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Monoclinic MnSb,S, consists of MnS,4 chains made up of edge-sharing MnSg octahedra and adopts a (0, 0.369, 0)
magnetic superstructure below 25 K. This ordered magnetic structure, in which the spins of each MnS, chain possess
a helical spin arrangement, has C,’ symmetry. On the basis of density functional theory calculations, we explored the
origin of the observed noncollinear spin arrangement of MnSh,S, by evaluating its spin exchanges to find that spin
exchanges are frustrated not only within each MnS, chain but also between adjacent MnS, chains. Our analysis
predicts that MnSb,S, is a multiferroic with a ferroelectric polarization of ~14 ﬂC/mZ along the chain direction, and a
field-induced reversal of the ferroelectric polarization of MnSb,S, can occur by reversing the direction of the helical spin

rotation in each MnS, chain.

1. Introduction

For a crystalline solid to have ferroelectric gFE) polariza-
tion, it should not possess inversion symmetry.'> A magnetic
solid that exhibits FE polarization is commonly referred to as
a multiferroic. In principle, a noncentrosymmetric magnetic
solid can have FE polarization independent of its magnetic
structure. A centrosymmetric magnetic solid can lose inver-
sion symmetry either by cooperative second-order Jahn—
Teller distortion or by chiral magnetic order.'* For a one-
dimensional (1D) magnetic chain, Katsura et al. showed that
a cycloidal spiral-spin order (in which the propagation vector
of the chain lies in the plane of the spin rotation) leads to FE
polarization, but neither a helical spiral-spin order (in which
the propagation vector of the chain is perpendicular to the
plane of the spin rotation) nor a sinusoidal spiral-spin order
does.* However, if chains with helical spiral-spin order
interact strongly to form a three-dimensional (3D) magnetic
structure whose overall symmetry is C, (2-fold rotational
symmetry) or C)' (i.e., C, plus time reversal), then FE
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polarization occurs along the rotational axis.” A further
symmetry analysis® showed that FE polarization also occurs
even when the magnetic structure has no symmetry other
than identity if it is composed of building blocks with
symmetry m (mirror-plane symmetry) or m’ (i.e., m plus time
reversible), with the FE polarization lying in the mirror plane.
So far, the phenomenon of magnetic-order-induced FE
polarization has been found predominantly among transi-
tion-metal magnetic oxides. To our knowledge, the layered
disulfide AgCrS,’ is the only reported example of a multi-
ferroic not based on transition-metal oxides. It is of interest to
find more examples of nonoxide-based multiferroics induced
by chiral magnetic order.

Manganese diantimony sulfide MnSb,S, occurs in two
different polymorphs, i.e., orthorhombic® and monoclinic’
phases. Both polymorphs consist of MnS, chains that are
made up of edge-sharing MnSy octahedra. In each MnS,
chain of the monoclinic phase, every shared S atom plus its
two adjacent unshared S atoms make a SbS; trigonal pyr-
amid, leading to a MnSb,S, chain (Figure la), and such
MnSb,S, chains are packed together to form the 3D lattice of
monoclinic MnSb,S; (Figure 1b). In the orthorhombic
phase, the SbS; trigonal pyramids are made within each
MnS, chain as well as between MnS, chains to make strongly
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Figure 1. Crystal and magnetic structures of MnSb,Sy: (a) MnSb,S,
chain of monoclinic MnSb,S,, which results from a MnS, chain of edge-
sharing MnS¢ octahedra capped with SbS; pyramids. The pink, purple,
and yellow spheres (the large, medium, and small circles, respectively)
represent Mn, Sb and S, respectively. (b) Projection view of MnSb,S,
chains in monoclinic MnSb,S, along the 5 direction. (c) Projection view of
MnSb,S, layers in orthorhombic MnSb,S, along the b direction, where
SbS; pyramids cap each MnS, chain and interconnect between adjacent
MnS; chains. (d) Spin arrangement of the MnSb,S, chains in monoclinic
MnSb,S,. The chains are represented by showing only the Mn atoms. The
unshaded and shaded circles, representing the Mn atoms, differ in their -
axis height by b/2.

corrugated MnSb,S, layers, which are packed to form the 3D
lattice of orthorhombic MnSb,S, (Figure 1c). Matar et al.'
examined the electronic structures of both MnSb,S, phases
on the basis of density functional theory (DFT) calculations
within the local spin density approximation. Their study
showed that both phases are antiferromagnetic (AFM)
semiconductors, in agreement with the available experimen-
tal results.”!! However, the magnetic structure of monoclinic
MnSb,S, below its 3D AFM ordering temperature Ty =
25 K is not collinear but exhibits a helical arrangement along
each MnS, chain (see below)."!

