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Exploring the physics of low-dimensional spin systems and their pressure-driven electronic and magnetic tran-
sitions is a thriving research field in modern condensed matter physics. In this context, recently antiferromagnetic
Cr-based compounds such as CrI3, CrBr3, and CrGeTe3 have been investigated experimentally and theoretically
for their possible spintronics applications. Motivated by the fundamental and industrial importance of these
materials, we theoretically studied the electronic and magnetic properties of a relatively less explored Cr-based
chalcogenide, namely LaCrS3, where two-dimensional (2D) layers of magnetic Cr3+ ions form a rectangular
lattice. We employed density functional theory + Hubbard U approach in conjunction with constrained random-
phase approximation, where the latter was used to estimate the strength of U . Our findings at ambient pressure
show that the system exhibits a semiconducting antiferromagnetic ground state with a gap of 0.5 eV and large Cr
moments that correspond to a nominal S = 3/2 spin state. The first nearest neighbor (NN) interatomic exchange
coupling (J1) is found to be strongly antiferromagnetic, while the second NN couplings are relatively weaker
ferromagnetic (FM), making this system a candidate for a 1D nonfrustrated antiferromagnetic spin-chain family
of materials. Based on orbital resolved interactions, we demonstrated the reason behind two different types
of interactions among first and second NNs despite their very similar bond lengths. We observe a significant
spin-orbit coupling effect, giving rise to a finite magnetocrystalline anisotropy, and Dzyaloshinskii-Moriya
interaction. Further, we found that by applying uniaxial tensile strain along the crystallographic a and b axis,
LaCrS3 exhibits a magnetic transition to a semiconducting FM ground state, while compression gives rise to
the realization of a gapless semiconducting antiferromagnetic ground state. Thus our findings can enrich the
versatility of LaCrS3 and make it a promising candidate for industrial applications.
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I. INTRODUCTION

The electronic structure and magnetism of one-
dimensional (1D) spin chain systems is a thriving research
field in modern condensed matter physics [1] as they are used
for the analyses of many fundamental concepts in many-body
quantum physics as well as have great technological promises
for quantum computation and information processing. The
quantum spin fluctuations are an intrinsic characteristic of
such low-dimensional magnetic systems having localized
spin moments. These fluctuations, the rich electron correlated
behavior, and spin-orbit coupling often lead to emergent
phenomena such as Haldane gap states [2,3] and new
topological phases of matter [4]. In this direction, the
Cr-based semiconducting materials with layered structures
have recently obtained substantial attention due to their
potential application for many technologies from sensing to
data storage. For instance, the experimental demonstration
of long range magnetism in layered materials, e.g., Cr
trihalides (CrX3, X = I, Br, and Cl), is considered as a major
breakthrough in the field of low dimensional magnetism since
it opens up opportunities for sprintronics applications [5].
There are also reports of strain-based tuning of magnetism
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in layered materials such as CrGeTe3 which has emerged as
an excellent magnetic substrate in nanoelectronic devices and
also for next-generation memory devices [6].

In view of the fact that layered Cr-based materials have
huge fundamental and industrial importance, we theoretically
studied the electronic and magnetic properties of a relatively
less explored Cr-based chalcogenide, namely LaCrS3. The
crystal structure of LaCrS3 is displayed in Fig. 1(a) where
2D layers of magnetic Cr3+ ions form a rectangular lattice.
The edge sharing CrS6 unit forms a double chain along the b
direction and each Cr is connected to the other two Cr ions via
S ions as illustrated in Fig. 1(b). The Cr-Cr distances in the tri-
angles of this double chain are 3.47 Å (Cr1-Cr2 and Cr2-Cr3)
and 3.83 Å (Cr1-Cr3), respectively, and the interchain Cr-Cr
distance in the ab plane [the third nearest neighbor: Cr2-Cr2

in Fig. 1(a)] is 5.83 Å. The Cr-S bond distances of CrS6

octahedra lie in the range between 2.38 Å and 2.48 Å. The ex-
perimental resistivity data [7] indicates that the ground state is
insulating. The magnetic susceptibility (χ ) [7] increases with
decreasing temperature and passes through a broad maximum
at around 195 K, which is a typical feature of short-range spin
correlation [8]. The high-temperature fitting of χ gives the
Weiss temperature as −8.5 K, indicating antiferromagnetic
coupling between the Cr ions. At lower temperatures well
below the broad maximum, the χ decays exponentially which
could be attributed to the opening of a spin gap.
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FIG. 1. (a) Unit cell of LaCrS3. The magnetic couplings
between nearest neighbor Cr ions are marked. (b) The CrS6 edge-
sharing octahedral units form the zigzag chain running along
the b axis.

