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Cr2S3 a bipolar semiconducting fully compensated ferrimagnet
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The promises of spintronics have longed for the realization of fully compensated states and full spin
polarization. Half-metallic/half-semiconducting (HM/HS) and fully compensated materials are suggested as
candidates. We use density functional theory to report that the experimentally realized rhombohedral Cr2S3

is a promising candidate as a bipolar magnetic semiconducting (BMS)/HS fully compensated ferrimagnetic
(FCFiM) material. Our calculations demonstrate that the uniquely layered structure of Cr2S3 produces different
interlayer and intralayer d-p-d hybridization schemes between Cr atoms. Strong interlayer and weak intralayer
antiferromagnetic coupling between different Cr sites make the overall magnetic state a fully compensated
structure. The origin of BMS/HS and fully compensated state has been explained by a structural analysis,
where magnetic exchange interaction between Cr sites is dependent on bond distance and bond angle of each
Cr-centered octahedron. Furthermore, by applying strains perpendicular to the basal plane, distortion of Cr
octahedron sites and Cr–Cr distance is altered, resulting in the phase transition of the material both electronically
and magnetically from BMS-FCFiM to HS-FCFiM to ferrimagnetic (FiM). These studies enable us to rediscover
Cr2S3 as a novel class of BMS materials.
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I. INTRODUCTION

Since the enlightenment of the possibility of half-metallic
fully compensated ferrimagnetic (HM-FCFiM) material, it
has been pursued as next-generation spintronic material due
to its ability of fully spin-polarized current without exhibiting
macroscopic magnetization [1–4]. How spin-polarized states
can be accommodated in a fully compensated state was ex-
plained by van Leuken and de Groot [1]. (Originally, they used
the term antiferromagnetic (AFM) state rather than FCFiM,
but FCFiM is an accurate description based on the basic work
of Néel. Thus, henceforth, unless mentioned, FCFiM is used
throughout our work.) A widely adopted route to reach the
HM-FCFiM state is doping that can cause compensation of
extra magnetic moment while gap opening for minority spin
channel only [1,3,5–9]. The bandgap engineering strategy
through doping sets two compensating spin sources in a differ-
ent sublattice. The associated spin asymmetry and anisotropy
in energy dispersion could result in a spin-polarized edge
state closed to the Fermi level. This approach can work
for a material called half-semiconducting fully compensated
(HS-FCFiM) material, for which the material is semicon-
ducting with different bandgaps for each spin channel or a
spin-polarized half-semiconducting state with the spins in the
valence and conduction bands being oppositely polarized, and
yet with net-zero magnetization [8–10].

Heusler compounds have been exploited as a promising
candidate due to the presence of one or more sublattices
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[11]. Half-metallic property has been associated with the
Heusler compounds with L21 or C1b order [12,13]. Re-
cently, the Mn2Ru0.5Ga compound has been alleged to be
an HM-FCFiM [14]. The authors started with Cubic Mn2Ga
films with a half-Heusler C1b structure and added Ru with
a proper ratio to show evidence of half-metallicity. More-
over, pnictides and chalcogenides with hexagonal NiAs-type
structures have also been predicted as HM-FCFiM material.
Among these hexagonal NiAs-type structure candidates, Sem-
boshi et al. synthesized (Cr23Fe23)S54 and demonstrated its
half-metallic character experimentally [15]. Besides, intrinsic
ferromagnetism in monolayers observed in two-dimensional
(2D) materials seemed promising in realizing novel materials
for spintronics [16–19]. However, there have been no experi-
mental reports of HM-FCFiM or HS-FCFiM in 2D materials.
One could understand this as HS-FCFiM state require a com-
plex crystal structure such as having two different sublattices
to interact magnetically. Many of the theoretically reported
HM-FCFiM or HS-FCFiM materials are alloys with complex
structures, which are difficult to synthesize or epitaxially grow
the proposed candidate materials.

Meanwhile, bipolar magnetic semiconducting (BMS) ma-
terial can also generate a spin-polarized current like HM/HS
material [20]. Moreover, gate voltage can control the car-
rier’s spin direction [20–23]. Such unique characteristic of
BMS material is attributed to the band structure where the
valence band maximum (VBM) spin channel and conduction
band minimum (CBM) spin channel are opposite. Compared
with HM/HS material, where only one spin channel is avail-
able, BMS material can use both spin channels by applying
a gate voltage without an external magnetic field. Thus,
BMS material is also suitable for next-generation spintronic
devices.
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Cr2S3 is considered as a thermoelectric material with low
thermal conductivity [24]. Furthermore, along with recent
advances for air-stable 2D magnetic materials, several re-
ports of the synthesis and semiconducting property of Cr2S3

have appeared in the literature. Being regarded as a quasi-2D
material, Cr2S3 has been grown down to one unit-cell-thick
and characterized as a ferrimagnetic semiconductor [25].
Thickness-dependent conduction-type transition from p-type
to n-type with increasing thickness has evidenced an inter-
esting layered feature of Cr2S3 [26]. Moreover, its room
temperature photodetection revealed a small-gap semicon-
ducting nature [27].

