
In the experiment below 1.5 GPa, the powder sample was pressed into
a sheet and filled into the sample chamber with a pressure-transmitting
medium (mineral oil). In the experiment under 11.4 GPa, the powder
sample was directly filled into the sample chamber with no pressure
medium.

Theoretical ~Calculations: The first-principles calculations were
carried out based on the density functional theory in the Vienna ab
initio simulation package (VASP),[% applying the exchange-correlation
description of GGA.* An on-site Hubbard term U = 2 eV was used for
Cr-d orbitals.*®l The supercells containing 48 atoms were constructed,
and the crystal was optimized until the forces put on ions were smaller
than 107 eV A~ The plane-wave cut-off energy was taken as 450 eV,
and a 4x4x4 k-points sampling was set to ensure that the total energy
difference in self-consistency was less than 107 eV.
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