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Variable-temperature powder neutron diffraction data demon-
strate that FeV,S, undergoes a transition to a long-range mag-
netically ordered state at 135(7) K, in agreement with magnetic
susceptibility data. High-resolution neutron diffraction data col-
lected at 1.9 K reveal that magnetic ordering results in a doubling
of the crystallographic unit-cell dimensions (12/m a = 5.8302(2),
b=3.2761(1), ¢ =11.2398(4) A, =92.046(2)°) in the a and
¢ directions and that the magnetic structure is described by
a propagation vector of (3, 0, 3). Cations in an ordered defect
layer, 76% of which are Fe(II), possess an average ordered
moment of 1.86(5) uy, which is directed at an angle of 75° to the
layer. Cation—cation interactions reduce the average moment of
cations in the MS, unit to 0.17(4) pp. The complex magnetic
structure involves essentially collinear antiferromagnetic order-
ing between nearest-neighbor cations. © 1999 Academic Press

INTRODUCTION

Many transition metal sulfides adopt low-dimensional or
pseudo-low-dimensional structures as a consequence of the
high polarizability and covalency of the sulfide anion (1).
This is exemplified by the layered structures of the transition
metal dichalcogenides, which consist of MS, units formed
from either edge-linked MS¢ octahedra or MS¢ trigonal
prisms, separated by a van der Waals gap. The MS, unit can
also be considered as the building block for a variety of
three-dimensional structures. In particular, occupation of
a fraction of the vacant octahedral sites between pairs of
disulfide units containing edge-linked octahedra results in
a range of structures between the cadmium iodide (MS,)
and nickel arsenide (MS) structures (2). At 50% occupancy,
ordering of defects gives rise to the \/3a, x a, superstructure
(where a, refers to the primitive hexagonal unit cell of the
nickel arsenide structure) of the Cr;S, structure (3) (Fig. 1).
In addition to several binary chalcogenides, many ternary
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phases of stoichiometry AM,S, (4 =V, Cr, Fe, Co, Ni;
M =Ti, V, Cr) adopt this structure (4) for which two limit-
ing cation distributions can be envisaged. If sites in the
vacancy layer are exclusively occupied by the A4 cation, the
arrangement is termed the normal structure, whereas the
inverse structure corresponds to occupation of such sites
solely by the M cation. However, partitioning of cations
between the octahedral sites in the MS, unit and those in
the ordered defect layer is often incomplete and depends on
the relative positions of the cations in the transition series
(5-7).

During a recent study (8) of a series of isostructural
Cr;S,-type sulfides, AV,S, (4 =Ti, Cr, Fe, Ni), it was
shown that both cation site preferences and physical proper-
ties are sensitive to the nature of the 4 cation. A combina-
tion of powder X-ray and neutron diffraction revealed
a progressive structural change from a near inverse struc-
ture in TiV,S, to a near normal structure for NiV,S,. The
chromium and iron analogues adopt intermediate struc-
tures in which the A cation is distributed between the two
octahedral sites. Although other workers have interpreted
magnetic susceptibility (9), Mossbauer (10, 11) and neutron
diffraction data (12) for FeV,S, on the basis of a single iron
site, Rietveld analysis using X-ray and neutron data simul-
taneously, reveals that ca. 25% of the iron resides in the fully
occupied layer. This is in excellent agreement with the
results of an earlier neutron diffraction study (7).

All materials, with the exception of semiconducting
CrV,S,, are metallic. However, magnetic properties show
greater variation. When the A cation is drawn from the early
part of the transition series, there is little evidence for long-
range magnetic order: TiV,S, is paramagnetic while CrV,S,
is a spin-glass. Magnetic susceptibility data for NiV,S, ex-
hibit relatively little temperature dependence and are of
a form similar to those of NiCrS, (13), suggesting similar
bulk magnetic properties. In contrast, several workers
(8-10, 14-15) have reported that magnetic susceptibility
data for FeV,S, exhibit a well-defined maximum at 131-145
K. The absence of any divergence between zero-field-cooled
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FIG. 1. The Cr;S, structure. Cations in the ordered defect layer are
shown as solid circles and cations in the fully occupied layer lie at the center
of shaded MS¢ octahedra which share edges to form a layer of stoichio-
metry MS,.