The magnetic properties of monoclinic MnSb,S, arise
from the high-spin Mn®" (S = °/,) ions. With the Curie—
Weiss temperature § = —63 K and the Néel temperature
Tn =25 K. the spin frustration in MnSb,S, is moderate
because the ratio f = |0|/T is considerably smaller than 6.12
Nevertheless, the ordered magnetic structure of monoclinic
MnSb,S, below Ty, determined by powder neutron dif-
fraction,'" shows a noncollinear spin arrangement that is
typically observed from magnetic systems with strong spin
frustration; the spins of each MnS, chain have a helical
rotation along the chain (i.e., along the b direction) with
propagation vector q = (0, 0.369, 0), while the spins between
adjacent chains have a ferromagnetic (FM) arrangement
along the ¢ direction but have a ~70°rotated arrange-
ment along the a direction (Figure 1d)."" The noncollinear
spin arrangements along the » and « directions indicate the
existence of spin frustration not only along each MnS, chain
but also between adjacent MnS, chains. Furthermore, the
overall symmetry of this magnetic structure is C,’ with each
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Figure 2. Five spin-exchange paths J;—Js of monoclinic MnSb,S,. For
simplicity, only the Mn atoms are shown as circles. The circles joined by
cylinders represent the MnS, chains along the b direction. The numbers
1—5 refer to the spin-exchange paths J;—Js, respectively.
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Figure 3. Six ordered spin states of monoclinic MnSb,S, defined in
terms of the (a, 5b, c) supercell, where the unshaded and shaded circles
represent the up-spin and down-spin Mn** sites, respectively. The
numbers in each parenthesis (from left to right) refer to the relative
energies (in meV per 4 FUs) determined from GGA+U calculations with
U = 4 and 6 eV, respectively.

MnS, chain as the rotational axis. This suggests that monoclinic
MnSb,S, is a nonoxide-based multiferroic with its FE polariza-
tion along the chain direction. In the present work, we verify this
suggestion and analyze the noncollinear magnetic order of
monoclinic MnSb,S, causing FE polarization on the basis of
DFT electronic structure calculations.

2. Computational Details

To analyze the magnetic structure of monoclinic MnSb,Sy,
it is necessary to determine its spin exchanges. We evaluate
the five exchanges J;—Js of MnSb,S, defined in Figure 2 by
performing DFT calculations for the six ordered spin states
constructed with a (a, 5b, ¢) supercell (Figure 3). In our
calculations, the experimental crystal structure’ of mono-
clinic MnSb,S, was employed with no further structure opti-
mization. Our DFT calculations employed the frozen-core
projector augmented wave method encoded in the Vienna ab
initio simulation packages'® and the generalized-gradient
approximation (GGA)' with a plane-wave-cutoff energy of
400 eV and a set of six k points for the irreducible Brillouin
zone. To properly describe the effect of electron correlation in
the Mn 3d states, the GGA plus on-site repulsion method
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Table 1. Mn- - -Mn Distances (in A) Associated with the Spin-Exchange Paths
J1—Js of Monoclinic MnSb,S4 and the Values of J; /kg—Js/kg (in K) Determined
from GGA+U Calculations with Uy = 4 and 6 eV

Mn---Mn (A) Ugr = 4eV Ugr = 66V
JyJky 3.799 -2.18 —0.44
olky 7.598 -2.80 —1.43
Ty kg 6.651 —2.54 —-1.31
Julky 7.553 0.28 0.19
Js/ky 7.890 0.15 0.10

(GGA+U)'® was used with the effective Uy = U — J values
of 4 and 6 eV, typical values used for Mn.'°