The microscopic understanding of the magnetism of
LaCrS3, particularly to find out if it belongs to the fam-
ily of spin-chain compounds, requires a detailed knowledge
of the magnetic spin Hamiltonian. Such understanding will
also help us to predict the efficient ways of tuning its spin
interactions, magnetic, electronic phases, and emergence of
magnetic phenomena [9], which are important for technologi-
cal and scientific aspects. The tuning of the various properties
such as modification of interatomic exchange couplings, mag-
netic anisotropies, critical magnetic transition temperature,
band-gap tuning, etc., are possible under the influence of
mechanical strain. We present here theoretical calculations to
comprehend the electronic structure and magnetism of this
intriguing correlated material that belongs to the transition
metal chalcogenide family.

In this work, we have investigated the electronic and mag-
netic properties of LaCrS3 using density functional theory
+ Hubbard U method under ambient conditions and also
observed how its properties could be tuned under the influ-
ence of compressive and tensile uniaxial strain. Our results
show that the first nearest neighbor (NN) and second NN
spin interaction strengths between Cr ions are crucially dif-
ferent despite their very similar bond length. In fact, first
NN interactions are strong antiferromagnetic, while second
NN interactions are relatively weaker ferromagnetic (FM),
making this system a 1D nonfrustrated antiferromagnetic S =
3/2 spin-chain compound at ambient conditions. We found
non-negligible spin-orbit coupling effects, giving rise to a
finite MAE, and Dzyaloshinskii-Moriya (DM) interactions.
Further, we proposed ways to realize magnetic transition [an-
tiferromagnetic (AFM) to FM], normal semiconductor to a
gapless semiconductor transition via application of uniaxial
strain.

FIG. 2. (a) Ferromagnetic ordering and (b) antiferromagnetic or-
dering between the nearest neighbor Cr ions. These two magnetic
configurations are considered to get the lowest energy state.

II. COMPUTATIONAL DETAILS

All calculations reported in this work are carried out using
three approaches, namely (a) a plane-wave basis as imple-
mented in Vienna ab initio simulation package (VASP) [10,11]
with projector augmented wave potentials [12], (b) the full
potential linearized augmented plane wave (FP-LAPW) basis
as implemented in WIEN2K code [13], and the full-potential
linear muffin-tin orbital (FP-LMTO) method [14,15] as im-
plemented in the RSPT code [16]. The calculations have been
cross-checked within these three sets of methods provid-
ing further credence to our obtained results. Exchange and
correlation effects are treated using generalized gradient ap-
proximation (GGA) [17] as well as including Hubbard U
within the GGA + U framework [18]. In order to avoid any
ambiguity about the choice of U and to make the GGA + U
approach completely parameter free, we computed the values
of effective Coulomb interaction (U ) within the framework
of constrained random-phase approximation (cRPA) [19] as
implemented in the WIEN2K code [20]. The results of our
calculations from a so-called d-d model [21] show that this
method yielded a U = 1.6 eV and average Hund’s coupling
J = 0.5 eV for the 3d states of Cr in LaCrS3. A 6 × 12 × 4 k
mesh has been used for the Brillouin zone (BZ) integration.

Using the converged GGA + U solutions of RSPT [16], we
employed the magnetic force theorem [22,23] to extract the
effective intersite exchange parameters (Ji j). A detailed dis-
cussion of the implementation of the magnetic force theorem
in RSPT is provided in Ref. [24]. The effective Ji j is extracted
in a linear-response manner via a Green’s function technique.
We have successfully used this method for other transition
metal compounds [25].