and field-cooled susceptibilities at this temperature (Fig. 2)
suggests that this corresponds to a transition to a long-
range magnetically ordered state. While time-of-flight pow-
der neutron diffraction data collected at 4.2 K have con-
firmed the presence of long-range magnetic order at low
temperatures (8), attempts to determine the magnetic struc-
ture of FeV,S, were unsuccessful. This was a consequence of
the small number of magnetic Bragg peaks present in the
data and the relatively poor resolution at long d spacings on
an energy dispersive instrument. In seeking to resolve this
problem, high-resolution powder neutron diffraction data
have been collected in angle dispersive mode. These have
permitted the determination of the magnetic structure of
FeV,S,, which differs from that previously observed for
related ternary chromium sulfides of the Cr;S, type.
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The sample of FeV,S, used in this work had been pre-
pared by reaction of the powdered elements at 1023 K in an
evacuated, sealed silica ampoule during the course of an
earlier investigation of cation ordering in ternary vanadium
sulfides. A combination of powder X-ray diffraction, ther-
mogravimetry, and energy dispersive X-ray microanalysis
confirmed the material to be a single phase of composition
Feo.00V5.0153.06. Full details of the preparation and charac-
terization have been presented elsewhere (8).

High-resolution powder neutron diffraction data were
collected at 1.9 K over the angular range 0 < 20/° < 160 at
a neutron wavelength of 1.590 A on the D2B diffractometer
at the high-flux reactor, ILL, Grenoble. Approximately 3 g
of sample were contained in a thin-walled vanadium can,
mounted in a standard ILL cryostat, and data were col-
lected over a period of ca. 5h. Variable temperature meas-
urements were made on the high intensity diffractometer
D1B, also at ILL, over the angular range 20 < 260/° < 100
using a neutron wavelength of 2.524 A. Data were collected
over the temperature range 1.3 < T/K < 166 in increments
of ca. 15 K, counting for 10 min at each temperature. Riet-
veld refinements were carried out using the GSAS (16)
package installed on the Heriot-Watt University Alpha
2100-4275 system.

