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Parameter-free treatment of a layered correlated van der Waals magnet: CrPS4
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The electronic and magnetic structure of CrPS4, a two-dimensional (2D) magnetic semiconductor is examined
by employing the SCAN meta-GGA density functional. We find the resulting magnetic moment and band gap are
in excellent agreement with experiment. From the bulk magnetic configurations, we confirm the experimentally
observed A-type antiferromagnetic (A-AFM) ordered ground state with a magnetic moment of 2.78 µB per
chromium atom and band gap of 1.34 eV. To gain insight into the evolution of the ground state with layers,
the total energy of each magnetic configuration is calculated for a variety of thicknesses. Monolayer CrPS4

is predicted to be a ferromagnetic insulator with a band gap of 1.37 eV, and A-AFM for bilayer and trilayer,
with band gaps of 1.35 and 1.30 eV, respectively. The electronic structure is reported for the single-, two-, and
three-layer and bulk CrPS4. Finally, we explore the optical properties of the 2D structure and report the dielectric
tensor components and Kerr parameters for the monolayer.
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I. INTRODUCTION

Recently, several reports of two-dimensional (2D) mag-
netic materials have appeared in the literature displaying a
rich variety of magnetic structures [1], along with a myriad
of competing topological and superconducting phases [2,3].
The layer-dependent ferromagnetism exhibited by these com-
pounds, such as CrI3, offers a pathway for the development
of spintronic devices because of their wide tunabilities us-
ing doping, electric field, light, and pressure [4]. However,
the current workhorse CrI3 and similar materials are funda-
mentally limited due to their extreme sensitivity to air [5],
requiring special glovebox environments and capping layers
to preserve the material properties. Therefore, it is crucial
to identify air-stable 2D ferromagnetic (FM) materials to
advance the next-generation spintronic, optoelectronic, and
future quantum information technologies in general [1].

CrPS4 has recently been singled out due to its intrinsic
ferromagnetic ordering in the monolayer [6] and robust air
stability [7] like CrTe2 [8–10]. These key properties have
prompted a number of experimental [11–21] and theoreti-
cal [22–26] studies. Specifically, CrPS4 was found to exhibit
canted ferromagnetic order within each van der Waals (vdW)
layer. When stacked, no net magnetic moment is admitted
for an even number of layers characteristic of an A-type
antiferromagnetic (A-AFM) ground state [27]. The large mag-
netic polarization on each Cr site (2.81 µB/Cr) produces a
1.40 eV gap in the electronic states, suggesting CrPS4 is well
suited for switching [11] and neuromorphic computing [28]
applications.

The limited theoretical works analyzing CrPS4 have found
mixed success. Density functional theory (DFT) calculations
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at the generalized gradient approximation (GGA) level can
find the correct A-AFM magnetic ground state; however, the
Cr magnetic moments are underestimated (2.58 µB/Cr), along
with the band gap (0.79 eV) by almost a factor of two [22,27],
as expected for Kohn-Sham (KS) theory. To remedy this, a
Hubbard U parameter has been applied to the Cr-3d states to
yield the correct magnetic moment [23]. Unfortunately, this
correction predicts an X-type AFM ground state in contrast
with neutron scattering measurements [27] and an exagger-
ated band gap of 1.66 eV. Due to the sensitivity of this system,
there is currently no theoretical treatment that captures the
delicate balance between the charge and magnetic degrees
of freedom. Thus, making predictions of magnetoelastic cou-
pling, magnetoresistive switching, and magnetic excitations is
quite challenging.

In this paper, we present an accurate parameter-free de-
scription of the layer-dependent magnetic and electronic prop-
erties of CrPS4. Utilizing the recently constructed strongly
constrained and appropriately normed (SCAN) meta-GGA
density functional, the calculated magnetic moments (magni-
tude and direction) and electronic band gap are in excellent
accord with reported experimental values. Our predicted mag-
netic ground state is in agreement with neutron diffraction
studies, thereby overcoming the failure of the DFT+U frame-
work. Upon exfoliating the bulk crystal, we find the interlayer
coupling to be extremely weak, between 36 and 49 meV, with
the corresponding electronic bands exhibiting essentially no
change in band dispersion with thickness. Finally, the dielec-
tric tensor and Kerr parameters are obtained for the monolayer
to stimulate further experimental works.

