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is found in monolayer CrI3,[1] while the 
XXZ-type antiferromagnetism (AFM) in 
bulk NiPS3 is suppressed in monolayer 
NiPS3,[5] both are consistent with the 
theoretical predictions.[6–8] Beyond these 
systems, 2D magnets with metamagnetic 
transitions, that is, a spin-flop or spin-
flip transition from an AF state to a spin 
ferromagnetically polarized state,[9,10] are 
even more intriguing due to the potential 
of regulating and/or manipulating these 
transitions with extraordinary thickness-
dependent phenomena. For instance, the 
spin-flop transition and realignment of 
magnetic moments from out-of-plane to 
in-plane AFM in MnPS3

[11] persist down 
to the monolayer regime. In few-layer 
antiferromagnet CrCl3, spin-flop transi-
tions show exotic even-odd layer depend-
ence, in which an uncompensated layer 
in odd-layer samples leads to a finite spin-
flop field.[12] These intriguing thickness-
dependent metamagnetic phenomena 

evoke the pursuit of new types of vdW magnets, which will not 
only be helpful for the study of 2D magnetism but also enable 
the development of next-generation spintronic and optoelec-
tronic devices.

CrPS4 is a promising 2D antiferromagnetic semiconductor 
with bulk metamagnetic transition observed previously, which 

In 2D magnets, interlayer exchange coupling is generally weak due to the van 
der Waals layered structure but it still plays a vital role in stabilizing the long-
range magnetic ordering and determining the magnetic properties. Using 
complementary neutron diffraction, magnetic, and torque measurements, 
the complete magnetic phase diagram of CrPS4 crystals is determined. CrPS4 
shows an antiferromagnetic ground state (A-type) formed by out-of-plane fer-
romagnetic monolayers with interlayer antiferromagnetic coupling along the 
c axis below TN = 38 K. Due to small magnetic anisotropy energy and weak 
interlayer coupling, the low-field metamagnetic transitions in CrPS4, that is, a 
spin-flop transition at ≈0.7 T and a spin-flip transition from antiferromagnetic 
to ferromagnetic under a relatively low field of 8 T, can be realized for H∥c. 
Intriguingly, with an inherent in-plane lattice anisotropy, spin-flop-induced 
moment realignment in CrPS4 for H∥c is parallel to the quasi-1D chains of 
CrS6 octahedra. The peculiar metamagnetic transitions and in-plane ani-
sotropy make few-layer CrPS4 flakes a fascinating platform for studying 2D 
magnetism and for exploring prototype device applications in spintronics  
and optoelectronics.

The emergence of van der Waals (vdW) magnets greatly 
enriched our understanding on intrinsic magnetism in the 
2D limit, beyond the conventional Ising model and XY model 
pictures.[1–4] Different spin configurations in diverse materials 
enable the experimental realization of the well-established mag-
netism models. For example, Ising-type ferromagnetism (FM) 
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was referred to as a magnetic switching effect.[13] Due to the 
weak interlayer vdW interactions along the c axis, CrPS4 has 
already been exfoliated into monolayers.[14] Recent reports on 
2D thin-film CrPS4 flakes[14–18] are rather encouraging, with 
the discovery of unusual properties such as synaptic memory 
effects,[15] and Fano resonance below the Néel temperature 
due to the breaking of time-reversal symmetry.[18] However, to 
fully comprehend these interesting 2D magnetism-related phe-
nomena, the debating magnetic structure of the bulk AFM in 
CrPS4 crystals needs to be clarified first. Although CrPS4 was 
first synthesized in 1977,[19] only a few studies have discussed 
the bulk magnetic structure. Pei et  al. proposed a magnetic 
phase diagram of CrPS4 with cubic-like nearest neighbor AFM 
alignments (G-type) as the ground state, which switches to a 
field-induced stripe-phased AFM (C-type) when field is along 
the c axis.[13] Two subsequent density functional theory (DFT) 
calculations suggested a zero field state of intralayer FM and 
interlayer AFM[20] (A-type AFM) and an antiferromagnetically 
coupled 1D FM chains phase in field,[21] respectively. These con-
troversial results call for a study of intrinsic magnetic structure 
in bulk CrPS4, which will greatly facilitate the understanding of 
layer-dependent magnetism in CrPS4 thin flakes.