RESULTS

In addition to reflections arising from the nuclear struc-
ture, several low-angle peaks, the most intense of which
occur at 20 ~ 14.2, 23.7, 31.7°, were apparent in the high-
resolution D2B data. These could be indexed on the basis of
an enlarged unit cell consistent with a doubling of the
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FIG. 2. Zero-field cooled (zfc) and field cooled (fc) molar magnetic
susceptibilities for FeV,S, measured in a field of 1000G.
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crystallographic unit-cell in the a and ¢ directions, similar to
that observed for NiCr,S, (13). The crystallographic struc-
ture, obtained using a combination of powder X-ray diffrac-
tion and time-of-flight powder neutron diffraction at 298 K
(8), in which only ca. 12% of sites in the MS, unit are
occupied by iron, was used for the initial model of the
nuclear structure at 1.9 K. Neutron scattering lengths in-
corporated within GSAS were used. The background was
fitted using a cosine Fourier series, with the coefficients
included as refinable parameters, and peak profiles were
modeled using a pseudo-Voigt function. High-angle data, in
which no contributions from magnetic scattering were ob-
served, were used to refine the instrumental, lattice, and
positional parameters at 1.9 K. Initially, a trial magnetic
structure for FeV,S,, described in space group P1, was
derived from that of NiCr,S,. The angular dependence of
the magnetic scattering was described using the free-ion
form factors (17) for Fe** and V3*. The average scattering
from each of the two crystallographically independent sites
was approximated by the form factor of the majority cation
at each site, although refinement appeared to be relatively
insensitive to the choice of from factor used to describe the
scattering from a particular site. Only magnetic scattering
below 26 = 60° was included in the refinement. The agree-
ment between observed and calculated data in the regions of
the magnetic reflections was poor and did not improve
significantly following refinement of magnetic vector com-
ponents. Therefore, despite a similarly enlarged magnetic
unit cell, the magnetic structure of FeV,S, differs from that
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of NiCr,S, and Cr;S,. Close examination of the profile
revealed that the feature at 20 ~ 14.1° coincides with the
(1/2, 0, —3/2) magnetic reflection (where the indices refer to
the crystallographic unit cell) for which the calculated inten-
sity is low for this model. Conversely, the (1/2, 0, 3/2)
reflection at 20 ~ 14.7°, has an appreciable calculated inten-
sity, although little intensity is measured in this region.
During a study of magnetic ordering in binary CrzX4
chalcogenides, Bertaut et al. (18) derived the possible mag-
netic configurations for isotropic exchange. Of the four
arrangements which result, two correspond to a propaga-
tion vector (3, 0, —%) for which (1/2, 0, 3/2) is a permitted
magnetic reflection. The magnetic structures of CriX,
(X =8, Se) and NiCr,S, correspond to the member of this
pair in which there is antiferromagnetic exchange between
cations at each of the two sites. The other pair of configura-
tions correspond to a propagation vector of (3, 0, 3) and it is
the (1/2, 0, —3/2) magnetic reflection which is allowed.
Hence, the powder neutron diffraction data presented here
reveal that the magnetic structure of FeV,S, is described by
a propagation vector different from that of the related
chromium sulfides. Of the two possibilities labeled A and
B in the original analysis of Bertaut et al., it is the former in
which there is antiferromagnetic exchange between cations
in the two crystallographic sites. Therefore, a second trial
magnetic structure, in space group P1, was constructed
using this configuration. Initially, only z components of the
two cation moments were considered and their magnitudes
refined. On introduction of the remaining magnetic vector
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FIG. 3. Final observed (crosses), calculated (full line), and difference (lower full line) neutron profiles for FeV,S, at 1.9 K. Reflection positions are
marked: the lower markers refer to the crystallographic unit-cell and the upper markers the magnetic unit-cell described in the primitive space group P1.
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components, the p, component alone of the vacancy layer
moment showed any significant deviation from zero: the
remaining magnetic vector components were therefore fixed
at zero. It should be noted however that refinements of
similar quality were obtained when the moment in the fully
occupied layer was constrained to lie parallel to the layer
direction. Therefore, although refinements indicate the
existence of a small moment on the cations in this layer, its
direction cannot be considered to be well defined. The final
cycles of refinement involved 21 variables and resulted in
a weighted residual of 4% and the observed, calculated, and
difference profiles of Fig. 3. Refined structural and derived
parameters corresponding to the magnetic structure shown
in Fig. 4 appear in Table 1.

>

B \._J?'_—
=2
=

:‘-\__,i:;( N

A
™™
I
=
X
=)y
(O=p

l—_~—_/
=~
=

o
=

=

c:;{':“
=@

P
O
O
»

X i u:g/ ) T
® ¢
& P ¢ .6
1 A -
4‘./.!. |
Q@ & 46
¢ A Q
) ¥ @ Q@ Q ¥
c I R Or
J il
g i
a