Computational details

Calculations were carried out by using the pseudopoten-
tial projector augmented-wave method [29] implemented in
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FIG. 1. Supercell of bulk CrPS4 along (a) the c axis and
(b) the b axis.

VASP [30,31] with an energy cutoff of 260 eV for the plane-
wave basis set. Exchange-correlation effects were treated
by using the SCAN meta-GGA scheme [32]. A 6 × 7 × 1
�-centered k-point mesh was used to sample the single-, two-,
and three-layer structures, whereas a 6 × 7 × 5 mesh was
used to sample the bulk material. After a systematic study
of k-mesh densities, the 6 × 7 × 5 mesh was found to con-
verge the total energy to within 0.31 meV/Cr. The dielectric
tensor components were calculated using 1296 virtual states.
Spin-orbit coupling effects were included self-consistently.
The CrPS4 unit cell was built using experimentally obtained
atomic positions and lattice parameters for the bulk, trilayer,
bilayer, and monolayer monoclinic symmetry with a space
group C2/m [33]. The magnetism is driven by the Cr3+ va-
lence, with three 3d electrons spread in the t2g suborbital
occupations, yielding a spin moment of S = 3

2 . A vacuum
spacing of 19 Å was used to ensure no interactions occur
between the periodic images. A total energy tolerance of
10−6 eV was used to determine the self-consistent charge
density.

II. CRYSTAL STRUCTURE

Figure 1 shows the crystal structure of bulk CrPS4 along
the (a) c and (b) b axes. The chromium atoms (blue) sit on
an orthorhombic lattice and are octahedrally coordinated by

sulfur atoms (yellow) that are slightly distorted off center.
Due to the orthorhombic Bravais lattice, the Cr atoms form
linear chains of strong intersite coupling along the b axis,
with weaker interchain interactions along the a axis. The
phosphorus atoms (purple) sit at the center of a sulfur tetra-
hedral cage, where its position alternates between above and
below the Cr layer following the distorted sulfur octahedra.
This puckering of the phosphorus sites constrains the prim-
itive unit cell to accommodate four Cr atoms, rather than
simply one. Moreover, the phosphorus atoms form a bridge
between Cr chains, thereby facilitating the weak interchain
interactions. Along the c axis, the atomically thin layers are
found to stack in an AA manner with a clear 3.75 Å vdW gap
separating neighboring layers. This suggests the electronic
states should be predominantly 2D in nature with very weak
kz dispersion.

III. MAGNETIC CONFIGURATIONS AND GROUND STATE

Figures 2(a) and 2(b) show the various collinear commen-
surate magnetic orders studied in bulk CrPS4, along with the
corresponding relative total energies of each magnetic con-
figuration with values from previous PBE [22] and PBE+U
(U = 3 eV) [23] studies overlayed. Since the bulk primi-
tive cell of CrPS4 has eight Cr atoms spanning two layers,
nine distinct commensurate magnetic orders may be accom-
modated. To enumerate the phases, we initially assume FM
coupling between all Cr sites to produce a FM phase with
all magnetic moments pointing slightly canted off the c axis.
If interchain (intrachain) interactions are switched to AFM,
we perturb away from the FM phase yielding a stripelike
X-type (Y-, Y′-type) AFM order that varies along the a axis
(b axis). Additionally, swapping the FM interlayer coupling
for AFM triggers an A-type AFM state where the direction of
the magnetic moments alternate with CrPS4 layers. Finally, by
combining inter- and intrachain, and interlayer couplings the
E-, F-, C-, X′-, and G-type AFM states are found.