Here, we conducted complementary magnetic, torque, and 
neutron diffraction measurements to elucidate the metamag-
netic transitions and the magnetic structure of high-quality 
CrPS4 single crystals. By fitting of neutron diffraction results, 
an A-type AFM ground state is confirmed in bulk CrPS4 below 
38 K. When H is applied along the c axis (H∥c), a spin-flop tran-
sition is observed at around 0.7 T, corresponding to a canted 
interlayer AFM in the direction perpendicular to the c axis. The 
canted interlayer AFM phase eventually turns into out-of-plane 
ferromagnetic ordering, manifested by a spin-flip transition at 
about 8.5 T. In contrast, with in-plane applied magnetic field 

(H⊥c), there is no well-defined spin-flop transition, and the 
moment gradually rotates to the in-plane direction at nearly 
the same critical point of 8.5 T. These findings indicate a rather 
small interlayer antiferromagnetic exchange coupling, which 
may compete or correlate with the neutron-revealed in-plane 
magnetic anisotropy when dimensionality confinement comes 
into play. The existence of both spin-flop and canted AFM-
to-FM/spin-flip transitions at relatively low fields makes CrPS4 
a unique platform for studying metamagnetic transitions in the 
2D limit, which may lead to novel device applications using het-
erostructures, exchange bias, and electrostatic gating techniques.
Figure  1a exhibits the optical image of high-quality CrPS4 

single crystals, characterized by flat surfaces with metallic 
luster and in-plane crystal growth preference along the b axis. 
As shown in Figure  1b (visualized by VESTA[22]), the crystal 
structure of CrPS4 has monoclinic symmetry with space 
group C2 (no. 5) and lattice constants of a  = 10.85601(21) Å, 
b  = 7.24732(14) Å, c  = 6.13526(15) Å, β  = 91.8840(11)° at room 
temperature. Since the majority of 2D magnets are mono-
clinic or rhombohedral,[23] it is worth noting that CrPS4 could 
be regarded as an orthorhombic lattice considering the value of 
β is close to 90°. The sulfur atoms in CrPS4 constitute the close-
packed surface of individual monolayers with significant vdW 
gaps between them, allowing thin flakes or even monolayer to 
be readily obtained by micromechanical exfoliation.[14] Note that 
each monolayer of CrPS4 can be viewed as quasi-1D chains of 
CrS6 octahedra interconnected along the a axis, as schemed in 
Figure 1c.

As aforementioned, there is no direct experimental data 
for the magnetic structure of bulk CrPS4. We have used neu-
tron powder diffraction, one of the most straightforward tech-
niques for determining materials’ magnetic structure, to unravel 
the magnetic phase diagram of bulk CrPS4. Typical neutron 
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Figure 1.  a) Optical image of CrPS4 single crystals on a 1 mm grid paper. b) Crystal and magnetic structure of CrPS4. The black and red arrows point to 
the direction of magnetic moments. c) The a-b plane of CrPS4 monolayer. Chromium atoms form quasi-1D chains of CrS6 octahedra along the b axis. 
d,e) Diffraction patterns of CrPS4 powder sample at 40 and 1.7 K, respectively. The black arrows in (e) highlight the emergent magnetic diffraction 
peaks due to antiferromagnetic ordering. The green vertical marks from top to the bottom in (d) and (e) indicate the (hkl) positions of the nuclear and 
magnetic phases, respectively. Note that there is no structural phase transition in CrPS4 down to 1.7 K.
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diffraction patterns at 40 and 1.7 K, across the Néel temperature 
(TN), are shown in Figure 1d,e, respectively. As indicated by the 
black arrows, three new reflections emerge in neutron diffrac-
tion at 1.7 K compared to that of 40 K (the subtraction of the two 
patterns is shown in Figure S1, Supporting Information), due 
to the ordering of magnetic moments below TN. The neutron 
diffraction patterns are analyzed by the Rietveld technique using 
the FullProf computer code.[24,25] These magnetic reflections 
can be indexed with a propagation vector k = (0, 0, 0.5), which 
gives a doubled magnetic unit cell along c axis direction. Our 
refinement analyses support an A-type AFM order consisting of 
ferromagnetic monolayers coupled antiferromagnetically along 
the c axis, which is consistent with the previous theoretical cal-
culation.[20] The determined magnetic structure is displayed 
in Figure  1b. The refined ordered moment is 2.864(28) μB, in 
which a dominant component of 2.844(28) μB is aligned to the c 
axis while a small portion of 0.477(94) μB is along the a axis. This 
means the moments are neither along c nor c* (out-of-plane) 
axis. The existence of titled magnetic moments with respect to 
the crystal axes may indicate the presence of competing ani-
sotropies.[26] Due to the small titled angle from the c axis, the 
moments are considered to be along the c axis for convenience.
Figure  2a shows the zero-field-cooled (ZFC) magnetization 

characteristics of CrPS4 single crystal for H = 1 kOe parallel and 
perpendicular to the c axis, respectively. The Néel temperature 
TN, manifested as a kink in the ZFC curve, is observed at around 