However, despite the experimental investigations, the
comprehensive information on the electronic and magnetic
properties of the material is far from being complete, although
there are previous studies based on density functional theory
(DFT) calculation. Some have used ferromagnetic (FM) spin
ordering of Cr2S3 to calculate the electronic band structure
[28,29]. In contrast, an early experimental investigation has
probed AFM order as the ground state, although a ferrilike
property at finite temperature is probed with magnetic hys-
teresis measurement [30].

In this work, we have conducted a DFT study to elucidate
the ground state of the rhombohedral Cr2S3 its electronic
and magnetic properties. The careful observation of structure-
property relation explains the unpredicted BMS/HS-FCFiM
property exposed in the electronic band structure while strain-
ing perpendicular to the basal plane. Under strain, distortion
of Cr octahedron sites and Cr–Cr distance is altered, resulting
in the phase transition of the material both electronically and
magnetically from BMS-FCFiM to HS-FCFiM to FiM state.

II. CALCULATIONAL METHODS

All the spin-polarized first-principle calculations were
performed by the commercially available Vienna Ab initio
Simulation Package (VASP) [31]. The generalized gradient ap-
proximation parametrized by Perdew-Burke-Ernzerhof (PBE)
with the Hubbard U method is implemented to describe the
exchange-correlation function [32,33]. We employ the PBE
version of the projector augmented-wave to treat valence elec-
trons with plane-wave basis set cutoff energy of 500 eV. The
relaxed cell structure is guaranteed with force on each atom
as low as 0.01 eV/Å after relaxation. The total energy is
allowed to converge below 10−7 eV. The Brillouin zone is
sampled by a Monkhorst mesh of 3 × 3 × 2 k points [34].
Collinear spin orientation has been used for all ground state
and electronic band calculations to reveal the BMS/HS prop-
erty of the system. The magnetic anisotropy energy (MAE) is
defined as the difference between energies corresponding to
the magnetization in the in-plane and out-of-plane directions
(�E = E⊥ − E‖). Therefore, a positive (negative) value of
MAE indicates an in-plane (out-of-plane) easy axis. After
self-consistent ground states were achieved, noncollinear and
non-self-consistent calculations were performed to evaluate
the total energies. In all MAE calculations, spin-orbit inter-
action was taken into consideration. The initial structure in
the calculation was generated from Refs. [30,35].

FIG. 1. Schematic representation of the crystal structure. (a) side
and (b) top views of a unit cell Cr2S3. Three different Cr sites are
indicated in (a) as I, II, and III. (c) Octahedral arrangement of CrS6.
S-atoms in (c) are numbered based on their orientation relative to
Cr-atom on the c-axis. (i.e., 1–3 above, 4–6 below Cr atom) Cr–S
bond distances and S–Cr–S bond angles are indicated by la, lb, θa,
and θb.

III. RESULTS AND DISCUSSIONS

The crystal structure of Cr2S3 is a typical deficient
NiAs-type rhombohedral structure in which alternating fully
occupied “CrS” layers with Cr-deficient “Cr1/3S” layers are
stacked along the c axis. X-ray powder diffraction mea-
surement at cryogenic temperatures has given rhombohedral
structure with lattice dimensions of a = 5.94 Å and c =
16.73 Å (space group: R-3, 148) [30,35]. The crystal struc-
ture has three unique Cr sites, which interact magnetically to
give an antiferromagnetic phase with a weak magnetization
below Néel temperature of TN = 120 K [30,35]. Figure 1(a)
depicts a type of “layered” material, in which “CrS” layers
and “Cr1/3S” layers are clearly shown. Different Cr sites are
labeled as I, II, III on Cr atoms. Cr atoms occupy octahe-
dral voids, created by the hexagonal ordering of S atoms
shown in Figs. 1(b) and 1(c). Neutron diffraction investi-
gation has revealed that both interlayer interaction between
Cr(I) and Cr(III) and intralayer interaction between Cr(I) and
Cr(II) have an antiferromagnetic coupling [30,35]. Weak mag-
netization shown in experimental results was explained by
differences in occupancy of the three nonequivalent Cr sites,
temperature-dependent magnetic moments, or spin canting
[26,35–37].