Figure 2(b) plots the energy of each magnetic configuration
relative to the ground state using PBE [22] (green squares),
PBE+U (U = 3 eV) [23] (blue circles), and SCAN (red ×)
functionals. PBE correctly captures the correct ground-state
magnetic order and predicts the FM phase only 2 meV higher

FIG. 2. (a) Ferromagnetic and the nine antiferromagnetic configurations considered for the ground-state ordering of CrPS4. The green and
red arrows represent the positive and negative magnetic moments of Cr in the unit cell, respectively. (b) Ground-state energies relative to most
stable magnetic configuration by calculated by the PBE (green) [22], PBE+U (blue) [23], and SCAN (red) functionals.
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TABLE I. Comparison between experimental and various DFT
treatments of the magnetic [6] and electronic [27] properties of
bulk CrPS4. The SCAN results (this paper) show improvement over
previous PBE [22] and PBE+U (U = 3 eV) [23] studies in capturing
the experimental values.

Bulk CrPS4 SCAN Experiment PBE PBE+U

Ground state A-AFM A-AFM A-AFM X-AFM
Band gap (eV) 1.34 1.40 0.79 1.66
Moment ( µB/Cr) 3.00 2.81 2.58 3.00

in energy. Moreover, the magnetic moment direction and
magnitude, though slightly underestimated [Table I], are also
in good accord with powder and single-crystal magnetic neu-
tron diffraction results [6]. The remaining magnetic arrange-
ments considered (C-, E-, and G-AFM) are separated from the
A-AFM phase by ∼2 eV/Cr, making them irrelevant to the
low-energy degrees of freedom. The close energetic prox-
imity of FM and A-AFM states suggests a delicate balance
between AFM and FM coupling between the CrPS4 layers.
Despite the success of PBE in describing the magnetic state,
it severely underestimates the electronic band gap (Table I),
as is expected since the KS eigenvalues do not provide the
value of the gap. To improve upon the PBE description of the
ground state, Joe et al. [23] included a Hubbard U of 3 eV
on the Cr-d states. By applying a U , charge localization is
enhanced on the Cr atomic sites, thereby increasing the mag-
netic moment and band gap (Table I). Interestingly, the added
Hubbard parameter disrupts the ratio of inter- and intralayer
exchange couplings, thus predicting a X-AFM ground state
with all other phases at least 1.5 eV/Cr higher in energy.

We find the SCAN density functional to remedy the pitfalls
of both previous approaches without the introduction of any
empirical parameters. Specifically, SCAN recovers the exper-
imental A-AFM ground-state ordering and predicts magnetic
moments of 3.00 µB tilted off of the c axis by 71.6◦, in ex-
cellent accord to the experimental powder and single-crystal
magnetic neutron diffraction values [6]. Regarding magnetic
moments, the values obtained by neutron scattering involve
uncertainties since the chromium form factor is not a priori
known. Note that, when estimating the chromium magnetic
moment, we have increased the Wigner-Seitz radius of the
integration sphere beyond the default value from 1.323 Å
(covalent radius) to 1.74 Å ( 3

4 of the Cr-S bond length) to
fully capture the magnetic density centered on the chromium
atomic site and the part originating from hybridization be-
tween the chromium and sulfur atoms, see Appendix A for
more details).

The A-AFM state stabilizes with a band gap of ∼1.34 eV
that opens around the Fermi energy of the nonmagnetic sys-
tem. This gap is in good agreement with optical data [27].
The physical interpretation of the band gap obtained in the
ground-state DFT calculations has been the subject of much
debate in the literature over the years. We note that, in assess-
ing the physical content of the band gap, one must distinguish
between the nature of the effective exchange-correlation po-
tential obtained in the KS [34] and generalized KS (gKS) [35]
formalisms underlying the construction of various function-

TABLE II. Energy differences (�E ) relative to the predicted
ground states of eight magnetic configurations for the bulk, bilayer,
and trilayer, and two magnetic configurations for the monolayer.

