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Abstract

The ternary vanadium sulfide BaVS; consists of VS; chains made up of face sharing VS4 octahedra, and exhibits a number of
structural, electrical and magnetic properties that are not explained in terms of the normal metallic state. Our analysis indicates that
the spin ordering of BaVS; taking place below 30 K is most probably random along the chain direction. Thus the puzzling properties
of BaVS; are explained in terms of the broken-symmetry electronic state in which pairs of nonmagnetic V atoms alternate with those
of magnetic V atoms in each VS; chain. The origin of this broken-symmetry state was discussed on the basis of cooperative Jahn—

Teller distortion and lattice strain.
© 2003 Elsevier Inc. All rights reserved.

1. Introduction

Ternary vanadium sulfide BaVS; exhibits unusual
electrical and magnetic properties [1-8]. Upon lowering
the temperature BaVS; undergoes three phase transi-
tions; a structural transition at Ts~240K, a metal-
insulation (MI) transition at Ty =70 K, and a magnetic
transition at Tx~30K. In the room temperature
structure of this compound, VS; chains made up of
face-sharing VSs octahedra have a hexagonal arrange-
ment with Ba®* ions filling the channels formed by every
three chains (Fig. 1) [9, 10]. Despite this one-dimen-
sional (1D) nature of the structure, the electrical
resistivity of BaVS; is not highly anisotropic but is
rather three dimensional (3D) [6]. The -electrical
resistivity of BaVSj is nearly independent of tempera-
ture above T and increases sharply below Ty [1, 6].

The magnetic susceptibility of BaVS; follows a Curie—
Weiss behavior above Ty with the reported p values
ranging 1.17-1.33 pg [2, 11-13], which amounts to 0.54—
0.66 unpaired spin per V. The magnetic susceptibility
decreases rapidly below Ty [1, 2, 6] without any long-
range magnetic order between Tx and Ty [5]. An
incommensurate antiferromagnetic spin structure sets in
below Tx with the ordered magnetic moment of ~0.5 g
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and the propagation vector gspin = (0.226a*,0.2265*,0)
in the hexagonal setting [5]. Thus the V4 (d") sites of
BaVS; are grouped into magnetic and nonmagnetic sites
in approximately 1:1 ratio [8, 12, 14], and the c-axis
length of the ordered spin structure is apparently the
same as that of the room temperature crystal structure
(i.e., the ¢* component of gy is zero).

A powder neutron diffraction study [10] reported that
the V** (d') ions of each VS; chain form a straight chain
at room temperature, but a zigzag chain below Ts. Each
VS; chain has two equivalent V atoms per unit cell in
both structures. However, a recent X-ray diffraction
study [8] of single crystal BaVS; samples found that
there occur superlattice reflections with propagation
vector 0.5¢" below Typ. Thus, the MI transition involves
a spatial order of the lattice and doubles the c-axis
length. This work showed that the correct space group
for the structure of BaVSs3; below Ty is not Cmc2;
[10], but is likely to be Im2m in which two nonequi-
valent V atoms (say, Va and Vjg) repeat as
_VA_VA_VB_VB_VA_VA_VB_VB_ in each VS3
chain. Subsequently, it was observed [15] that the MI
transition of BaVS; is accompanied by huge 1D
structural fluctuations (observable up to 170K) remi-
niscent of a pseudo 1D metal.

The properties of BaVSs present a number of puzzling
features. The observed electrical resistivity does not
exhibit 1D metallic character [6] despite that it consists
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Fig. 1. Description of the room-temperature crystal structure of
BaVS;: (a) Perspective view of a VS;3 octahedral chain. (b) Projection
view of a VS; chain along the chain direction. (c) Projection view,
along the c-direction, of the arrangements of the VS; chains. The dots
and open circles represent the V4™ and Ba>" ions, respectively. The
rectangle of dotted lines in (c) represents a unit cell of the
orthorhombic structure below Ts.

of 1D chains. Nevertheless, BaVS; exhibits strong 1D
structural fluctuations as if it is a 1D metal. The MI
transition doubles the c-axis length in terms of the
crystal structure, but the ordered spin structure below
Tx appears to have the same c-axis length as does the
room temperature crystal structure. With an array of
V4 (d") ions in each VS; chain, one might expected a
Peierls distortion leading to a V—=V---V—=V... bond
alternation, but this does not happen. It is clear why the
ordered spin structure below Tx is incommensurate in
the ab-plane. In the present work we examine probable
causes for these apparently puzzling observations.