We first investigate the ground-state magnetic ordering
of Cr2S3. An energy comparison was made among four
different configurations to determine the magnetic ground
state: ferromagnetic, ferrimagnetic (FiM-I and FiM-II), fully
compensated ferrimagnetic (FCFiM) as well as nonmagnetic
(NM) system. A neutron diffraction investigation at cryo-
genic temperatures has confirmed that crystallographic and
magnetic unit cells are of the same size [35]. Therefore, in
all our ground state investigations, we used a rhombohedral
structure as a magnetic unit cell. Schematic representations
of different configurations of spin ordering are shown in
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TABLE I. Lattice parameters a and c in Å; Energy difference
�E (meV per formula unit); net magnetic moment M and atomic
magnetic moment m (in units of μB) for different sites. The energy
difference is computed using the energy of FCFiM structure as a
reference. The arrows refer to spin states of Cr atoms in sites I, II,
and III with their respective orders [Fig. 1(a)].

Magnetic m

Ordering a c �E M Cr(I) Cr(II) Cr(III)

FM (↑↑↑) 6.05 16.97 19.40 36 3.08 3.06 3.15
FiM-I (↑↓↑) 5.96 17.15 6.76 18 2.97 − 2.84 3.07
FiM-II (↑↑↓) 6.06 16.51 41.68 18 2.99 2.99 − 2.78
FCFiM (↑↓↓) 5.97 16.86 0 0 2.88 − 2.89 − 2.88
NM 5.57 16.59 2176.7 N/A
FCFiM [25] 5.94 16.73 N/A 0 N/A
FCFiM [42] 5.93 16.68 N/A 0 N/A

Fig. S1 within the Supplemental Material (SM) [38]. The
FCFiM magnetic structure can be represented as P-1 (2.4)
(a,−1/3a+1/3b+1/3c,c;0,0,0), consistent with Ref. [30] as
tabulated in MAGNDATA [39,40]. Assessment with onsite
Coulombic interaction of d orbitals of Cr atoms is carried
out with the simplified rotational invariant DFT + U approach
introduced by Dudarev et al. [33]. The dependence of lattice
parameter and total energy for different Ueff values are given
in Table S1 within the SM [38]. For all Ueff > 2 eV values, FM
spin order appears to be the ground state. For Ueff = 1 eV, the
possible orderings with respective results of lattice parame-
ters, moments, and total energy difference are given in Table I.
The lattice parameter and magnetic moments per Cr atom
comparison between experimental and computational results
agree the most with FCFiM order. This confirms FCFiM is the
ground state of rhombohedral Cr2S3, while the weak magne-
tization can stem from the probable reasons as noted in the
previous paragraph. A slight energy variation in FiM-I and
a comparably larger c lattice show a probable phase change
upon deformation. On the other hand, the remarkable energy
difference between FCFiM and NM states shows a strong
magnetic interaction between Cr sites [41]. The Cr–S bond
length of the ground state structure shows a slight variation
between different octahedra for different Cr sites showing
site-dependent crystal field variation.

Considering the different octahedral structures surrounding
Cr atoms, site Cr(I) is observed to have a slightly shorter
Cr–S bond length and wider S–Cr–S angle between octahedral
ligands (Table II). The octahedral structure distortion in Cr(I)
gives two different angles and bond lengths depending on the
relative location of Cr(III). Detailed variations are observed
based on the noncentral symmetric crystal structure of Cr2S3

generated by the alternating layers of Cr deficient/rich lay-
ers. Owing to the noncentral symmetric environment around
different Cr sites, octahedrons made by surrounding ligands
at Cr(I) site are asymmetric while symmetric in both Cr(II)
and Cr(III) sites (Fig. S2). This onsite crystal field variation
could support the anticipated temperature dependency of Cr
magnetic moments as proposed in the previous report [30].
The shortest distance between two Cr atoms is found between
every successive layer along the c axis. As will be discussed,

TABLE II. Cr2S3 ground state crystal structure site-dependent
octahedral parameters: Cr-S bond length la (S = S1,2,3) and lb (S =
S4,5,6) (Å), and S-Cr-S bond angle θa(S = S1,2,3) and θa(S = S4,5,6).
All measurements are referred to as octahedral in Fig. 1(c). (Detailed
representation of each Cr-site octahedral can be referred to Fig S2
within the SM [38].)

Cr-Sites la lb θa θb

Cr(I) 2.39 2.41 87.6 95.3
Cr(II) 2.41 2.41 88.3 88.3
Cr(III) 2.41 2.41 87.2 87.2

this short distance between site Cr(I) and Cr(III) seems to
drive interlayer AFM coupling as confirmed by a stronger
exchange coupling constant.