FIG. 4. A representation of the magnetic structure of FeV,S,. Sulfide
ions are omitted for clarity. Shaded arrows represent moments in the fully
occupied layer and open arrows represent moments in the ordered defect
layer. The crystallographic unit cell is outlined.
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The same model applied to data collected on D1B at
1.3 K resulted, after refinement of a scale factor, back-
ground and peak shape parameters, in a low-weighted resid-
ual. Thermal parameters derived from D1B data have been
found to be unreliable (13) owing to the limited Q range of
the data and were therefore fixed at the values determined
from high-resolution data while the remaining lattice, posi-
tional, and magnetic moment parameters were refined. Re-
fined moments were within a standard deviation of the
values reported in Table 1. Powder neutron diffraction data
in the angular range 20 < 20/° < 50, collected at temper-
atures between 1.3 and 166 K are plotted in Fig. 5, in which
the thermal evolution of magnetic reflections may be ob-
served. The magnetic ordering temperature was determined
as 135(7) from a plot of the intensity as a function of
temperature of the strong (1/2, 0, — 3/2) reflection, which
with this wavelength appears at 20 ~ 22.5° (Fig. 5). Sequen-
tial Rietveld refinement performed on data collected at
higher temperatures demonstrated that unit-cell parameters
show little temperature dependence, increasing by < 0.2%,
and that there are no marked anomalies at the magnetic
ordering temperature. In contrast with members of the
Ni,Cr;-,S; (0 < x < 1) series (19), which exhibit an in-
crease in the monoclinic angle on cooling, f is effectively
constant over the entire temperature range in FeV,S,. The
temperature variation of the ordered magnetic moment at
each of the two cation sites was also obtained from sequen-
tial Rietveld refinement (Fig. 6).

DISCUSSION

Powder neutron diffraction data demonstrate that
FeV,S, undergoes a transition to a magnetically ordered
state at 135 K, the temperature at which the maximum
magnetic susceptibility is observed. This is significantly
lower than ordering temperatures in the Ni,Cr;_ .S, series,
which range from 220 K in the binary chromium sulfide
(x =0.0)(21) to 180 K in the stoichiometric ternary material
(x =1.0) (13). This suggests that interactions involving
V(ITI) are weaker than those involving Cr(III). Below the
ordering temperature, the low residual moment in the fully
occupied layer shows very little temperature dependence,
whereas that associated with the predominantly Fe(II)
cations in the ordered defect layer increases on cooling,
reaching an apparently limiting value at ca. 30 K.

The magnetic structure of FeV,S, consists of planes, par-
allel to the (101) crystallographic planes, of ferromagneti-
cally coupled Fe(Il) ions within an effectively non magnetic
vanadium sulfide matrix. Successive planes of Fe(II) ions are
antiferromagnetically aligned with respect to each other.
This arrangement differs from that of related chromium
sulfides ACr,S, (4 = Cr, Ni) (13, 18, 21), which may be
described in terms of ferromagnetic sheets parallel to the
(101) planes antiferromagnetically coupled to each other.
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TABLE 1
Refined Parameters for FeV,S, Obtained from High-Resolution Data Collected at 1.9 K

Space group: I12/m; a = 5.8302(2), b = 3.2761(1), ¢ = 11.2398(4) A, B =92.046(2)°

Magnetic vector components

Atom Site x y z B/A? M, M, M, Moment/ i
(MY 2a) 0.0 0.0 0.0 0.51(4) 0.57(8) 0.0 1.77(7) 1.86(5)
[M]’ 46i) —0.065(2) 0.0 026198)  0.51(4) 0.0 0.0 0.17(4) 0.17(4)
S(1) 4(i) 0.3372(5) 0.0 0.36083)  0.24(4)

S(2) 4(i) 0.3376(5) 0.0 0.88942)  0.29(4)

Ry, =40% 1> =14
“(M): 75.8% Fe; 24.2% V.
"[M7: 12.1% Fe; 87.9% V.

Ordered moments at each of the two crystallographic sites
in ACr,S, are reduced from their spin-only values by the
effects of covalency. It has been proposed (22) that FeV,S,
contains exclusively high-spin Fe(II), which was assumed to
be located at a single site. The reduction of the vacancy layer
moment to ca. 50% of the weighted average of spin-only
values for localized Fe(IT) and V(III) moments is similar to
that observed in NiCr,S,. Although data for related phases
(10, 23) suggest that iron in the fully occupied layer may be
present as low-spin Fe(II), which would not carry a moment,
the moment in this layer is considerably smaller than that
expected for V(III) cations reduced by the effects of
covalency alone. Similarly, low moments have been ob-
served in several structurally related chalcogenides (24-26),
including a moment of 0.14 ug in Cr,Te; (27) and indicate
that a localized electron description is inapplicable. Deloc-
alization of electrons associated with vanadium cations in
materials containing the VS, structural unit has been sug-
gested by several workers. Magnetic susceptibility and