Bulk Trilayer Bilayer Monolayer
Magnetic �E (meV/Cr) �E �E �E
order (meV/Cr) (meV/Cr) (meV/Cr) (meV/Cr)

FM 0.031 0.075 0.088 0
A-AFM 0 0 0 —
C-AFM 2.172 2.218 2.235 2.706
E-AFM 1.288 1.312 1.286 —
G-AFM 2.203 2.207 2.266 —
X-AFM 0.442 2.687 2.703 —
X′-AFM 0.445 2.687 2.735 —
Y-AFM 2.672 0.467 0.493 —

als. Within the KS scheme, one uses the electron density
as a variational parameter, thereby yielding KS potentials
that are inherently multiplicative and orbital independent. In
sharp contrast, the Slater determinate is varied in the gKS
formalism; this results in gKS potentials that are orbital de-
pendent and are thus nonmultiplicative. Local spin-density
approximation (LSDA)/GGA band structures involve multi-
plicative effective potentials, while the current and common
SCAN implementations involve nonmultiplicative potentials
due to the inclusion of the kinetic energy density as an in-
gredient and thus differ in their basic underlying designs. In
this connection, Perdew et al. [36] have shown that, for a
given density functional, the gKS band gap is equal to the
fundamental band gap in the solid, which is defined as the
ground-state energy difference between systems with different
numbers of electrons. There is thus a firm basis for comparing
computed band gaps within the gKS-based SCAN formalism
with the experimentally observed band gaps (excluding ex-
citonic effects). The preceding considerations indicate that,
as a meta-GGA functional improves the description of the
ground state, it will necessarily also lead to improvement in
the band gap. To this end, the gKS-based SCAN formalism
has demonstrated success in capturing not only the magnetic
ground state but the band gap in a wide array of materials
including La2CuO4 [37–39], YBa2Cu3O6 [40], Sr2IrO4 [41],
and NiPS3 [42]. The SCAN ground state has been shown
to yield the key optical transitions in La2CuO4 [43] and
NiPS3 [44]. Therefore, the comprehensive agreement between
magnetic and electronic properties in CrPS4 stems from the
reduction in self-interaction error in SCAN as compared with
PBE and is not accidental.

Table II presents the relative total energy of each magnetic
configuration with respect to the A-AFM state for various
sample thicknesses. The A-AFM phase is found to be the
ground state for all layered films studied, with robust FM
order stabilizing in the monolayer. By comparing the energy
of each magnetic state, the FM phase is the closest competing
magnetic state, with only ≈2–7 meV/Cr energy separation
irrespective of thickness. Curiously, the energy difference be-
tween A-AFM and FM arrangements follow a nonmonotonic
evolution with the number of CrPS4 layers. Similarly, the
remaining magnetic orders farther away from the ground state
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FIG. 3. (a) The electronic band structure and Brillioun zone route explored (inner panel) for the bulk, bilayer, and trilayer. (b) The total
and atomically resolved density of states is related next to the band structure for the bulk. (c) Monolayer atomically resolved density of states,
with the corresponding (d) monolayer band structure with up (red) and down (green) bands.

display a sensitive dependence on the number of layers. The
X- and Y-AFM phases interchange energetic ordering from
the bilayer to the bulk systems. This suggests the screening
environment may play a key role in tuning the relative strength
between the inter- and intrachain interactions. Additionally,
by comparing C-, G-, X-, and X′-AFM configurations, the
interlayer exchange coupling is found to be on the order of
a few meV/Cr.

