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Powder neutron diffraction data for NiCr2S4 have been col-
lected over the temperature range 1.844T44286 K. The Cr3S4

structure (space group I2/m) is adopted at all temperatures.
Refinement of 286 K data (a 5 5.8954(14) As , b 5 3.4066(8) As ,
c 5 11.0589(22) As , b 5 91.362(4)°°) demonstrates that the distri-
bution of nickel and chromium cations between sites in a fully
occupied metal layer and sites in an ordered vacancy layer is
close to that expected for the normal structure type. Data
collected at 1.8 K (a 5 5.8621(5) As , b 5 3.4051(2) As , c 5
11.0297(9) As , b 5 91.607(6)°°) reveal the presence of long-range
magnetic order, involving a doubling of the unit cell in both the
a and c directions. Cations in the fully occupied metal layer
possess an ordered magnetic moment of 1.57(6) lB which is
directed parallel to the cation layers. Cations in the vacancy
layer have a moment of 1.36(8) lB which is directed toward the
anion layers. The magnetic ordering temperature was deter-
mined as 180(5) K. These results are correlated with magnetic
susceptibility and electrical conductivity data. ( 1997 Academic Press

INTRODUCTION

Many binary chalcogenides of stoichiometry M
3
X

4
ad-

opt the Cr
3
S
4

structure (Fig. 1), which is an ordered defect
structure intermediate between the NiAs and CdI

2
types (1).

In the latter structure, cations occupy octahedral sites be-
tween alternate pairs of hexagonally close-packed anion
layers. The resulting stacking sequence may be represented
schematically as XMXXMX. In the Cr

3
S
4

structure, addi-
tional cations occupy, in an ordered manner, half of
the remaining vacant octahedral sites, resulting in an
XMXM

0.5
XMX stacking sequence. Two crystallographi-

cally distinct cation sites can therefore be identified as in-
dicated by the alternative formulation (M)[M

2
]S

4
, where

(M) and [M] represent cations in the vacancy and fully
occupied layers, respectively. For a ternary sulfide M@M

2
S
4
,

two extreme cation arrangements are possible correspond-
ing to the normal (M@)[M

2
]S

4
and inverse (M)[M@M]S

4
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structure types (2). We are currently investigating ternary
sulfides of the Cr

3
S
4

structure type in an effort to modify
systematically electronic and magnetic properties by chem-
ical substitution. Initial studies have focused on the system
V
x
Cr

3~x
S
4

(0.04x41.0) for which compositionally in-
duced changes in structural, electronic, and magnetic prop-
erties have been observed. A combination of X-ray and
neutron scattering has shown (3) that there is a change in
relative site preferences of the cations associated with
anomalies in the cell parameter vs. composition curves.
These may be correlated with changes in magnetic and
electronic properties (4) (spin-glassPantiferromagnet;
semiconductorPmetal) observed with decreasing vana-
dium content. In the stoichiometric phase VCr

2
S
4
, vana-

dium is equally distributed between the two available sites
(5), contrary to the previously accepted view that the struc-
ture is of the normal type (2). This distribution persists with
decreasing vanadium content until at x+0.2 the structure
approaches the normal type, with over 90% of vanadium
occupying sites in the vacancy layer (3).

In seeking to extend these studies, we have recently pre-
pared the series Ni

x
Cr

3~x
S
4

(6) in which Cr(II) is progress-
ively substituted by Ni(II), the dn`5 analogue of V(II). Solid
solution behavior is found throughout the series and phys-
ical properties differ significantly from those of the analog-
ous vanadium-containing series; in particular, delocalized
electron behavior persists over a much wider range of com-
position. The end-member phase NiCr

2
S
4
, first reported

by Jellinek (7), has been investigated by several groups.
Bouchard and Wold (8) have argued, on the basis of resistiv-
ity and Seebeck coefficient measurements, that NiCr

2
S
4

is
a low-activation-energy semiconductor whose electrical
properties are intermediate between those of typical metals
and semiconductors. Semiconducting behavior is consistent
with the schematic energy-level diagrams presented by Holt
et al. (9), who assumed the structure to be of the normal
type. A powder neutron diffraction study (10) carried out
at 4.2 K demonstrated that the compound orders anti-
ferromagnetically at low temperatures, although the Néel
temperature was not established. The magnetic structure
0