III. RESULTS AND DISCUSSION

A. Magnetism and electronic structure at ambient condition

We start with the analysis of magnetic ground state and
electronic structure for the bulk LaCrS3 at ambient conditions
using various levels of approximations in DFT such as GGA
[26] and GGA + U [27]. From the experimental suscepti-
bility data, we know that the system is antiferromagnetic in
nature. To obtain an understanding of magnetism, we car-
ried out total energy calculations for two possible magnetic
states as schematically presented in Fig. 2. The results of our
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TABLE I. Total energy (meV/formula unit) of the AFM state
with respect to the FM state is shown for both GGA and GGA + U
approaches. The magnetic moment of each Cr ion is also listed.

GGA GGA + U

Energy (meV) Moment (μB) Energy (meV) Moment (μB)

FM 0.00 2.90 0.00 2.90
AFM −23.50 2.83 −14.53 2.89

calculations as demonstrated in Table I reveal that antiferro-
magnetic ordering between the NN Cr ions is energetically
favorable which is consistent with experiment. The magni-
tude of this energy difference (�E = EFM − EAFM) becomes
slightly smaller in GGA + U scheme compared to GGA. This
is not surprising as inclusion of on-site Coulomb repulsion U
for the 3d electrons of Cr ions makes the d orbitals more lo-
calized and, as a consequence, interatomic exchange coupling
is reduced. Since the value of Hubbard U for Cr-3d states is
estimated using cRPA, all calculations in the remainder of the
paper have been carried out using the GGA + U method.

We have now analyzed the electronic structure of the anti-
ferromagnetic state in Fig. 3. From crystal geometry, we can
see that Cr atoms are surrounded by the octahedral environ-
ment formed by sulfur atoms. This leads to the splitting of
d orbitals into t2g and eg states [see schematic in the inset
of Fig. 3(a)]. The computed partial DOS in Fig. 3(a) shows
that the Cr t2g majority spin channel is fully occupied. The
minority t2g and eg states appear above the Fermi level. This
arrangement of d orbitals is consistent with the nominal d3

configuration and S = 3
2 spin state for Cr ions according to

the Hund’s rule as schematically demonstrated in the inset
of Fig. 3(a). The dominant spectral weights of S-p states
arise around 3 eV below the Fermi level. However, there is
a small S-p spectral weight in the region where Cr majority
t2g states are seen, indicating a weak Cr-S hybridization due
to the pi bonding between Cr-t2g and S-p orbitals. Figure 3(b)

represents the band dispersion along the high symmetry direc-
tions. It reveals that a band gap of 0.5 eV appears at a � point
and hence this system belongs to a direct-gap semiconductor.
The gap is seen between the majority and t2g and eg states
[Fig. 3(a)] and the origin of this gap could be attributed to
the combined effects of crystal field, local exchange split-
ting in the Cr site, and electronic correlation of localized d
states. The semiconducting ground state as predicted from our
GGA + U calculations is in agreement with the experimental
data [7]. From the analysis of the electronic structure, we also
understood that the half filled t2g (nominal d3 configuration)
states are responsible for the magnetism in this system and the
computed spin moment at the Cr site turns out to be 2.89μB.
Such a high value of moment again emphasizes the localized
nature of the Cr-d orbitals.

In order to understand the magnetism in detail, we have
computed the nature and strength of interatomic Heisenberg
exchange interaction between the neighboring Cr spins by
employing the magnetic force theorem [22,23]. We have es-
timated the strengths of a total of five interactions, where J1,
J2, and J4 are intrachain, while J3 and J5 represent the inter-
chain coupling as marked in Fig. 1(a). The computed intersite
exchange interactions corresponding to various Cr-Cr bond
lengths are J1 = −7.5 meV, J2 = 4.1 meV, J3 = −0.4 meV,
J4 = 0.1 meV, and J5 = −0.4 meV, where negative sign in-
dicates antiferromagnetic and positive sign corresponds to
ferromagnetic coupling. We can see that the magnitude of J1 is
1.8 times stronger than J2. This shows a dominant antiferro-
magnetic exchange between the Cr ions which compliments
the experimental findings of Kikkawa et al. [7]. The almost
negligible magnitudes of J3 and J5 reveal that the interchain
couplings along both a and c directions are very weak and the
magnetism of this system could be analyzed in the form of a
spin chain which proceeds along the b direction [Fig. 2(b)]. A
strong antiferromagnetic J1, relatively weaker ferromagnetic
J2, and a high value of spin moment (close to 3μB) make this
an ideal candidate for the S = 3

2 antiferromagnetic spin chain
family of materials.