IV. ELECTRONIC PROPERTIES

Figure 3 shows the (a) electronic band structure and
(b) atomically resolved density of states of CrPS4 in the
A-AFM phase for the bulk, bilayer, and trilayer, with sepa-
rately the (c) monolayer atomically resolved density of states
and (d) corresponding band structure. For the multilayer struc-
tures, the A-AFM magnetic order stabilizes a direct 1.34 eV
band gap at � in the Brillouin zone of bulk CrPS4. Inter-
estingly, the band dispersions appear to be insensitive to kz

dispersion. Specifically, the bands for kz = 0 (solid blue lines)
and kz = π (dashed blue lines) are essentially identical, where
small deviations are only exhibited along the M-�-Y path in
momentum space. The band dispersion along �-Z is flat, sug-
gesting the interlayer coupling is weak and each atomically
thin layer is relatively electronically isolated, see Appendix B.
As CrPS4 is thinned, the band structures for the trilayer (or-
ange solid lines) and bilayer (green solid lines) appear to be
stationary and display nearly identical eigenvalues throughout
the Brillioun zone, except for a slight rigid shift (∼70 meV)
due to the nonmonotonic evolution of the gap. In contrast,
the monolayer [Fig. 3(d)] displays an indirect band gap of
1.745 eV characterized by momentum shift of (π, π ). The
corresponding atomically resolved density of states [Figs. 3(b)
and 3(c)] reveals the valence bands to be predominantly com-
posed of sulfur character 99%, whereas the conduction band
is dominated by Cr states 27%. This stacking of states follows
the Zaanen-Sawatzky-Allen classification of a charge-transfer
insulator [45]. Therefore, in contrast with the Mott-Hubbard
scenario, when a hole is doped into CrPS4, the carrier would

sit on the sulfur atomic sites rather than in the Cr sites. The
percentage of metal cation (ligend anion) weight in the con-
duction (valence) band is relatively constant across the bulk
and single- and few-layer systems.

V. OPTICAL PROPERTIES

To accelerate the design of the next-generation microelec-
tronic devices, it is necessary to cross-validate both theoretical
calculations and experimental measurements. To this end, we
first must judge the quality of our theoretically obtained de-
scription of CrPS4. To address this issue, we calculate the
dielectric tensor—a key ingredient in the interaction between
light and matter—and compare the results with experimental
observations.

Figure 4 presents the nonzero matrix elements of the di-
electric tensor (real and imaginary components) as a function
of energy for a single layer of CrPS4. Two main blocks of
transitions are seen spanning ≈2–6 eV and ≈9–11 eV in
the imaginary part of the xx and yy tensor components. In
contrast, ε(2)

zz displays a very weak leading edge of transitions
due to the 2D nature of the material and only retains the
broad peak centered at 10 eV. Additionally, the sharp leading
edge at ≈2 eV in ε(2) generates a strong polarization peak
in ε(1) through the Kramer-Kronig relation. On average, the
indicated peak structure is in good accord with optical spec-
troscopy reports [12].

Compared with Fig. 3, the sharp transition edge at ≈2 eV
is produced by promoting an electron from the valence- to
conduction-band edges along X-M (Y-M). The higher ener-
getic transitions originate from bands 5.0 eV below the Fermi
level connecting the flat conduction bands along X-M and
Y-M. Furthermore, our theoretically predicted electronic band
gap is in very good agreement with the leading edge of the
optical conductivity [27]. To allow for future experimental
comparison, the refractive index and optical absorption spec-
trum are provided in Appendix C.

As a consequence of the canted ferromagnetism, the off-
diagonal xz component of the dielectric tensor exhibits a
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FIG. 4. Dielectric tensor components of CrPS4 ferromagnetic (FM) monolayer showing the real (dashed black line) and imaginary (red)
components. The xy and yz components have little to no contribution to the system.

nonnegligible response. Such a response may induce an
appreciable Kerr angle in the polarization of the light reflected
from a magnetic CrPS4 layer. This makes the optical Kerr
effect particularly useful in giving direct insight into the lo-
cal, microscopic magnetism [46] and time-reversal symmetry
breaking condensed-matter systems in general [47].

To estimate the Kerr response of CrPS4, we compute the
complex Kerr parameters according to the equation

ψK = θK + iγK = −εxz

(εxx − 1)
√

εxx
, (1)

which is the standard expression for the polar geometry
in the small-angle limit [48]. Here, the photon propagates
along the y direction and describes a linearly polarized wave
with the electric field along the x direction.