To simulate the electronic structure of the ordered mag-
netic state of MnSb,S, below Ty, we approximate its q = (0,
0.369, 0) incommensurate structure with the q = (0, /3, 0)
commensurate one and carry out GGA-+U calculations with
spin—orbit coupling (SOC) interactions included. The result-
ing electronic structure is used to calculate the FE polariza-
tion of MnSb,S, by employing the Berry phase method.'”
The observed magnetic structure is chiral; i.e., the helical spin
rotation in each MnS, chain is right-handed along the posi-
tive b direction. Thus, we approximate the observed magnetic
structure by the ¢ = (0, '/, 0) commensurate structure with
the helical rotation angle ¢ = +120°. We also consider the
q = (0, '/3, 0) commensurate structures with ¢ = 0° and —120°
to see if the FE polarization of MnSb,S, can be reversed in sign
by changing the direction of the helical rotation angle ¢.

3. Spin Exchanges and Magnetic Structure

Among the five spin exchanges defined in Figure 2, J; and
J are the spin exchanges along each MnS, chain and J3—J5s
are the interchain interactions between adjacent MnS,
chains. The Mn---Mn distances associated with these ex-
change paths are summarized in Table 1. The relative energies
of the six ordered spin states determined by GGA+U
calculations are summarized in Figure 3. In terms of the spin
Hamiltonian

H==>"J;SiS (1)
i<j

where J; = Ji—Js, the total spin-exchange energies per
formula unit (FU) of these states are obtained as

FM: (—4J)—4J,—8J3—4J,—8J5)(N?/4)

AF1: (=4, +12J, —26J3 — 4J4—26J5)(N?/20)
AF2: (+12J) —4J,—6J3 —4J4— 6J5)(N?/20)

AF3: (—4J,—4J,+8J3—J4+8J5)(N?/4) )

(
AF4: (—4J,—4J5)(N?/4)
AFS5: (4], —4J, +8J5+4J,—8J5)(N?/4)

by applying the energy expressions obtained for spin dimers
with N unpaired spins per spin site (in the present case,
N = 5)."® Thus, when the relative energies of the six ordered
spin states determined by the GGA+U calculations are
mapped onto the corresponding relative energies determined
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from the above spin-exchange energies, we obtain the values
of J;—Js summarized in Table 1. The spin exchanges calcu-
lated with the larger U, are smaller in magnitude than those
with the smaller Uy, as is generally found for other magnetic
solids.®'®!” In terms of these exchanges, one can calculate the
Curie—Weiss temperature 6 of MnSb,S, in the mean-field
approximation®

2001 +Ja+J3+J4+J
g~ 201+ 24;3+ 4+Js) 3)
B

to obtain & = —142 and —57.8 K by using the spin exchanges
determined from GGA+U calculations with U,z = 4 and
6 eV, respectively. These values are in reasonable agreement
with the experimental value of —63 K. Thus, our GGA+U
calculations with Uy = 4 overestimated the spin exchanges
by a factor of approximately 2. In general, GGA+U calcula-
tions are known to overestimate the spin exchanges of
magnetic oxides.' 5!

Table 1 shows that the nearest-neighbor and next-nearest-
neighbor intrachain exchanges (J/; and J,, respectively) are
both AFM, so the spin exchanges along each MnS, chain are
frustrated, as found for the CuO, ribbon chains of LiCuVO,
and LiCuO,”* and for the CuCl, ribbon chains of CuCl,.”
The spins of these CuO, and CuCl, ribbon chains (of edge-
sharing CuO, and CuCly, square planes, respectively) have a
cycloidal spiral-spin arrangement in their ordered magnetic
states, while those of the MnS, chains have a helical spiral-spin
arrangement in their ordered magnetic states. The spiral-spin
order of cycloidal or helical type occurs to reduce the spin
frustration generated by J; and J,, which occurs when J; > 0
and J, < 0 or when J; < 0 and J, < 0. In terms of the
classical spin approximation for an isolated 1D chain defined
by J; and J,, the propagation vector q of the spiral-spin
structure is related to the J;/J, ratio as>*

1 Ji
P — 4
q=73 dI‘CCOS( 4J2> 4)

from which we find ¢ = 0.281 and 0.262 by using the J;/J
values obtained from the GGA+U calculations with U = 4
and 6 eV, respectively. These values are somewhat smaller
than the experimental value of 0.369. The discrepancy should
not be surprising because the interchain spin exchanges J3—Js
are not taken into consideration in this analysis.