FIG. 1. A ball-and-stick representation of the Cr
3
S
4

structure. Large
open circles represent anions, small filled circles represent cations in the
fully occupied layer, and small open circles represent cations in the vacancy
layer.
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determined from an integrated intensity analysis of the
diffraction data has a propagation vector of (1/2, 0, 1/2) with
magnetic moments significantly reduced from their spin-
only values. Magnetic susceptibility data (11) show a broad
maximum around 210 K, above which the susceptibility is
virtually temperature independent and below which the
susceptibility rises after passing through a minimum at
100 K. Tressler and Stubican (12) have suggested that this
rise corresponds to the onset of ferromagnetic ordering.
In connection with our study of the nonstoichiometric
Ni

x
Cr

3~x
S
4

phases, we have investigated the end member,
NiCr

2
S
4
, using a combination of techniques and here

present the results of magnetic susceptibility, electrical
resistivity, and neutron scattering measurements. The
latter have enabled the low-temperature magnetic structure
and its evolution with temperature to be studied. The struc-
ture so determined shows differences from that originally
proposed.

EXPERIMENTAL

A mixture of high-purity nickel, chromium, and sulfur
powders of nominal stoichiometry NiCr

2
S
3.93

was ground
in an agate mortar. A slight deficiency of sulfur was used in
light of previous observations by ourselves (4) and others (7)
that the phase range of the Cr

3
S
4

structure does not extend
to the fully stoichiometric composition. The mixture was
sealed into an evacuated silica ampoule and fired at a tem-
perature of 1223 K for 24 h. Following regrinding, the
sample was fired at 1273 K for two successive 3-day periods
with one intermediate regrinding. After the final firing, the
product was cooled to 773 K over a period of several hours
prior to removal from the furnace.

Reaction progress was monitored by powder X-ray dif-
fraction using a Philips PA2000 powder diffractometer with
nickel-filtered CuKa radiation. The nickel and chromium
content of the sample was determined by atomic absorption
spectroscopy with a Pye Unicam SP9 spectrophotometer.
The sulfur content was determined thermogravimetrically
by oxidation in a flow of dry oxygen on a Stanton Redcroft
STA-780 thermobalance. Energy-dispersive microanalysis
was used both to determine the Ni : Cr ratio and to provide
information on sample homogeneity. Data were collected
with a JEOL 200FX electron microscope fitted with a
Tracor Northern analysis system. A sample of NiCr

2
O

4
prepared by a precursor route (13) was used as the intensity
standard.

Magnetic susceptibility measurements on powdered sam-
ples were made using a Quantum Design MPMS2 SQUID
susceptometer. Samples were loaded into gelatin capsules at
room temperature and data were collected over the temper-
ature range 34¹4296 K both after cooling the sample in
zero applied field (zfc) and after cooling in the measuring
field (fc) of 1 kG. Data were corrected for the diamagnetism
of the gelatin capsule and for intrinsic core diamagnetism.
The electrical resistance of the sample was measured using
the four-probe DC technique. An ingot (&6]3]1 mm)
was cut from a sintered pellet, four 50-lm silver wires were
attached using colloidal silver paint, and connections were
made to a HP34401A multimeter. Measurements over the
temperature range 804¹4400 K were made by placing
the sample in an Oxford Instruments CF1200 cryostat con-
nected to an ITC502 temperature controller.

Powder neutron diffraction data were collected over the
angular range 5.0542h484.85° with a neutron wave-
length of 2.524 As on the D1B diffractometer at the high-flux
reactor, ILL, Grenoble. The sample (ca. 2 g) was contained
in a thin-walled vanadium can which was mounted in a
standard ILL orange cryostat. Data collection times of
3 h were used at 1.8 and 286 K. Variable-temperature



TABLE 1
Analytical Data for NiCr2S4

Nominal composition NiCr
2
S
3.93

Nominal Ni : Cr 0.5
Experimentally determined Ni : Cr 0.51(3)
Experimentally determined S : (Ni#Cr) 1.30(1)
Experimentally determined composition Ni

1.01
Cr

1.99
S
3.91

Ni content (%): observed McalculatedN 19.8(5) M20.6N
Cr content (%): observed McalculatedN 35.0(5) M35.9N
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measurements were made over the range 1.84¹4286 K
by collecting diffraction patterns over 10 min in approxim-
ately 8 K temperature increments. Rietveld refinements
were carried out using the GSAS package (14) installed on
the Heriot-Watt University Alpha 2100-4275 system.