2. Normal metallic state and charge density wave

The normal metallic state of a 1D metal consisting of
1D chains is represented by the electron configuration in
which the band levels are each doubly occupied up to
the Fermi level. The partially filled band associated with
such a band filling gives rise to a charge density wave
(CDW) instability. The latter induces a periodic lattice
distortion (PLD) with propagation vector 2k, where kg
is the Fermi wave vector. The PLD opens a band gap at

the Fermi level, and eventually leads to an MI transition
below a certain temperature 7, [16]. For the distorted
structure below T}, the 2kg value is equal to the distance
g from a plane of Bragg reflections to that of the
adjacent superlattice spots [17]. Above 7, a CDW
instability induces 1D structural fluctuations (i.e.,
regions of short-range PLD are formed and destroyed
dynamically in individual chains), which give rise to
diffuse spots between the Bragg reflections [17]. For the
undistorted structure above T}, the 2kg value is related
to the occupancy f of the partially filled band causing
the CDW instability. For example, if the chains of a
pseudo 1D metal are aligned along the c-direction, the
occupancy f of its partially filled band is given by
f=aq/¢ =2ke/c" [16].

The 1D structural fluctuations and the superlattice
spots of BaVS; are characterized by the propagation
vector ¢ = 0.5¢* [8, 15]. For these 1D structural
fluctuations to originate from a CDW instability, BaVS;
should have a half-filled band dispersive mainly along
the chain direction (i.e., the c-direction) and the
associated Fermi surface should be well nested [16].
These expectations are not supported by the results of
the first principles electronic band structure calculations
for the normal metallic state of the room temperature
structure of BaVS; [7, 18]: the partially filled band
dispersive along the c¢*-direction has strong contribu-
tions of the 3z2 — r2 orbitals of V, has a folded structure
due to the presence of two V atoms per unit in each VS;
chain, and the lower branch of this folded band is
almost completely filled rather than half filled. The
associated Fermi surface (Fig. 2), determined on the
basis of the full potential linearized augmented plane
wave (FP-LAPW) calculations [19] reported earlier [7],
is so strongly warped that it cannot induce any CDW
instability. Therefore, the 1D structural fluctuations of

Fig. 2. Fermi surface associated with the partially filled band
(dispersive along the chain direction) calculated for the normal
metallic state of BaVS; by FP-LAPW calculations. I' = (0,0,0), X =
(0.54*,0,0), Y = (0,0.5b*,0), Z = (0,0,0.5¢*).



386 M.-H. Whangbo et al. | Journal of Solid State Chemistry 175 (2003) 384—388

BaVS; cannot be explained in terms of its normal
metallic state.

3. Models of broken-symmetry electronic states

The magnetic properties of BaVS;3 show that there is
0.54-0.66 spin/V above Ty, and about 0.5 spin/V below
Tx. For the discussion of the electronic structure of
BaVS; above 7w, therefore, it is more appropriate to
begin from the viewpoint of an electron-localized state
in which each V*" site has one localized spin. If the
correct space group of BaVS; is Im2m below Ty, as
deduced by Inami et al. [8], two nonequivalent V atoms
repeat as (-VA—Va—V—Vp-) in each VS; chain so that
the c-axis doubling comes about naturally. To explain
the structural and magnetic properties of BaVS; under
the constraint that the V4" (d') ions are separated into
magnetic and nonmagnetic sites in approximately 1:1
ratio, two symmetry-broken electronic structures have
been proposed [8, 15].