FIG. 3. (a) Computed spin-polarized partial density of states of Cr − d and S − p states. The Fermi energy has been set at 0 eV. In the
inset, a schematic has been shown to explain the filling of d orbitals as obtained in our calculations and realization of the S = 3

2 state. (b) Band
dispersion of the AFM state along various high symmetry directions. The direct gap at the � point has been marked.
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TABLE II. Orbital resolved exchange interactions at ambient conditions obtained from the converged GGA + U calculations.

Ji j Bond distances (Å) Total (meV) t2g − t2g (meV) t2g − eg (meV) eg − eg (meV)

J1 3.41 −7.47 −13.07 6.11 −0.51
J2 3.85 4.08 −3.87 7.75 0.20

Aiming to provide a more complete microscopic physical
picture and to assess the role of different orbitals in the result-
ing magnetism, we will now discuss the orbital decomposed
Ji j (i and j are two neighboring spin sites, i.e., Cr in our
case) in the crystal field basis. The eg- and t2g-derived orbital
contributions of dominant couplings such as J1 and J2 are
shown in Table II. We find that, for both cases, the t2g-t2g

couplings are antiferromagnetic, t2g-eg couplings are ferro-
magnetic, and eg-eg couplings are negligibly small. Our results
also reveal that the dominating contribution for J1 comes from
t2g-t2g coupling, while J2 is dominated by t2g-eg coupling.
Another important point to note is that t2g-t2g contribution is
much stronger for J1, while t2g-eg exchanges are almost equal
for J1 and J2. This subtle difference in orbital dependency
of magnetic coupling makes the overall nature of couplings
different for first and second NN Cr ions. The nature and
the relative magnitude of these orbital decomposed couplings
could be physically understood within the framework of the
extended Kugel-Khomskii model [28,29]. In this model, each
Cr-Cr exchange coupling (Ji j) has ferromagnetic (JFM

i j ) and
antiferromagnetic (JAFM

i j ) components as described below:

JAFM
i j = −4

∑

t2g−t2g

(
tt2g−t2g

)2

U
− 4

∑

t2g−eg

(
tt2g−eg

)2

(
U + �t2g−eg

) , (1)

JFM
i j = 4

∑

t2g−eg

(
tt2g−eg

)2
JH

(U + �tt2g−eg
− JH )

(
U + �t2g−eg

) , (2)

Ji j = JAFM
i j + JFM

i j . (3)

As evident from the above equations, the nature of the
resulting interatomic magnetic interactions (Ji j) depends on
a few parameters, namely (a) crystal-field splitting (�t2g−eg),
(b) effective virtual hopping strengths between the relevant
orbitals (t2g − t2g, t2g − eg), (c) the nominal fillings of those
orbitals, and (d) Hund’s coupling strength (JH ), as well as
the magnitude of Hubbard U of correlated d states. In our
case, the relevant orbital for magnetism is half filled Cr-t2g

states and the empty eg states appear slightly above them
due to the octahedral crystal field. The hopping being spin
conserved, up-spin electrons of a Cr3+ are allowed to hop
to the neighboring Cr site if the up-spin channel of that site
is partially or fully empty. Since t2g states are exactly half
filled, intersite t2g-t2g virtual hoppings are allowed only if they
possess antiparallel alignments [see schematic in Figs. 4(a)
and 4(b)], making the t2g-t2g exchange completely antiferro-
magnetic in nature and it has no contribution in JFM

i j as seen
in Eq. (2). Since both the spin channels of eg states are empty,
virtual intersite t2g-eg hoppings are allowed for both parallel
and antiparallel alignments [see schematic in Figs. 4(c) and
4(d)]. However, the parallel alignment is energetically favored
because of the Hund’s coupling and thus we see a ferromag-
netic t2g-eg coupling in our calculations. The magnitude of

these couplings will primarily depend on the t2g-t2g and t2g-eg

hopping strengths in an effective low energy Hamiltonian for
d states where the S-p states are downfolded. In this picture,
eg-eg interaction should be zero. A small value obtained in
our calculations arises due to the distortion in the octahedra,
resulting in slight mixing of t2g and eg states. Thus we pro-
vided the microscopic mechanism behind the nature of the
orbital resolved couplings which appears a crucial quantity
for explaining the resulting opposite sign of J1 and J2, despite
their similar bond distances. We believe that this mechanism
is generic and should be useful in understanding the mag-
netism of other transition metal (TM) compounds where TM
possesses a nominal d3 configuration (half filled t2g).