Having identified the magnetic ground state of Cr2S3, the
detailed electronic properties are explained below. A spin-
polarized calculation on band structures and total density
of states in Figs. 2(a) and 2(b) unveils the potential BMS
characteristics of the material. The spin-dependent band gap
difference is observed. The band gap value for spin-up and
spin-down is 0.5 and 1.01 eV, respectively, consistent with
the experimental room temperature semiconducting property
[26,27]. The global band gap (�1) is 0.45 eV, estimated from
Fig. 2(a). Also, the spin-flip gap in the valence band (�2) is
0.05 eV, and the spin-flip gap in the conduction band (�3) is
0.56 eV. Note that the �2 energy gap is relatively small but
about double thermal energy at room temperature. However,
the �3 energy gap is large enough compared with thermal
energy. Thus, one can expect fully spin-polarized current even
at room temperature by applying a positive gate voltage, i.e.,
pushing up the Fermi level into �3, the spin-flip gap in the
conduction band. In this regard, our calculation supports that
Cr2S3 is fundamentally a bipolar magnetic semiconductor.

For realizing the BMS device, a small spin-flip gap �2
should be large enough to prevent the mixing of spin currents
by thermal agitation. Also, a relatively small �1 would be
better to shift the Fermi level into the CBM spin channel by
moderate gating. Despite these limitations in its native form,
Cr2S3 would have a role of a novel class of BMS material, for
which mostly either functionalized material or Heusler-type
were previously reported [43]. Not only the BMS but FCFiM
feature could be valuable for so-called ferrimagnetic spintron-
ics application, where weak or zero magnetic ferrimagnetic
material is utilized for its advantage of robustness against
crosstalk [44].

This BMS behavior is invariant for various Ueff values,
as shown in Fig. S3 within SM [38]. Including spin-orbital
coupling in the calculation does not significantly affect band
dispersion, as shown in the Fig. S4 within SM [38]. Element-
projected partial density of states (PDOS) in Fig. 2(b) shows
the VBM in the spin-up channel is provided both d and p
orbitals. In contrast, CBM is supplied with mainly d orbitals
of Cr atoms. All p orbitals px, py, and pz of S atoms have
almost equal contributions to VBM, as shown in Fig. 2(c).
Concerning this, one can see the three VBM valleys at the γ

point for both spin channels belonging to p orbitals of the S
atoms, as shown in Fig. S5 within the SM [38].
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FIG. 2. (a) Electronic band structure of Cr2S3 with spin-up (red dashed line) and spin-down (blue solid line). (b) The total and element-
projected partial density of states. (c) p-orbital projected PDOS for S and (d) Cr-site projected PDOS. The Fermi level is set to be zero, marked
as a horizontal dashed line.

According to the ligand field theory, the Cr 3d-orbital
states split into threefold degenerate t2g (dxz, dyz, dxy) and
twofold degenerate eg (dz2 , dx2−y2 orbital substates in a per-
fect octahedral crystal field. The structural distortion of CrS6

octahedron (CdI2-type structure) makes the eg state further
split into the A1(dz2 ) and doubly degenerate E2(dx2−y2 ) states,
while the t2g state is divided into E1(dxz, dyz ) and E2(dxy)
[45,46]. Therefore, the ab-plane crystal-field sets all in-plane
states degenerate as E2(dxy, dx2−y2 ). A schematic represen-
tation of distorted CrS6 octahedron is shown in Fig. 1(c).
Cr-site-dependent PDOS is demonstrated in Fig. 2(d). Each
Cr site has a different d-states distribution near the Fermi level
showing the crystal anisotropy and onsite crystal field varia-
tion. [E.g., Cr(III) has E1 and E2 DOS peaks at lower energy
levels than A1, while Cr(I) has E2 at higher energy than E1
and A1]. This crystal field anisotropy becomes a fascinatingly
useful knob to control the band structure and magnetic prop-
erties by straining the c axis, as will be discussed below. As
clearly shown in the PDOS plot in Fig. 2(d), the half semicon-
ducting behavior is caused by the Cr-site-dependent bandgap
that stems from the combined effect of magnetic interaction,
the difference in crystal field, and onsite exchange splitting
energy [47]. Interestingly enough, the half-semiconducting
behavior of Cr2S3 exists even in FM ordering (Figs. S4d and
4e), showing that it is embedded within the material’s unique
crystal structure. Regardless of the spin order, rhombohedral
Cr2S3 shows a clear spin-polarized semiconducting gap.