RESULTS

The results of the analysis of chemical composition are
shown in Table 1. The experimentally determined composi-
tion is in excellent agreement with the stoichiometry of the
initial reaction mixture, consistent with the formation of a
single-phase product. Furthermore, the Ni : Cr ratio deter-
mined by energy-dispersive X-ray microanalysis showed
little variation throughout the sample, indicating that a
homogeneous product phase had been produced. Powder
X-ray diffraction data were indexed on the basis of a mono-
clinic unit cell and yielded cell parameters similar to those
previously determined for Cr

3
S
4

(3).
Magnetic susceptibility data (Fig. 2) reveal that zfc and fc

curves overlie each other completely, over almost the entire
range of temperature studied; a slight divergence is observed
only below ca. 60 K. The general form of the curve is similar
FIG. 2. Zero-field-cooled (zfc) and field-cooled (fc) molar magnetic
susceptibilities for NiCr

2
S
4

measured in a field of 1000 G.
to that previously obtained by Morris et al. (11). Data in
the temperature range 2004¹4300 K show an almost
constant measured susceptibility. Below 200 K, the suscepti-
bility falls slightly, reaching its minimum at 130 K before
increasing on further cooling. Data in the high-temperature
region could not be fitted using a Curie—Weiss law, even
after inclusion of a temperature-independent term. This,
together with the weak temperature dependence of the sus-
ceptibility, suggests that a localized-electron description is
not applicable to the valence electrons in NiCr

2
S
4
.

Further support for the inapplicability of a localized
electron description is provided by a measured resistivity of
0.05 ) cm at room temperature which is independent of
temperature above 300 K (Fig. 3a). On cooling below 300 K,
the resistivity begins to increase and continues to do so
FIG. 3. Electrical data for NiCr
2
S
4
: (a) resistivity as a function of

temperature; (b) Arrhenius plot showing the linear fits to data in the high-
and low-temperature regions.
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down to the lowest temperature studied (80 K). The magni-
tude of d ln(o)/d¹ decreases around 200 K. Analysis of data
in the temperature range 804¹4300 K in terms of simple
Arrhenius-type behavior (Fig. 3b) reveals two distinct
regions. Above 245 K, a linear fit yields an activation energy
of 4.8(5)]10~2 eV, whereas below 160 K, an activation
energy of 2.12(2)]10~3 eV is obtained. Between these two
temperatures, transitional behavior is observed.

Refinement of 286 K Neutron Data

Powder neutron diffraction data over the angular range
2042h485° were used in the Rietveld refinement, which
was initiated in the space group I2/m using lattice para-
meters determined from the X-ray data. A structural model
in which sites in the vacancy and fully occupied layers were
occupied exclusively by nickel and chromium, respectively,
was used initially. Atomic parameters were taken from our
previous investigation of Cr

3
S
4

(3) and the neutron scatter-
ing lengths incorporated within GSAS were used. The back-
ground was fitted using a cosine Fourier series with the
coefficients included as refinable parameters. Diffraction
peaks were modeled using a pseudo-Voigt peak shape. Re-
finement of a scale factor, background terms, zero point,
and lattice parameters proceeded smoothly. At this stage,
a region centered at ca. 2h"72° was excluded from the
refinement owing to the occurrence of a peak due to
vanadium which was instrumental in origin. Refinement of
peak shape and thermal parameters followed and resulted in
a low weighted residual. Introduction into the refinement of
site occupancy factors associated with the cations, with the
constraint that overall stoichiometry be maintained, led to
a further reduction in the weighted residuals. Introduction
FIG. 4. Final observed (crosses), calculated (full line), and difference (low
marked.
of site occupancy factors associated with sulfur did not lead
to any significant deviation of their values from unity and
they were subsequently fixed at this value. Final observed,
calculated, and difference profiles are given in Fig. 4. The
corresponding refined parameters appear in Table 2 and
important bond lengths and angles can be found in Table 3.