Next, we analyze the effect of relativistic spin-orbit cou-
pling (SOC) which is known to play a crucial role in realizing
novel exotic phases in many real materials. In the absence
of SOC, the exchange interactions are isotropic with spin
rotational invariance. However, SOC may lower the symme-
try and gives rise to anisotropic interactions as theoretically
explained by Moriya in Ref. [30] by extending the Ander-
son superexchange theory [31]. The presence of spin-orbit
coupling, leading to a sizable magnetocrystalline anisotropy
(MAE), Dzyaloshinskii-Moriya (DM) interactions, and sym-
metric anisotropic interactions has recently been studied in
Cr-based layered compounds such as CrX3 (X = Cl, Br,
I), CrGeTe3 etc. The MAE helps to overcome thermal fluc-
tuations and gives rise to long-range magnetic ordering in
low-dimensional spin systems. On the other hand, sizable
DM interactions often compete with the Heisenberg Ji j and
give rise to topologically nontrivial spin textures. We first
estimated MAE by computing the energies corresponding
to different spin quantization axes within the GGA + U

FIG. 4. Hopping being spin-conserved, the schematic demon-
strates that intersite hopping between t2g states are (a) forbidden
when Cr ions are ferromagnetically aligned and (b) allowed when
they are antiferromagnetically aligned. Similarly (c), (d) t2g-eg

intersite hopping is allowed for both kinds of coupling. However, fer-
romagnetic coupling is energetically favored due to Hund’s coupling.
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TABLE III. Total energy, spin moments, and orbital moments of Cr ions for a given magnetization direction obtained from GGA + U +
SOC calculations. The energies are relative to the energy of the cell with the magnetization along the b axis.

b axis a axis c axis

Energy (meV) Moment (μB) Energy (meV) Moment (μB) Energy (meV) Moment (μB)

GGA + U + SOC 0.00 2.89 (0.02) −0.38 2.89 (0.04) −0.25 2.89 (0.03)

approach incorporating SOC. The computed energies (Ta-
ble III) reveal that the crystallographic a axis is the easy axis
of magnetization (lowest energy). The spin moment on the Cr
site is the same for all quantization axes as expected and the
orbital moment is 0.04μB for the easy axis of magnetization.
The MAE is defined as the energy difference between the
easy and hard axis of magnetization. The computed value
of MAE = E100 − E010 = −0.38 meV. Interestingly the mag-
netic moment favors aligning perpendicularly to the direction
of the spin chain. The magnitude of the spin, orbital mo-
ments, and MAE in LaCrS3 compare well with other reported
Cr-based compounds such as CrI3 [32], where the computed
orbital moment and MAE are 0.07μB and 0.3 meV, respec-
tively. It is worthwhile to note here that, despite having a
small orbital moment, the effective SOC is strong in this
compound as revealed from the large MAE. This could be
attributed to the large spin moment on the Cr site and the
highly anisotropic crystal environment of this material, which
are essential requirements to exhibit large MAE in bulk ma-
terials. In a few previous studies on Cr-based compounds
[33,34], it has been claimed SOC is not directly contributed
by the magnetic ion alone but induced by the nonmagnetic
ligand states. For instance, MAE is shown to arise due to the
SOC of iodine ions [33,34] and Te ions, respectively [34], for
CrI3 and CrGeTe3. In order to investigate this possibility, we
have computed the site decomposed MAE as a function of
SOC strength. The contributions of La, Cr, and S atoms to the
total MAE are separately displayed in Fig. 5. Contrary to the
previous reports [33,34], we found that contribution of La and
S are negligibly small so that the dominant contribution comes
from the magnetic Cr ions.