Compensated states of the crystal structure are governed
by both interlayer and intralayer AFM couplings of Cr atomic
sites. Magnetic moments in each Cr atom are shown in Table I,
which agree with Cr 3/2 spin. The direct and superexchange
interactions of Cr atoms at different sites can be explained
by the Goodenough-Kanamori-Anderson (GKA) rules [48].
A robust direct AFM coupling between Cr(I) and Cr(III) is
facilitated by a relatively short distance of 2.91 Å along with
the c axis [46]. The distance between Cr(II) and Cr(III) is
as considerable as 4.38 Å; therefore, the direct exchange be-
tween these two atoms becomes rather unlikely. The GKA rule

predicts if the cation-anion-cation bond angles are of 90◦ or
180◦, two cation spins often favor weak FM and strong AFM
ordering, respectively. For an angle of 134◦ between Cr(II)
and Cr(III) [θ2 in Fig. 5(d)], the competition between these
two will result in distance-dependent interaction as Rukang
Li et al. have proposed angle/distance-dependent interaction
between octahedral-edge shared Mn-Mn interactions [49]. A
similar examination between Cr(I) and Cr(II) shows that the
competition between AFM via direct exchange and FM via
superexchange results in AFM spin ordering as the ground
state. For each Cr-rich layer, Cr(I) sites have neighboring
Cr(II) sites within the layer. The trigonal positions of spins
[Fig. 1(b)] might give rise to the frustrating spin order by
competing between FM and AFM intralayer interactions. This
might be responsible for the noncollinear spin order observed
experimentally in the crystal structure [50].

We employ an effective Heisenberg model of classi-
cal spins to describe the interaction between Cr atoms. A
schematic view of the nearest-neighbor exchange interaction
between Cr atomic sites is shown in Fig. 3(a). Exchange
coupling constants Ji j between site i and j are obtained by
mapping the calculated total energy to the effective Heisen-
berg Hamiltonian, Heff = −∑

Ji jsi · s j , where si is the unit
vector parallel to spin si, and Ji j is an exchange coupling
constant for the nearest neighboring Cr atom for each site.
In-plane and out-of-plane exchange interactions are shown
in Fig. S6. We employed spin-flip energy differences for Cr
atoms on each site to get energy differences. Out-of-plane
AFM exchange coupling constant between Cr(I) and Cr(III)
is calculated as J1 = −6.47 meV, the most substantial in-
terlayer interaction of the other nearest-neighbor exchange
interactions. It plays a significant role in the magnetoelastic
property of the material. Out-of-plane exchange coupling con-
stant between Cr(II) and Cr(III) (J2) is evaluated as 1.09 meV,
exhibiting weak FM, while the planar exchange coupling
constant between Cr(I) and Cr(II) (J3) is calculated as -3.45
meV exhibiting AFM. With these J values, we applied molec-
ular field theory to estimate the temperature dependence of
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FIG. 3. (a) Schematic representation of exchange interactions
between Cr atoms. The relative positions of atoms are paralleled
with the axes of the crystal structure shown. Horizontal blue arrows
represent spin order for each Cr site. (b) MAE as a function of
magnetization angle θm for both in-plane (ab) and out-of-plane (ac).
A geometry for out-of-plane magnetization angle θm and lattice a and
c are shown (inset).

magnetization (M-T ) [51]. The M-T curve within the SM [38]
is evident in the characteristic feature of fully compensated
ferrimagnetic materials, including the Heusler compound
[52,53]. This clearly shows that the interplay between the
three sublattice magnetization achieves full compensation.
Moreover, the curve is qualitatively in good agreement with
the experimental result of Yuzuri et al. for Cr2S3 [54].

Figure 3(b) shows the MAE calculated as a function of
magnetization angle θm in both ab and ac planes. No substan-
tial difference in energy upon rotation for different in-plane
directions is observed from DFT calculations. In contrast,
out-of-plane rotation shows an easy plane perpendicular to the
c axis. Based on the hexagonal symmetry of crystal structure
in the ab plane and localized magnetic moments, the angu-
lar dependence of the MAE on the magnetization angle θm

in the ac or bc plane can be fit by the following equation,
MAE(θ ) = K1sin2(θ ) + K2sin4(θ ), where K1 and K2 are the
magnetocrystalline anisotropy coefficients, and θ is measured

relative to the easy axis [55–57]. K1 and K2 are obtained as
28.67 and −0.02 μeV/Cr by fitting, respectively. The calcu-
lated result on MAE of 0.336 meV per unit cell (28 μeV/Cr)
shows that the easy axis lies in the ab plane (i.e., easy plane),
which conforms to the experimental results [25,35,58]. A
comparable value of MAE is also shown in a monolayer CrCl3

[59].
As discussed above, the crystal structure has planar versus

c-axis anisotropy in electronic and magnetic environments.
Additionally, the interlayer interaction along the c axis is
found to govern the crystal structure’s magnetic ground state.
Thus, we take the c-axis straining as a way to unveil and
understand its unique BMS-FCFiM properties. Figure 4(a)
shows the c-axis strain-induced energy variation of differ-
ent magnetic phases. Here, the strain is defined as ε =
(c − c0)/c0, where c0 is the lattice constant for the relaxed
system. Bilateral shrinkage plotting in Fig. 4(b) shows the
bulk response of the ab plane upon the c-axis strain. In
Fig. 4(a), the FCFiM property of the crystal is well-preserved
up to a considerable uniaxial c-axis compression strain value
up to −6% (the equivalent of a biaxial tensile strain of +1.6%)
as shown in Fig. 4(a).