Refinement of 1.8 K Neutron Data

A number of additional reflections were immediately ap-
parent in the powder neutron diffraction pattern collected
at 1.8 K. These additional reflections are consistent with
a doubling of the unit cell in both the a and c directions with
a corresponding propagation vector (1/2, 0, 1/2) as proposed
by Andron and Bertaut (10). The crystallographic structure
determined at 286 K was used for the structural model at
1.8 K. With the exception of the site occupancy factors,
which were fixed at the values determined at 286 K, all of
the aforementioned parameters were initially refined. In
addition to the region of the profile in which a peak due to
vanadium was observed, two further regions, corresponding
to instrumental noise (2h+33°) and a trace of Cr

2
O

3
(2h+40°), were excluded from the refinement. The free-ion
form factors (15) for Ni2̀ and Cr3̀ were used to describe
the angular dependence of the magnetic scattering. The
appropriate form factor of the majority species was used to
model the average scattering from each of the two crystal-
lographically independent sites. The magnetic structure de-
termined by Andron and Bertaut (10) was used as a starting
model. Initially all three magnetic vector components at
each of the two sites were allowed to vary. The y component
associated with cations in the vacancy layer and the z com-
ponent associated with cations in the fully occupied layer
er full line) neutron profiles for NiCr
2
S
4

at 286 K. Reflection positions are



TABLE 2
Refined Parameters for NiCr2S4

(a) ¹"286 K
Space group: I2/m; a"5.8954(14) As , b"3.4066(8) As , c"11.0589(22) As , b"91.362(4)°
Atom Site x y z B (As 2) Occupancy

Ni(1) 2(a) 0.0 0.0 0.0 0.6(3) 0.846(14)
Cr(1) 2(a) 0.0 0.0 0.0 0.6(3) 0.154(14)
Ni(2) 4(i) !0.0211(6) 0.0 0.2608(4) 1.0(5) 0.077(7)
Cr(2) 4(i) !0.0211(6) 0.0 0.2608(4) 1.0(5) 0.923(7)
S(1) 4(i) 0.3404(14) 0.0 0.3658(6) 0.4(2) 1.0
S(2) 4(i) 0.3307(14) 0.0 0.8797(6) 1.0(2) 1.0

R
81

"1.3%

(b) ¹"1.8 K
Space group: I2/m; a"5.8621(5) As , b"3.4051(2) As , c"11.0297(9) As , b"91.607(6)°

Magnetic vector components

Atom Site x y z B (As 2) M
x

M
y

M
z

Moment (k
B
)

M(1)a 2(a) 0.0 0.0 0.0 !0.2(4) 0.94(7) 0.0 !0.99(8) 1.36(8)
M(2)b 4(i) !0.0224(9) 0.0 0.2607(5) 0.9(3) !1.52(6) !0.4(1) 0.0 1.57(6)
S(1) 4(i) 0.3404(18) 0.0 0.3657(9) 1.3(4)
S(2) 4(i) 0.3277(18) 0.0 0.8806(8) !0.4(4)

R
1
"1.6%

aM(1): 84.6% Ni; 15.4% Cr.
bM(2): 7.7% Ni; 92.3% Cr.
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refined to values close to zero, the value at which they were
subsequently fixed. Final observed, calculated, and differ-
ence profiles are given in Fig. 5. Table 2 lists the correspond-
ing refined parameters, and important bond lengths and
angles appear in Table 3.

Variable-Temperature Neutron Diffraction Data

Powder neutron diffraction data in the angular range
2042h450°, collected at intermediate temperatures, are
plotted in Fig. 6, in which the evolution of the magnetic
peaks with temperature may be clearly observed. The mag-
netic ordering temperature was established by plotting the
intensity of the magnetic reflections as a function of temper-
ature, leading to an estimate of ¹

N
"180(5) K, as shown in

Fig. 7 for the (1/2,0,3/2) reflection. Sequential Rietveld re-
finement, performed on patterns over the entire temperature
range studied, allowed the variation of unit cell parameters
with temperature to be investigated (Fig. 8). Whereas the
b parameter is effectively constant with temperature, both
the a and c parameters decrease with decreasing temper-
ature, reaching a constant value below ca. 125 K. The mono-
clinic distortion increases with decreasing temperature
until below 100 K, the angle b is effectively constant. In
addition, sequential Rietveld refinement allowed the evolu-
tion of the ordered magnetic moment, at each of the two
sites, to be investigated below the ordering temperature
(Fig. 9).