Figure 5 shows the real and imaginary Kerr parameters θK

and γK , respectively, as a function of frequency. Both Kerr
parameters oscillate about zero, displaying a quite sensitive
dependence on the frequency of light. Specifically, θK and
γK change sign at ≈2 eV, followed by several additional
fluctuations about zero until a maximum in both signals is
achieved ∼9 eV. Above 9 eV, the Kerr parameters vary more
smoothly with frequency. Additionally, θK and γK appear to
be completely out of phase for all frequencies studied. Such
a line shape in the Kerr signal is quite different from bulk
three-dimensional (3D) magnets, e.g., Fe, Co, and Ni, and
more akin to other 2D magnets, e.g., NiPS3 [42].

FIG. 5. The Kerr parameters of monolayer CrPS4 as a function
of energy.

VI. CONCLUDING REMARKS

In this paper, we have demonstrated that a first-principles
parameter free treatment of the ground-state magnetic and
electronic proprieties of the air-stable CrPS4 2D magnet is
possible. Using the SCAN density functional, we find a major
improvement over standard PBE and PBE+U approaches,
at nearly the same computational cost. In this paper, we
lay a firm foundation for the predictive exploration and de-
sign of heterostructures and devices composed of CrPS4,
mitigating the need for purely experimental efforts. Further-
more, the highly anisotropic cross-coupling between spin,
charge, and lattice also provides a path toward multifunctional
devices ideal for monolithically integrating into semicon-
ducting substrates for efficient interfaces between logic-
interconnect-memory sectors in emerging 3D logic-memory
architectures.
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APPENDIX A: CHROMIUM MAGNETIC MOMENTS AS A
FUNCTION OF WIGNER-SEITZ RADIUS

Figure 6 shows the Cr atomic magnetic moment as a func-
tion of the Wigner-Seitz radius (rWS) or integration sphere.
The black dotted line denotes the default value of rWS defined
in VASP, which yields a magnetic moment of 2.78 µB. Upon
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FIG. 6. The magnetic moment as a function of integration sphere
radius of bulk CrPS4 in the A-type antiferromagnetic (A-AFM)
phase.

expanding rWS, we find the magnetic moment to increase
since the integration sphere encapsulates more chromium
magnetic density. At rWS = 1.74 Å, a maximum in the mag-
netic moment is found with a value of 3.00 µB (red dotted
line). Moreover, as the integration sphere is expanded be-
yond the covalent radius of chromium, an admixture of sulfur
density is included, thereby reducing the net effective mo-
ment. Note that the Cr moment for large rWS values will
depend on the coordination number and thus on the crystal
structure.

FIG. 7. Electronic band structure along �-Z in the Brillouin zone
for bulk CrPS4 in the A-type antiferromagnetic (A-AFM) phase.

FIG. 8. Refractive index and optical absorption for monolayer
CrPS4 in the ferromagnetic (FM) phase. The red, blue, and teal lines
are for the xx, yy, and zz components, respectively.

APPENDIX B: �-Z BAND DISPERSION

Figure 7 shows the electronic band structure along �-Z
in the Brillouin zone for bulk CrPS4 in the A-AFM phase.
Most bands are essentially flat, with only a few valence states
below −0.75 eV displaying a dispersive nature. This suggests
the interlayer coupling in CrPS4 is quite weak, rendering the
atomically thin layers even in the bulk compound electroni-
cally isolated.

APPENDIX C: REFRACTIVE INDEX AND OPTICAL
ABSORPTION SPECTRUM

Figure 8 presents the refractive index and optical absorp-
tion for monolayer CrPS4 in the FM phase. The refractive
index nii is related to the diagonal parts of the dielectric
tensor by

nii =
√

|εii| + �εii

2
, (C1)

whereas the absorption coefficient:

αii = 2ωkii

c
, (C2)

is proportional to the dielectric tensor through extinction co-
efficient:

kii =
√

|εii| − �εii

2
. (C3)
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