In comparison, a tensile strain of +2% (the equivalent of
a biaxial compressive strain of −0.4%) induces a magnetic
phase transition to ferrimagnetic order FiM-I. Above this
tensile strain value, interlayer FM superexchange interaction
through cation becomes more appealing energetically than
the AFM direct hopping of d-orbital electrons from Cr(I) to
Cr(III). Moreover, interlayer magnetic coupling is FM, while
the intralayer coupling is maintained as AFM.

A closer look at the respective distance of Cr atoms at
sites I and III (d1) unveils that the substantial orbital overlap
(thereby AFM interaction) fades as a positive strain is applied
along the c axis [60]. Consequently, the ground state spin
order is changed from FCFiM to ferrimagnetic (FiM-I). This
phenomenon is accompanied by an abrupt Cr atom position-
ing on sites I and III, as shown in Fig. 5(a). The nearest Cr-Cr

FIG. 4. The magnetic ground state of Cr2S3 under the c-axis uniaxial strain. (a) Relative total energies of four different collinear magnetic
configurations (FM, FCFiM, FiM-I, and FiM-II, shown in Fig. S1) as a function of uniaxial strain along the c axis. (b) Bulk elastic response
(equivalent ab-plane strain) upon the c-axis strain. The color for the parabola in (a) and shadings in (b) are meant to match.
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FIG. 5. Dependence of structural parameters and magnetic moment on c-axis strain (ε) for Cr2S3. (a) Cr–Cr distances. (b) Cr–S–Cr bond
angles (c) Magnetic moment m for different sites of Cr atom. (d) Schematic representation of the relative position of Cr sites. (e) The total
magnetic moment M per unit cell. Spin orientation for each phase is shown in the inset following relative position shown in (c). (f) Cr – S bond
lengths (la and lb) in CrS6 octahedral for all three Cr sites. Note that la and lb for Cr(I) are different and are plotted with black solid and dashed
lines, respectively. Vertically shaded regions are drawn as a guide to the eye, indicating different magnetic phases.

atom distances d1 and d2 go linear with the c-axis strain, while
d3 exhibits an abrupt change at the phase transition strain.
This indicates a strong underlying magnetoelastic coupling
in “sublayers” of Cr2S3. This phenomenon goes in line with
the recent high-throughput prediction of Luis Casillas et al.,
demonstrating a strong magnetostructural coupling in Cr2S3

[61]. Furthermore, Raman active redshifts of the interlayer
breathing mode reported in Yang et al. confirm the strain-
sensitive interlayer interaction in Cr2S3 [29].

Strain-dependent Cr–S–Cr angle variations shown in
Fig. 5(b) similarly indicates an abrupt change at the critical
strain. Further increment in strain will only show monotoni-
cally increasing Cr–Cr distances and thus stabilize the FiM-I
phase. It is worth noting that the abrupt change in Cr–S–Cr
angle gets more pronounced in θ1 than in θ2 and θ3.

The crystal anisotropy (ab plane versus c axis) and two dif-
ferent Cr–S bond lengths together with magnetic interaction
have led to the material’s BMS fully compensated property.
It should be noted that the la of Cr(I) is experiencing a slight
change upon compression. The slopes differences in Figs. 5(a)
and 5(b) are attributed to the Poisson’s ratio, υ = 0.19. The
strain-induced phase transition from FCFiM to FiM-I causes
an abrupt VBM and CBM for spin-down only, as shown in
Fig. S7a.

Magnetic moments at Cr sites are plotted against strain in
Fig. 5(c). Cr(II) and Cr(III) sites show spin-flip at the critical
strain values for FiM-II and FiM-I, respectively. Moreover,
due to the charge transfer effect, the sulfur atom has a total

moment of 0.07 and 0.063 μB upon phase transition from
FCFiM to FiM-I and FiM-II, respectively [62]. In Fig. 5(e),
considerable change is shown in the total magnetic moment
per unit cell at both magnetic phase changes, making Cr2S3 a
promising candidate for piezomagnetism.