FIG. 5. Contributions of La, Cr, and S atoms to the magnetocrys-
talline anisotropy as a function of SOC strength. Note that the value
of 1.0 represents the SOC strength that corresponds to the actual
strength and 0 implies that there is no SOC.

Since the effective SOC is found significantly large and
comparable with other Cr based materials, we further mapped
the computed energies from GGA + U + SOC onto a gener-
alized Heisenberg model as given below:

H =
∑

i �= j

eα
i Jαβ

i j eβ
j , α, β = x, y, z. (4)

Here the magnetic exchange parameter Ji j is a 3 × 3 tensor
for the fully relativistic case and α, β represent tensor compo-
nents along x, y, and z axis. We calculated all its components
to estimate the DM interaction vector (Di j) (antisymmetric
anisotropic interaction) and symmetric anisotropic interaction
(Ci j), which are given by

Dx
i j = 1

2

{
Jyz

i j − Jzy
i j

}
, Dy

i j = 1
2

{
Jxz

i j − Jzx
i j

}
,

Dz
i j = 1

2

{
Jxy

i j − Jyx
i j

}
, (5)

Cx
i j = 1

2

{
Jyz

i j + Jzy
i j

}
, Cy

i j = 1
2

{
Jxz

i j + Jzx
i j

}
,

Cz
i j = 1

2

{
Jxy

i j + Jyx
i j

}
. (6)

A detailed discussion on the implementation and calculations
of these parameters is given in Refs. [35,36]. As shown in
Table IV, the DM interaction for the first NN is zero due to the
presence of space-inversion symmetry. However, the second
NN interactions are relatively strong and the DM vector lies
in the x-z plane, which is perpendicular to the direction of
the chain (y axis). The magnitude of Ci j is found to be very
small for both the neighbors. Based on these interactions,
we computed the spin-wave dispersions (see Fig. 6) using
linear spin-wave theory as implemented in the SPIN-W code
[37]. There are two Cr atoms which form the double chain
in this system, resulting in two bands in the magnetic exci-
tation spectrum. When anisotropic components of magnetic
interactions are not considered, the spin wave dispersions are
degenerate and the degeneracy is lifted after including DM
interactions in the spin Hamiltonian (see inset of Fig. 6).
These results can be helpful for future neutron scattering ex-
periments and analysis. We find that the magnetic propagation
vector ν = (0 0 0) comes out to be lowest in energy and the
second nearest neighbor DM interaction does not yield any
spin canting in this system. We note that the nature of our

TABLE IV. Three components of DM interactions vector and
anisotropic symmetric exchange between first and second NN Cr
ions as obtained from GGA + U + SOC calculations.

Site Distance (Å) Dx Dy Dz Cx Cy Cz

First NN 3.41 0.00 0.00 0.00 −0.002 0.002 0.006
Second NN 3.85 0.05 0.00 −0.08 0.00 −0.004 0.00
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FIG. 6. Spin-wave dispersions along high-symmetry directions
in the BZ computed with and without including DM interactions.
The inset shows the BZ and the labels of high-symmetry k points.
The inset also displays the spin-wave dispersions around the Y point
within a smaller energy window to portray the degeneracy breaking
due to the presence of DM interaction.

computed spin-wave spectrum agrees well with the other spin-
chain antiferromagnets such as RbFeS2 [38].

B. Magnetic and electronic transition under uniaxial strain

The strain engineering is considered to be a promising
route for realizing electronic and magnetic transition in tran-
sition metal compounds [39]. To explore possibilities like
antiferromagnetic to ferromagnetic transition, tuning the ef-
fective SOC, switching the direction of the easy/hard axis of
magnetization, tuning the nature and magnitude of band gap,
etc., we have studied the magnetism and electronic structure
of LaCrS3 under the application of tensile and compressive
strain along all the three crystallographic directions. The strain
is defined as follows: ν = l−l0

l0
, where l0 and l are pristine and

strained lattice constants, respectively. Thus the compressive
strain corresponds to the negative values and positive values
representing tensile strain. The value of l0 has been taken from
the experimentally reported lattice parameters [7] and ionic
relaxation has been performed for every value of ν.