NMR investigations of V;S, and the structurally related
V5S¢ led de Vries and Haas (28) to conclude that the elec-
trons associated with the vanadium cations located in the
VS, unit are itinerant and do not contribute a temperature
dependent term to the susceptibility. This is in agreement
with the results of Nozaki et al. who have shown that the
high-temperature effective magnetic moment in VsSg arises
solely from vanadium cations in the ordered vacancy layer
(29). Furthermore, at low temperatures, in the magnetically
ordered state, only the vacancy layer cations possess an
ordered moment (30). Similarly, Murugesan et al. (14) have
suggested that vanadium electrons are delocalized in A, VS,
(A = Fe, Co, Ni, x = 1, 1). These observations indicate that
electrons reside in narrow bands. This is consistent with the
suggestion of Holt et al. (31) that the delocalized nature of
the electrons associated with the VS, unit arises from the
formation of a narrow band derived from direct overlap of
cation t,, orbitals which, for a formal oxidation state of
V(III):.d?, is incompletely filled. Substitution of ca. 12% of

FIG. 5. Powder neutron diffraction data for FeV,S, over the temperature range 1.3 < T < 166 K.
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. TABLE 2
Bond Lengths (A) and Bond Angles (°) in FeV,S, at 1.9 K

Bond Angle
(M)-S(1) 2.4352)x 4 S(1)-(M)-S(1) 84.57(9) x 2
(M)-S(2) 2.366(3) x 2 95.43 9)x2
mean (M)-S 241 S(1)-(M)-S(2) 88.55(8) x 4
91.45 (8) x4
[M]-S(1) 2.561(9) S(1)-[M]-S(1) 753(2)x2
2.546(7) x 2 80.1(3)
[M]-S(2) 2.284(9) S(1)-[M]1-S(2) 88.3(3)x2
2.262(6) x 2 87.7(3)x 2
mean [M]-S 241 91.39(9) x 2
S(2)-[M]-S(2) 106.8(3)x2
(M)-[M] 2.981(9) x 2 92.8(3)
[M]-[M] 2.71(1) x 2
4.04(2)x 2

V(III) in the MS, unit by Fe(II) although raising the Fermi
level would not produce a filled band. This would account
for the experimentally observed metallic behavior and large
temperature independent contribution to the magnetic sus-
ceptibility (8).

The magnetic structure of the ACr,S, (4 = Ni, Cr) phases
has been analyzed in terms of individual superexchange
interactions (13, 21, 32) by application of the qualitative
coupling rules developed by Goodenough (33) and
Kanamori (34). Consideration of the relative strengths of
competing direct cation—cation interactions and 90° cor-
relation superexchange interactions correctly predicts the
presence of both ferromagnetic and antiferromagnetic ex-
change within the fully occupied layer and antiferro-
magnetic coupling between cations in different layers. The
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FIG. 6. The temperature dependence of the ordered moments asso-
ciated with cations at sites in the vacancy (M) and fully-occupied [M]
layers in FeV,S,.
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geometry of the fully occupied layer in FeV,S, differs from
that of the chromium analogues. In the Cr;S, structure,
each cation in the fully occupied layer has two in-plane
neighbors arising from lattice translations of +b. In
FeV,S,, these two neighbors are at a slightly shorter dis-
tance than in ACr,S, (4 = Cr, Ni). In addition, there are
two pairs of cations within the same layer, at 4.04 and 2.7 A.
The ratio of these distances is markedly greater than that
determined for Cr;S, and NiCr,S, (1.16 and 1.14, respec-
tively). This, together with the delocalized nature of the
electrons in the fully-occupied layer, appears to be sufficient
to reverse the signs of the interactions between those cations
in the fully occupied layer which are not related by a lattice
translation along b.
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