Figure 5(f) shows the change in bond lengths of three
Cr-centered octahedral structures upon c-axis straining. As
pointed out in Table II and Fig. S2, Cr(I) has a slightly shorter
bond length with S ligands in the direction where Cr(III) is not
facing Cr(I) directly along the c axis. The symmetrical octahe-
dral structure around Cr(II) and Cr(III) shows that the uniaxial
tensile/compression strain along the c axis makes the bonds
longer/shorter except at phase transition points. However, for
the case of Cr(I), la increases while the lb decreases upon
tensile straining. Moreover, at the strain of +2%, both show
a more pronounced change in bond length opposite to the
trend in the tensile strain region. This phenomenon is matched
with the sudden change in Cr–Cr distance in Fig. 5(a), which
explains the enhanced difference in bond length.

To qualitatively illustrate the changes in the electronic
properties of Cr2S3 with uniaxial c-axis strain, we have pro-
duced spin-polarized band structure, the p-orbital PDOS, and
site-projected DOS for three Cr sites as shown in Fig. 6.
As shown in Figs. 6(a)–6(e), a direct bandgap (at � point)
property is well preserved under both compression and tensile
strain range except the compression limit of −6% in which
the material is changed to be an indirect (�-M) semicon-
ductor with a finite net magnetic moment (FiM-II). Upon
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FIG. 6. The dependence of electronic band structure and projected DOS of Cr2S3 on the various c-axis strain. (a)–(e) Band structures for
compressive and tensile strains of (a) −6%, (b) −4%, (c) +1%, (d) +4%, and (e) +6% with spin-up/down (red-dashed/blue-solid). (f)–(j) S-3p
PDOS, (k)–(o) Cr-3d site-projected PDOS under different corresponding strains to (a)–(e). The zero of energy is at the Fermi level, marked as
a horizontal dashed line. The magnetic ground state is indicated with FCFiM, FiM-I, and FIM-II.

further compression strain (−10%), Cr2S3 becomes metallic
(Fig. S7). Intending to see the underlying principle behind
this loss of BMS property at −6% strain, we carefully traced
the crystal structure deformation pattern by observing the
octahedron bond length change for each site upon straining,
which will be discussed below.

The VBM and CBM of the band structure tend to show
a slight variation even with higher strain values, indicating a
localized d states characteristic. Interestingly enough, how-
ever, an abrupt change in VBM and CBM is observed at
the magnetic transition strains for FiM-II and FiM-I phases,
respectively [Figs. 6(a) and 6(e)]. FiM-I and FiM-II are

054405-7



GEBREDINGLE, JOE, AND LEE PHYSICAL REVIEW MATERIALS 6, 054405 (2022)

coupled with interlayer and intralayer magnetic phase tran-
sition, respectively. This can clearly indicate different d-d
hybridization schemes near the Fermi level. We did a non-
magnetic calculation to elucidate this observation and checked
each site’s contribution below and above Fermi level (Fig.
S4a). The result indicates that the states near the Fermi level
(within ±0.2 eV) have more contribution of dx2−y2 , dxy, and dz2

from Cr(I) and Cr(II). In comparison, states distant from the
Fermi level (±1.0 eV) have more contribution of dxz, dyz, and
dz2 from Cr(I) and Cr(III) d orbitals indicating different d-d
hybridization in the in-plane and out-of-plane crystal direction
[63]. This result is in line with the fact that the connectivity
of octahedral structures in a crystal structure determines the
d-d hybridizations between central metal atoms [64]. Here
an edge-shared octahedral structure is formed between Cr(I)
and Cr(II), while a face-shared octahedral structure is formed
between Cr(I) and Cr(III).

As discussed above, because of the magnetoelastic prop-
erty of the Cr2S3, the transition in magnetic coupling between
Cr(I) and Cr(III) atoms from FCFiM to FiM will further
facilitate Cr atoms to move apart. As a result, a strongly
distorted octahedral structure in Cr(I) and Cr(III) and bond
lengths are presented. Furthermore, this pronounced distortion
combined with the magnetic phase transition has resulted in a
spin-polarized VBM, as shown in Figs. 6(d) and 6(e). Cr(I)
shares the same S atoms with Cr(III) directly on the top with a
relatively long bond length lb. A compressive strain along the
c axis causes all lb to decrease monotonically except for Cr(I),
which shows a slight increase [Fig. 5(f)].

At the compressive strain value of −6%, relatively equal
lb are formed in all Cr sites except for Cr(I). This could
give rise to the indifference of Cr sites since the crystal field
generated by the six S atoms surrounding each Cr atom would
be the same due to relatively equal bond lengths. Here we
assume that lb at Cr(I) will have an insignificant effect since
the shorter la will elevate the energy of dstates. Considering
the magnetic in-plane interaction between Cr(I) and Cr(II),
the direct AFM interaction is weakened as the in-plane tensile
strain is associated with the compressed c-axis lattice. Instead,
superexchange interaction via S atoms gets strengthened and
starts to dominate at the critical strain of −6%.