38 K, which is slightly higher than the reported 36 K in the ear-
lier studies[13,27] but consistent with 37.9 K in recent studies.[14,28] 
The smaller magnetization (M) for H∥c below the TN is due 
to a bulk easy axis along the c direction. By fitting the high-
temperature data (above 100 K) for H∥c to the Curie–Weiss’s 
law, we obtain the Weiss temperature Tθ = 41.6 K. The resulting 
positive Tθ indicates predominantly ferromagnetic coupling 
between moments, which is consistent with the A-type AFM 
model, in which neighboring Cr moments form ferromagnetic 
interaction in the a–b plane before the bulk AFM transition. 
Figure 2b–d shows the field-dependent magnetization curves at 
different temperatures for H∥c and H⊥c, respectively. Distinc-
tively, the M-curve for H∥c at 2 K shows a typical AFM feature 
with infinitesimal magnetic susceptibility in low field. How-
ever, by increasing H to around 0.7 T, the magnetization shows 
a sharp and nonlinear increase, indicating a field-induced 
spin-flop phase transition. Following the phase transition, the 
magnetization linearly grows as a function of H and eventually 
becomes saturated above 8 T. Such M–H behavior is typical for 
the rotation of canted spin momentums in external field, and 
the saturation moment is equivalent to ≈2.61μB per Cr, con-
sistent with the neutron diffraction result above. The smaller 
value obtained from the magnetic measurements is likely due 
to the residual canting even when the magnetization shows 
saturation behavior at the highest field of 9 T. For H⊥c, no low-
field metamagnetic transition is observed, although the linear 
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Figure 2.  a) Zero-field-cooled magnetic susceptibilities of CrPS4 single crystal with 1 kOe field applied in parallel and perpendicular to the crystallo-
graphic c axis. Inset shows the zoom-in image of observed anomalies around 35 K. b,c) Field-dependent magnetization at different temperatures with 
field parallel to the c axis. The inset of (b) shows the zoom-in image of the absent spin-flop transition at 35 K indicated by the black arrow. d) Field-
dependent magnetization at different temperatures with field perpendicular to the c axis.
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M growth and the high-field saturation behavior are retained. 
The situation is rather different for H∥c, in which canted AFM 
is formed by a reconstruction of spin moment alignment from 
out-of-plane (bulk easy axis) to in-plane geometries since the 
anisotropy energy is relatively small.[29]

Noticeably, as temperature increases, the spin-flop field (HSF) 
for H∥c dwindles and vanishes at 35 K (Figure  2b), which is 
related to the temperature scaling of anisotropy energy (Kμ) by 

SFH K∝ µ .[30–32] It is also noteworthy that there is an abnormal 
minimum around 35 K in the M (T) curve for H⊥c (inset of 
Figure  2a), where spin-flop transition already disappears. To 
get insights into this anomaly, we have measured M (T) curves 
under different in-plane fields, which show that the dip point 
moves to lower temperatures as in-plane field increases and 
becomes completely suppressed at 5 T (Figure S2, Supporting 
Information). Based on these observations, it is likely that this 
abnormal M (T) behavior for H⊥c is induced by in-plane short-
range ferromagnetic correlations, competing with out-of-plane 
AFM ordering. Similar phenomena have been observed in 
CrCl3, although short-range ferromagnetic correlations form 
well before long-range antiferromagnetic order developing.[33,34]

The magnetic properties of CrPS4 were further investigated 
by metal-cantilever based torque magnetometer, which directly 
probes the anisotropy of magnetic susceptibility in crystal-
line materials.[32,35] In general, the magnetic torque τ  can be 
expressed as ( )0 M H

  

τ µ= × . In the case of an antiferromagnet 

with uniaxial anisotropy, the magnetic torque is derived from 
the magnetic anisotropy of the ordered magnetic moments.[30] 
The free energy F of the system can be formulated by[30–32,35,36]