Lowest energy magnetic state. We have computed total
energies corresponding to the FM (EFM) and AFM state
(EAFM) by applying uniaxial strain along all the three direc-
tions and the energy difference δE = EAFM − EFM presented
in Figs. 7(a)–7(c). We found that due to compressive strain
along the a and b axis, δE increases monotonously along
the negative direction, indicating stronger stability for the
AFM state. However, δE becomes zero at about 2% of tensile
strain and moves towards positive values upon enhancing the
tensile strain. Thus our results reveal a magnetic transition
from AFM state to FM state just by applying 2% of tensile
strain. However, the change of δE is much smaller when the
strain is applied along the c direction. This is not surprising
considering the fact that Cr ions are located in the a − b plane
and well separated along the c directions (fifth NN). Hence
all the remaining discussions are focused on the strain along a
and b directions.

FIG. 7. Energy difference between FM and AFM states as a
function of strain along the (a) a, (b) b, and (c) c axis is displayed.
The magnetic transition is highlighted.

Microscopic origin of magnetic transition. In order to
understand the origin of magnetic transition, we computed
the dominant magnetic exchange interactions (J1, J2) and
their orbital decomposition as a function of external uniaxial
strain. The changing trend of both couplings for strain along
a and b axes are displayed in Figs. 8(a) and 8(b), respec-
tively. The results show that the compressive strain region
is strongly dominated by antiferromagnetic J1, while in the
tensile regions, J1 and J2 have comparable magnitudes. A
critical value of tensile strain is able to make the net coupling
(Jtot = J1 + J2) positive, giving rise to the occurrence of mag-
netic transition as discussed above. Our primary observations
can be summarized as follows: (i) the first nearest neighbor
exchange coupling (J1) strongly varies under the application
of strain along both axes (a and b), (ii) the influence of strain
on the second NN coupling J2 is minimal, (iii) the orbital
resolved exchange couplings for both uniaxial strain reveal
that t2g-t2g coupling is responsible for the strong variation
of J1, while t2g-eg coupling does not vary significantly as a
function of strain, (iv) in the case of J2, the ferromagnetic
component, t2g-eg coupling always remains slightly stronger
than antiferromagnetic t2g-t2g coupling and their magnitudes
are small, making the net coupling weakly ferromagnetic, and
(v) interestingly in the entire region of our study, the nature of
t2g-t2g coupling remains antiferromagnetic and t2g-eg is ferro-
magnetic, which is consistent with the Kugel-Khomskii model
as discussed before [see Eqs. (1) and (2) and the correspond-
ing analysis]. Thus our results explain the microscopic origin
of the strongly antiferromagnetic spin chain region under the
influence of compressive strain and the relatively weaker fer-
romagnetic spin chain region after a critical value of tensile
strain. We also note that, at higher values of compression, J1
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FIG. 8. Variations of orbital resolved contributions (t2g-t2g and t2g-eg) to the total J1 and J2 as a function of strain along the (a) a and (b) b
axis are displayed.

is significantly stronger than J2 and hence the system will be-
have like a uniform antiferromagnetic spin chain compound.

Effect of strain on electronic structure. To understand the
effect of strain on the electronic properties, we computed
the band gap for various values of strain along the a and b
axes. The results are displayed in Figs. 9(a) and 9(b), which
illustrate that the system remains insulating even after the
magnetic transition to FM state under the influence of ten-
sile strain. However, the band gap shrinks compared to the
ambient condition. Most interestingly, we could realize a FM
insulating state in the tensile region. On the other hand, we
observe a monotonic reduction of band gap as compressive
strain enhances and, at −9% strain along the b axis, it becomes
zero. The calculated total DOS for strain along the a and b
axes are displayed in Figs. 9(c) and 9(d), respectively. These
results indicate that the valence band does not significantly
change due to strain, while the conduction band arising from
Cr-d states broadens due to compression and a small spectral
weight at the Fermi level is observed for −10% strain along
the b axis [see inset of Fig. 9(d)]. The band dispersion along
the high-symmetry paths of the Brillouin zone at the critical
value of strain (−9%) is displayed in Fig. 9(e). Remarkably