The interlayer magnetic coupling between Cr(I) and Cr(III)
is AFM under any compression strain. Therefore, at that point,
the in-plane FM and out-of-plane AFM interactions are set.
Because all Cr atoms feel almost the same octahedral ligand
crystal field (due to nearly the same Cr–S bond lengths), Cr2S3

would have spin-degenerate states for spin-up and spin-down
channels. That means Cr2S3 is changed to a ferrimagnetic
material with a trivial semiconducting property, i.e., the BMS
property is lost. This result then helps us to see the rationale
behind the extraordinary BMS FCFiM property of Cr2S3.

The HS characteristic can be revealed under the tensile
strain larger than +1%, where VBM in each spin channel
is leveled. For example, at +4%, the VBM and CBM are
located in the same spin channel, while the other spin channel
maintains a relatively large gap. In practice, the 4% uniaxial
tensile straining is hard to achieve; however, the equivalent
biaxial compression within the basal plane is −0.8%, which
would be more accessible. The spin degeneracy of VBM
is removed for the tensile strains � +2%, which reflects a

FIG. 7. The variation of MAE value of Cr2S3 under uniaxial
c-axis strain. Vertical lines at each strain range separate the cor-
responding magnetic ground states (FiM-II, FCFiM, FiM-I). The
horizontal shaded region splits XY - and Ising-type spin orderings.

decrease of electron hopping and reduced AFM coupling
strength between Cr(I) and Cr(III) due to strong confinement
of orbitals by tensile strain [60]. Figures 6(f)–6(j) shows the
PDOS of the p orbitals of S. In-plane px and py orbitals
behave opposite to the out-of-plane pz orbitals, associated
with positive Poisson’s ratio. Upon compressive strain, S-px

and S-py PDOS near VBM move away from the Fermi level
while S-pz PDOS moves towards the Fermi level in both spin
channels.

This again evidences the crystal anisotropy selectively con-
trolling VBM and CBM by tensile and compressive strains,
respectively. S-p PDOS at zero strain shows degenerate spin
states of VBM at � with FCFiM magnetic order [Fig. 2(c)].
However, after the material becomes ferrimagnetic (FiM-I),
these S-p PDOS show spin polarization where spin-up states
are at higher energy than spin-down states near the Fermi
level, as shown in PDOS in Figs. 6(i) and 6(j).

To determine the different Cr site contributions at each
strain, we plotted the site-dependent Cr-d PDOS in Figs. 6(k)–
6(o). In the FCFiM magnetic phase (at −4% and +1% strain),
all Cr sites contribute to the VBM (therefore degenerate
spin-up and spin-down states). In contrast, ferromagnetically
interacting Cr(II) and Cr(III) only contribute to the CBM.
Thus, spin-polarized CBM appears. In the FiM-I phase (at
+4% and +6%), the spin-polarized CBM is maintained. At
the same time, the VBM becomes spin-polarized in the states
near the Fermi level, coming from ferromagnetically interact-
ing spin-up states of Cr(I) and Cr(III). This trend continues
and eventually makes Cr2S3 half-metallic at +10% strain
(Fig. S7a).

MAE dependence on uniaxial c-axis straining indi-
cates monotonically increasing/decreasing MAE upon ten-
sile/compressive strain, as shown in Fig. 7. A tensile strain
would continue to enforce the ab plane as an easy plane
keeping the Cr2S3 XY-type, where spins are confined within
the 2D easy plane. Around the compressive strain of −4%, a
transition from easy-plane to easy-axis (c axis) starts, leading
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to Cr2S3 Ising-type. A similar shift from easy-plane to easy-
axis magnetic anisotropy was shown in the CrCl3 monolayer
upon biaxial strain [59]. As discussed above, further compres-
sion would only increase the MAE and change the magnetic
phase to FiM-II. A tensile strain of 5% would double MAE
to 56 meV. The slight slope change is associated with phase
transition into FiM-I, where interlayer interaction changed
from AFM to FM. On the other hand, the slope does not
change by the transition from FCFiM to FiM-II, where planar
spin-flip occurs.

IV. CONCLUSIONS

We have applied DFT calculations to investigate the mag-
netic and electronic properties of Cr2S3. The magnetic ground
state is FCFiM in accordance with the previous experimental
findings. The origin of BMS/HS and the FCFiM state has been
explained by a structural analysis, where magnetic exchange
interaction between Cr sites is dependent on bond distance and

bond angle of each Cr-centered octahedron. Furthermore, by
applying strains perpendicular to the basal plane, distortion of
Cr octahedron sites and Cr–Cr distance is controlled, resulting
in the phase transition of the material both electronically and
magnetically from BMS-FCFiM to FiM-semiconductor. The
unique BMS-FCFiM and magnetoelastic property suggest
Cr2S3 as a promising material for next-generation spintronic
applications.
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