1
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Figure 3a compares the magnetic torque of θ = 10° and 80° 
at 2 K (the torque measurement configuration is sketched 
in the inset). When the applied field is nearly parallel to the 
c axis (θ  = 10°), the magnetic torque is positive at low fields, 
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Figure 3.  a) Magnetic torque of θ = 10° and 80° at 2 K. The schematic diagram of the measurement is shown in the inset. b) Magnetic torque of θ = 10° 
at different temperatures. The sharp torque peaks correspond to spin-flop transitions, allowing HSF(T) to be determined precisely. c) Low-field torque 
of θ = 10° at 2 K and the fitting result by using Equation (2). d) The fitted anisotropy energy Kμ of θ = 10° using data in (b). The dashed line is the linear 
fitting of the anisotropy energy. Inset: the spin-flop fields at different temperature extracted from (b).
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suggesting χ⊥  > χ∥ and an easy magnetization axis along the 
c axis. Above HSF =  0.91 T, there is a steep drop in the torque 
signals, as a result of a spin-flop transition when the out-
of-plane interlayer AFM ground state becomes canted in per-
pendicular to the c axis. The transition causes pronounced 
field-dependent changes in χ∥ with respect to χ⊥, and the toque 
force turns negative when χ∥ exceeds χ⊥ at around 5 T. In the 
following regime, the tilted spins gradually rotate to the c direc-
tion as driven by the external field, and the magnetization 
reaches a saturation point at 8.16 T, manifested as a distinctive 
kink when the slope of the torque signals get a positive sign 
again. In contrast, when H is nearly in plane (θ = 80°), there is 
no well-defined AFM-to-spin flop transition since the in-plane 
component of H (Hab) is dominating over the out-of-plane one 
(Hc). As the field increases, the instantly canted spins gradually 
rotate to the field direction and saturate at 8.46 T. These results 
are in excellent agreement with the M–H results.

Figure 3b shows the T-dependent magnetic torque at θ = 10°. 
The ultra-sensitivity of torque force to the anisotropic changes 
in magnetic susceptibility makes the dwindling of spin flops 
conspicuous in τ(H) curves, which also shows remarkable 
consistency with the magnetic measurements on the spin-flop 
quenching point of 35 K. By fitting the low-field quadratic part 
of τ(H) to Equation (2), we are able to extract T-dependent Kμ, 
as exemplified by the fitting result of 2 K shown in Figure 3c. As 
summarized in Figure 3d, the anisotropy energy Kμ decreases 
monotonically with increasing temperature (black dashed line), 
which is in agreement with the evolution of the spin-flop field 
HSF(T) shown in the inset.

In order to get insights into the metamagnetic transitions, 
we conducted field-dependent neutron powder diffraction to 
clarify the evolution of magnetic structures in field (see Experi-
mental Section for details). Uniquely, neutron experiments 
allow us to clearly differentiate nuclear diffraction peaks, which 
barely change in external field, from field-dependent magnetic 
diffraction peaks. As shown in Figure  4a, by plotting the 2D 
intensity map of neutron diffraction patterns as a function of 
both diffraction angle (2θ) and field (H), it is straightforward 
to see the correlation between the evolution of metamagnetic 
states and magnetic diffraction peaks. Together with zoom-in 
spectra shown Figure 4b, it is clear that all diffraction peaks at 
0.6 T are nearly the same as 0 T, since there is no metamagnetic 
transition until 0.7 T. At 1.2 T, the magnetic diffraction peaks 
change pronouncedly, while the nuclear diffraction peaks (for 
example (220)N) are almost unchanged. At 9.0 T, the original 
magnetic diffraction peaks disappear, and a series of new peaks 
emerge, due to the formation of a saturated FM structure. For 
magnetic scattering peaks, the spin-flop transition at 0.7 T acti-
vates a strong selection rule for the peak intensity: the peaks 
indexed by (hkl) are suppressed only when k  ≠  0, while they 
are slightly enhanced for k = 0 in comparison with the case of 
0.6 T. The result strongly suggests that the c axis aligned mag-
netic moments in the ground state have rotated to the b axis 
at 1.2 T. Therefore, as illustrated in Figure  4e, the essence of 
the low-field metamagnetic transition for H∥c can be concluded 
that magnetic moments in the ground state switch to the b axis, 
which corresponds to the direction of the quasi-1D chains of 
CrS6 octahedra in the vdW plane. Such field-induced behavior is 
typical for a spin-flop transition, during which the ground-state 

magnetic moments will turn to the direction perpendicular to 
the magnetic field applied along the easy axis.