the band dispersion has a very interesting character that the
valence band and conduction band edge touch each other
near the � point and the gap still persists at all other points.
These results indicate that compressed LaCrS3 exhibits a
gapless semiconducting antiferromagnetic ground state which
has potential applications in spintronic devices [40–42]. The
gapless semiconductor is a very interesting class of materials
where threshold energy is not required to move electrons from
valence to conduction band and thus the electron mobility
is much higher than the usual semiconductors. The most fa-
mous example in this category is graphene which has gapless
band structure and linear energy-momentum dispersion [43].
There are a few other examples also such as PbPdO2 [42]
and VTaNbAl [44]. However, none of these materials are an-
tiferromagnetic. The antiferromagnetism along with gapless
electronic structure is truly rare. Thus our results provide
a route to obtain such a ground state in a transition metal
compound.

C. Stability analysis

To account for the stability of the system under com-
pressive and tensile strain, we have calculated the phonon

FIG. 9. Variation of the band gap in the AFM and FM ground state (GS) as a function of strain along the (a) a and (b) b axis. The total
DOS in their respective magnetic ground state for three values of strains (+10%, 0%, and −10%) along the (c) a and (d) b axis. The inset in
(d) shows TDOS in the close vicinity of Fermi energy to portray a vanishing energy gap at −10%. (e) The band dispersion at the critical value
of strain along the b axis (−9%) where the band gap becomes zero. It clearly displays the realization of an interesting nongap semiconducting
state where the band gap is zero only at the center of the BZ (� point). The inset demonstrates the dispersion at and around the � point.
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FIG. 10. Phonon frequencies (in cm−1) at the � point of the Brillouin zone under (a) compressive strain and (b) tensile strain. The mode
numbers from 1 to 60 (total 60 modes corresponding to 20 atoms in the unit cell) are displayed in the x axis and the bar in the y axis denotes
the corresponding frequency. We note that the first few frequencies are very small for all cases.

frequencies at the � point of the Brillouin zone from the
converged GGA + U solutions. The finite difference method
as implemented in VASP code has been employed. In this
approach, the second order derivative of the total energy with
respect to ionic displacements, i.e., the force constants or
Hessian matrix, are calculated using finite differences. The
dynamical matrix is thus constructed from force constants
and diagonalized to obtain frequencies corresponding to each
phonon mode. The calculated phonon frequencies under strain
along a and b axes are shown in Figs. 10(a) and 10(b), re-
spectively. It can be seen that there are total 60 frequencies
corresponding to the 20 atoms in the unit cell. Our results
find that all the modes under 10% compression and stretch are
positive. Since there are no imaginary frequencies, the system
is considered to be stable under strain.

IV. CONCLUSION

In conclusion, we studied the electronic and magnetic
properties of LaCrS3 using first-principles DFT + U calcula-
tions where Hubbard U was estimated from the cRPA method.
We found that the system is antiferromagnetic and semicon-
ducting with a direct band gap of 0.5 eV at ambient condition.
Our computed exchange interactions based on the magnetic
force theorem reveal that Cr spins form a nonfrustrated chain

network which propagates along the crystallographic b axis.
Within this chain, the first NN interaction is found to be
strongly antiferromagnetic, while the second NN is weakly
ferromagnetic. We showed that the contradictory nature of
these interatomic (Cr-Cr) magnetic interactions despite very
similar bond distances could be understood based on orbital
resolved components in a crystal-field basis. Our calculations
demonstrate that the SOC effect is significant, leading to
sizable values of MAE and DM interactions. The strengths
of these quantities are comparable with other Cr-based com-
pounds such as CrI3. Further, we applied mechanical strain
along the a and b axes and found that the system exhibits
magnetic transition to an insulating FM ground state due to
tensile strain. On the other side, the compressive strain given
is able to strongly enhance the first NN interaction, giving
rise to a uniform antiferromagnetic spin chain behavior in
LaCrS3. Interestingly a gapless AFM ground state could be
also realized for −9% strain along the b axis, where the
valence band and conduction just touch each other near the �

point and all the other parts of the BZ are gapped. Thus, under
the application of strain, we report two interesting transitions,
namely AFM to FM transition and normal semiconductor to
a gapless semiconductor transition in LaCrS3. The realization
of such a gapless semiconducting state in LaCrS3 opens up
huge possibilities for industrial applications in making new
spintronic devices.
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