Inami et al. [8] considered the possibility state two
electrons in one pair of vanadium (e.g., Vo—V,) form a
singlet ground state, and those in the other pair (e.g.,
Vp—Vp) are localized (Model 1) (Fig. 3a). The t,, levels
of a VSg octahedron can be described by employing
either the symmetry-adapted or symmetry-broken f,,
orbitals [7]. As Fagot et al. [15] suggested it is reasonable
to suppose that the V4 sites utilize the 32> — r? orbitals
(symmetry-adapted). These orbitals will produce a o-
bonding level and accommodate two electrons forming a
singlet ground state so that each Vo—V pair becomes
nonmagnetic. For the Vp sites to be magnetic, symme-
try-broken 1, orbitals are more effective than the
symmetry-adapted e(t,,) orbitals because the former
diminishes orbital overlap between adjacent V sites
(Fig. 3a) [7]. The spin structure of Model 1 doubles the
c-axis length, in apparent disagreement with the ordered
spin structure deduced from powder neutron diffraction
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Fig. 3. Two broken-symmetry electronic states of a VS3 chain, where
the V atoms are represented by shaded circles.

[5]. Fagot et al. [15] considered an alternative possibility
that every second V atom along each chain has one
electron in the 3z2 —r? orbital, and each of the
remaining V atoms has a localized spin (Model 2)
(Fig. 3b). This model does not double the c-axis as far
as the spin structure is concerned, but is incompatible
with the space group Im2m, because it generates four
nonequivalent V atoms (i.e., two different V4 and two
different Vg atoms).

It should be recalled that ferromagnetic ordering
along the c-direction (i.e., the ¢* component of gy is
zero) was not deduced experimentally, but was rather
assumed to determine the propagation vector in the
ab-plane from the powder neutron diffraction data [5].
Therefore, it is critical to know if Model 1 is consistent
with the vector ¢qpin thus determined. For this purpose,
we first consider the possible nature of spin ordering in
the ab-plane.

A 3D arrangement of VS; chains appropriate for
Model 1 is one in which two consecutive sheets of VoS¢
octahedra (parallel to the ab-plane) alternate with two
consecutive sheets of VpS¢ octahedra along the c-
direction. In BaVS; each Ba atom is located at the
center of a Vg trigonal prism. The above 3D arrange-
ment of VS5 chains generates four BaVg trigonal prisms
for every Va—VA—Vp—Vy unit, i.e., one Ba(Vya)e, one
Ba(Vg)s and two Ba(Va)3(Vg)s. This is consistent with
the expected Ba positions from the space group Im2m
[8]. Suppose that each VA—V, pair along the chain
direction forms a o-bonding level, and the unpaired
spins in each sheet of ViS¢ octahedra order through
super-superexchange interactions in the ab-plane [7].
The decrease of the magnetic susceptibility below Ty
and the lack of long-range spin order between Ty and
Tx are explained in terms of random arrangements of
antiferromagnetically coupled interchain spin dimers
(VBSe)> within the sheets of ViS¢ octahedra (Fig. 4a)
[6, 7]. In this picture, the occurrence of an ordered
incommensurate spin structure in each sheet of VpSg
octahedra should be a consequence of ordering such
spin dimers. Fig. 4b shows an example of a /21 x v/21
superstructure with repeat vectors a’=35a+b and
b'=4b — a (here a and b are the repeat vectors of the
hexagonal room temperature structure). The propaga-
tion vector of this superstructure in reciprocal space is
(0.2184", 0.218b"), which is close to that of the reported
incommensurate structure, i.e., (0.226a", 0.2265") [5].