As the samples used in the neutron diffraction are powders, 
the orientations of micro-flakes in the sample are random. 
Hence, significant portions of micro-flakes do not undergo 
the field-induced phase transition when the effective magnetic 
field component along the c axis of individual flakes is lower 
than the spin-flop field of 0.7 T. Therefore, we have used two 
magnetic structure models to refine the neutron diffraction pat-
tern at 1.2 T. One is the ground-state magnetic structure with 
moments along the c axis (without spin-flop transition), the 
other is the magnetic structure with moments distributed along 
the b axis (after spin-flop transition). The canted moments 
along the magnetic field direction is neglected since the net 
magnetization observed in M–H curves is small. As shown 
in Figure  4c, the calculated pattern is in excellent agreement 
with the experimental spectrum. This verifies the validity of our 
analysis, confirming that the spin-flop transition in CrPS4 for 
H∥c is realized by moments rearrangement from antiferromag-
netically aligned along the c axis to antiferromagnetically canted 
along the b axis.

We have also refined the neutron diffraction data at 9 T to 
understand the high-field magnetic structure. As shown in 
Figure 4d, the high-field magnetic reflections are indexed with 
a propagation vector k = (0, 0, 0), which strongly supports that 
the magnetic structure at 9 T is a FM-like ordered structure. 
Using the ferromagnetic structure model, the refined magnetic 
moment components of Cr atoms along three different crystal-
lographic axes are ma = 1.17(13) μB, mb = 0.95(19) μB, and mc = 
2.38(7) μB, respectively. Note that the microflakes in the sample 
are arranged randomly, so the direction of polarized magnetic 
moments with respect to crystallographic axes in each micro-
flakes should be different under the external magnetic field. 
Therefore, the neutron refinement results can only be consid-
ered as statistical averages. The results indicate that at 9 T the 
magnetic structure of CrPS4 is a FM-like ordered structure with 
all the moments polarized along the external magnetic field, 
manifested as the saturation behavior observed in the mag-
netic and torque measurements of CrPS4 single crystals at high 
magnetic fields. Our DFT calculations reveal that the cohesive 
energy difference between the AFM ground state and the FM 
ordering is only 4.5 meV, which accounts for the small spin-flip 
field (Table S1, Supporting Information). The schematic evolu-
tion of the magnetic structure with increasing magnetic field 
applied along the c axis is summarized in Figure 4e.

Based on these complementary magnetic measurements, 
we can now establish the complete magnetic phase diagram 
of bulk CrPS4 for H∥c. As shown in Figure  5, four regions 
are delineated: 1) the paramagnetic phase above TN; 2) the 
A-type antiferromagnetic ground state in low fields below TN; 
3) the canted antiferromagnetic (CAFM) phase in which mag-
netic moments are aligned antiferromagnetically along the 
b axis with small net moments along the field; and 4) the fer-
romagnetic-like phase at fields high enough to overcome the 
antiferromagnetic exchange coupling. As shown in the torque 
measurements, magnetic anisotropy energy decreases with 
increasing temperature. Since the spin-flop transition field 
is given by SFH K∝ µ , the critical field between A-AFM and 
CAFM decreases as temperature increases and eventually 

Adv. Mater. 2020, 2001200
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vanishes at ≈35 K. As the applied magnetic fields suppress the 
antiferromagnetic correlations,[9] the critical temperature from 
the CAFM phase to the ferromagnetic-like phase also decreases 
with increasing fields.[34] The boundary between the FM and 
PM phases is defined by the Néel temperature TN = 38 K, where 
spin-flip transition disappears as shown in Figure 2c.