Ofthe three interchain spin exchanges J3—Js, J3 is nearly as
strongly AFM as the intrachain exchange J,, whereas J, and
Js are weakly FM (Table 1). As depicted in Figure lc, the
adjacent chains along the ¢ direction have a FM arrangement
but have a ~70°-rotated arrangement along the a direction.
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The noncollinear spin arrangement along the @ direction
indicates that the interchain spin exchanges along the a
direction are frustrated. Indeed, the spin exchanges in the
(J1, J3, J3), (J1, Js, Js), and (J3, Jy, J5) triangles, which occur
between adjacent MnS, chains, are frustrated (Figure 2). The
spins have an FM arrangement along the ¢ direction in the
observed magnetic structure, which can be related to the
minimization of the spin frustration in the (J3, Jy, Js)
triangles. Every J4 magnetic bond makes two different (J3,
Jy, Js) triangles, and Js is weaker than J; by a factor of
approximately 2 (Table 1), so that the FM spin arrangement
along the ¢ direction minimizes the interchain interaction
energy, 2J5 + J4 + 2Js, per two (J3, Jy, Js) triangles.

4. FE Polarization

In general, the polarization P of an FE compound below a
certain temperature Ty is a relative value, namely, the
polarization below Ty minus that above Ty. In addition,
the polarization of an FE compound should reverse its sign
when the applied electric field E'is reversed in direction below
Tn. This is explained in terms of a double-well potential
energy curve as a function of E for the transformation from
one FE structure with P > 0 through a paraclectric (PE)
structure with P = 0 to an alternative FE structure with P <0.
In the absence of the helical magnetic order along each MnS,
chain (i.e., ¢ = 0°), the magnetic structure of monoclinic
MnSb,S, is centrosymmetric. Therefore, when the sign of the
electric field E is switched, the polarization of monoclinic
MnSb,S, might reverse its sign by reversing the sense of the
helical spin rotation along each MnS, chain, as has been
considered for the multiferroic Ba;NbFe3Si,O,4 with helical
spiral-spin order.”

To confirm the above Points, we perform GGA+U+SOC
calculations for the (0, /3, 0) superstructures of MnSb,S,
with the helical spin rotation angles ¢ = +120°,0°, and —120°.
The relative energies of the three structures are 13, 26, and 0
meV per Mn for ¢ = —120°, 0°, and +120°, respectively.
Namely, the right-handed helical spin rotation (¢ = +120°) is
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energetically more stable than the left-handed helical spin
rotation (¢ = —120°). This is consistent with the experimental
observation'' and reflects the effect of the interchain spin-
exchange interactions. The (0, '/, 0) superstructure with ¢ = 0°
is less stable than those with ¢ = —120° and +120° because of
the intrachain spin frustration. Our subsequent Berry phase
calculations for the (0, '/5, 0) superstructures show that P =
—14.2, 0, and 12.3 uC/m* for ¢ = +120°, 0°, and —120°,
respectively. (Here the positive and negative polarizations are
directed along the positive and negative b directions, re-
spectively). Thus, the (0, '/5, 0) superstructure with ¢ = 0°
represents the PE structure of MnSb,S,, and the FE polariza-
tion of MnSb,S, is approximately — 14 2C/m? and can change
its sign by reversing the direction of the helical spin rotation.

5. Concluding Remarks

Our GGA+U calculations reveal that the spin exchanges
of monoclinic MnSb,S, are frustrated not only within each
MnS, chain but also between adjacent MnS, chains. This
explains the occurrence of the helical spin arrangement in
each MnS, chain and the noncollinear spin arrangement
between adjacent MnS, chains along the « direction.
MnSb,S, is predicted to be a multiferroic with FE polariza-
tion P~ —14 uC/m? along the MnS, chain direction. A field-
induced reversal of the FE polarization of MnSb,S, is
expected to occur by reversing the direction of the helical
spin rotation in each MnS, chain. It should be noted that the
spin exchanges between adjacent MnS, chains are substantial
in MnSb,S,, which explains why MnSb,S, can be a multi-
ferroic in spite of a helical spiral-spin order in each MnSy
chain.
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