The 3D spin structure of BaVS; below 7x can be
described in terms of ordering, along the c-direction, the
V21 x V21 superstructures formed in the sheets of VgSg
octahedra. Spin exchange interactions along the c-
direction are possible between adjacent sheets of VgSq
octahedra joined by face sharing, but not between those
separated by sheets of V5S4 octahedra. Along the c-
direction, therefore, the V21 x V21 superstructures
formed in the sheets of VS octahedra would propagate
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Fig. 4. (a) Random arrangement of antiferromagnetically coupled
interchain spin dimers (represented by solid lines) within a layer of VSg¢
octahedra parallel to the ab-plane. (b) v/21 x /21 superstructure of
spin dimer ordering. The dots represent the V** ion positions.

without any repeat pattern. Powder neutron diffraction
patterns for such a random ordering would be well
described by the assumption that the ¢* component of
the propagation vector is zero. Thus, Model 1 is
consistent with the vector gy, = (0.226a%,0.226b*, 0)
if the spin ordering along the c-direction is random.

4. Discussion

Since the properties of BaVS; are explained in terms
of the broken-symmetry electronic state, Model 1, it is
important to ask why such a state can become the
ground state to begin with. For our discussion, it is
necessary to consider two opposing energy factors, i.e.,
lattice strain and cooperative Jahn—Teller distortion.

BaVS; has a close packed hexagonal arrangement of
VS; chains, and each Ba®" ion is located in a pocket of
12 S atoms in the channels created by three adjacent
chains. In addition, the nearest-neighbor V-V distance

of the VS; chain is very short (i.e., 2.805 A) due to the
face sharing. In this compact structure, a V-V.--V-V...
bond alternation along the chain is energetically
unfavorable because it forces a change in the V=S bond
lengths and a shortening of the Ba—S contact distances
and hence leads to severe lattice strain. Model 1 requires
every fourth V-V pair of each chain to form a V-V
o-bonding level and induces less severe lattice strain
than does the V-V--- V-V ... bond alternation.

The V** (d") ion of each VS octahedron has Jahn—
Teller instability. The crystal structures of BaVS;
determined below Tg [10] suggest that the preferred
distortion for lifting the #,, level degeneracy is one in
which the V atom of each VS¢ octahedron moves toward
one S; triangle face. Then, at a given VS¢ octahedron of
a VS; chain, the V atom can move toward a shared face
along the chain or toward triangular faces in the
direction perpendicular to the chain. In each VA—Va
pair, it is energetically favorable for the V, atoms to
move toward each other along the chain and form a
g-bonding level. In order to avoid strong lattice strain,
the Vg atoms in each Vg—Vy pair cannot follow the same
distortion pattern. Then the Vg atoms should move
either away from each other along the chain or in the
direction perpendicular to the chain. Thus, in a Vg—Vg
pair, shortening of the Vz—Vp distance and formation of
a g-bonding are prevented so that the Vg atoms remain
magnetic.

The symmetry-broken state, Model 1, should arise as
a consequence of balancing two opposing energy terms,
i.e., stabilization from cooperative Jahn—Teller distor-
tions and destabilization from the associated lattice
strain. In terms of Model 1, the 1D structural
fluctuations in BaVS; mean that regions of short-range
cooperative Jahn-Teller distortions are formed and
destroyed dynamically in individual VS; chains. The
1D structural fluctuations in each VS; chain will reduce
the mean free path, and lower the mobility, of electrons
mainly along the chain direction. Thus strong 1D
metallic conductivity is absent in BaVS;.

5. Concluding remarks

Our work indicates that the structural and physical
properties of BaVS; are not explained by the normal
metallic state, but by the broken-symmetry electronic
state, Model 1, and that the spin ordering below T is
random along the c-direction. The lattice distortion
accompanying the MI transition of BaVS; represents a
cooperative Jahn-Teller distortion. When regions of
cooperative Jahn-Teller distortions are formed and
destroyed dynamically in individual VS5 chains, there
should occur 1D structural fluctuations. The latter
should reduce electrical conductivity preferentially along
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the chain direction so that strong 1D metallic con-
ductivity is absent in BaVS;.
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