In summary, we have presented a comprehensive investiga-
tion on the magnetic structures and metamagnetic transitions 
of vdW CrPS4 crystals. Using complementary neutron diffrac-
tion, DC magnetization and cantilever-based torque measure-
ments, we prove an A-type AFM ground state with intralayer 
ferromagnetic ordering and interlayer antiferromagnetic cou-
pling for CrPS4 crystals below TN = 38 K. For H∥c, a spin-flop 

transition occurs when the out-of-plane aligned moments sud-
denly switch to a CAFM geometry along the b axis at around 
0.7 T. After the spin-flop transition, the moments then gradu-
ally rotate and eventually flip to the field direction at around 
8 T. Compared with other known A-type vdW antiferromagnets, 
CrPS4 crystals are distinctive by the relatively small spin-flop 
field and the low CAFM-FM threshold, both are rooted in the 
weak interlayer coupling between neighboring monolayers and 
low magnetic anisotropy energy. By reducing the dimension-
ality, these metamagnetic transitions may interplay dynamically 
with the inherent in-plane lattice anisotropy, providing unprec-
edented opportunities for the study of exotic field-induced 
metamagnetic transitions in the 2D limit and for developing 
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Figure 4.  a–d) Neutron diffraction patterns at 1.7 K with different magnetic fields. e) The evolution of magnetic structure with increasing applied 
magnetic field along the c axis. The green vertical marks from the top to the bottom in (a), (c), and (d) indicate the (hkl) positions of the nuclear and 
magnetic phases, respectively.
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conceptual device applications in spintronics and optoelec-
tronics. Indeed, layer-dependent study of 2D magnetic crystals, 
such as CrI3,[1,37,38] CrCl3,[12,39] and MnBiTe3,[40–42] has not only 
enriched our fundamental understanding on 2D magnetism, 
but also revealed many exciting low-dimensional physical phe-
nomena like the even-odd effect in spin-flop transitions.

Experimental Section
Sample Preparation and Characterization: The CrPS4 single crystals 

were grown using chemical vapor transport (CVT) method. Chromium 
powders, red phosphorus, and sulfur powders from Alfa Aesar (99.99%) 
were weighed and mixed in stoichiometric ratio 1:1:4 with additional 
iodine as transport agents. These starting materials were sealed in a 
quartz tube before loading into a two-zone furnace. During the growth, 
the source end was kept at 953 K, and the sink was kept at 873 K for 
8 days. After CVT growth, CrPS4 single crystals were obtained on the 
sink side of the quartz tube. The structure of CrPS4 single crystals was 
investigated by an X’Pert Pro MPD diffractometer with Cu Kα radiation 
(λ  = 1.5418 Å). The DC magnetization measurements were performed 
using a vibrating sample magnetometer (VSM) module in a Quantum 
Design Physical Properties Measurement System (PPMS-9T).

Magnetic Torque Measurements: Torque magnetometry measurements were 
carried out in a capacitor geometry, formed by a bottom gold (Au) sheet and 
a top Au cantilever for mounting single-crystal samples with predetermined 
crystalline axes on the free end. The field-dependent torque force induces a 
deflection of the cantilever and a minute change in the capacitance signals, 
which are precisely detected by an atto-farad (aF) capacitance bridge.

Neutron Diffraction Measurements: The neutron diffraction data were 
collected using the ECHIDNA high-resolution powder diffractometer at 
the Australian Nuclear Science and Technology Organisation (ANSTO) 
with an incident neutron wavelength of 2.4395(2) Å. Temperature-and-
field-dependent diffraction patterns were obtained from 1.7 to 300 K with 
a maximum magnetic field of 9 T. In order to reduce the influence of 
preferred orientation on the neutron diffraction measurement, we first 
crushed and milled the single crystals into powders (microflakes) to 
obtain reflections from different crystal planes, and then compressed 
the powdery microflakes into a cylinder so that the microflakes in the 
samples did not rotate when a strong magnetic field was applied. 
The preferred orientation function, Modified March’s function (FullProf 
code Nor = 1)[24,25] is used to account for the prefer orientation effect. 
The neutron powder diffractometer used has the Debye–Scherrer 
geometry and the obtained preferred orientation parameter G1 is 1.7697, 
consistent with the layered nature of the sample.

Theoretical Calculations: DFT calculations were carried out in the 
Vienna Ab initio Simulation Package (VASP).[43] The generalized gradient 

approximation by Perdew, Burke, and Ernzerhof was used to get 
exchange and correlation interaction.[44,45] All calculations are based on 
a supercell of 1 × 1 × 2. The vdW-D2 approach is used to incorporate 
vdW interaction. The energy cutoff for the plane wave expansion was 
set to 500  eV. The Monkhorst–Pack k-point mesh was sampled with a 
separation of 0.01 Å−1 in the Brillouin zone. The ionic relaxation stops 
when the energy difference and the residual force on each atom are less 
than 1 × 10−6 eV and 0.001 eV Å–1, respectively. The spin-orbit coupling 
effect is included.
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