DISCUSSION

Rietveld refinement of powder diffraction data collected
at 286 K resulted in all peaks being fitted, with no evidence
for any impurity phases. Although low-temperature data
did indicate the presence of trace amounts of Cr

2
O

3
, the

level of this impurity is very low, in accord with the results of
chemical analysis. The errors on the isotropic temperature
factors were somewhat larger than those reported in our
previous work on the V

x
Cr

3~x
S
4

series (3). In particular, at
1.8 K these errors are comparable with the values themsel-
ves, which would account for one of the parameters becom-
ing negative. This is likely to be a consequence of the limited
Q range of data collected in this work. However, no signific-
ant correlations were observed and the correctness of the
structures determined is unaffected.

The lattice parameters determined at 286 K are in close
agreement with the room temperature parameters pre-
viously reported (7). Both the a and c parameters are re-
duced relative to those of the isostructural materials Cr

3
S
4

and VCr S (3). This reduction is in accord with respective

2 4



TABLE 3
Bond Lengths (As ) and Bond Angles (°°) in NiCr2S4

286 K 1.8 K

M(1)—S(1) 2.434(5)]4 2.427(6)]4
M(1)—S(2) 2.386(8)]2 2.359(10)]2
Mean M (1)—S 2.42 2.40

M(2)—S(1) 2.402(8) 2.393(9)
2.463(6)]2 2.462(7)]2

M(2)—S(2) 2.369(8) 2.340(8)
2.334(6)]2 2.342(7)]2

Mean M (2)—S 2.39 2.39

M(1)—M(2) 2.890(4)]2 2.882(5)]2
M(2)—M(2) 3.196(6)]2 3.169(11)]2

3.635(7)]2 3.632(11)]2

S(1)—M(1)—S(1) 88.8(2)]2 89.1(3)]2
91.2(2)]2 90.9(3)]2

S(1)—M(1)—S(2) 88.2(2)]4 88.0(3)]4
91.8(2)]4 92.0(3)]4

S(1)—M(2)—S(1) 83.3(3)]2 83.1(3)]2
87.5(3) 87.5(3)

S(1)—M(2)—S(2) 93.9(3)]2 94.0(3)]2
89.3(2)]2 89.6(3)]2
87.9(2)]2 87.6(4)]2

S(2)—M(2)—S(2) 94.4(2)]2 94.8(4)]2
93.7(3) 93.3(4)

FIG. 6. Powder neutron diffraction data for NiCr
2
S
4

over the temper-
ature range 1.84¹4286 K.
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ionic radii (16) (r(Ni2`)"0.69 As , r (Cr2`)"0.80 As , r(V2`)
"0.79 As ). Both cation sites lie at the center of distorted
octahedra. The cation in the vacancy layer has four long and
two short bonds to sulfur with all S—M(1)—S angles close to
90°. The environment of the cation site in the fully occupied
FIG. 5. Final observed (crosses), calculated (full line), and difference (low
marked: the lower markers refer to the crystallographic unit cell and the upp
layer shows more variation in cation—anion separations and
bond angles. Mean cation—anion separations of ca. 2.4 As are
consistent with the sums of respective ionic radii (16).

The distribution of cations corresponds, in the notation
introduced earlier, to (Ni

0.846
Cr

0.154
)[Ni

0.154
Cr

1.846
]S

4
.

This contrasts with the behavior of VCr
2
S
4
, in which ap-

proximately 50% of the divalent ion is found at each of the
two cation sites (3). Analysis of the relatively few investiga-
tions of cation distributions which have been carried out for
ternary Cr

3
S
4
-type phases (17—19) demonstrates that the

preference for sites in the fully occupied layer decreases in
the order Ti'V+Cr'Fe. This order reflects the decrease
in the critical cation—cation separation (R

#
), below which

direct overlap of cation orbitals is possible (20). The greater
tendency for early transition series cations to delocalize
er full line) neutron profiles for NiCr
2
S
4

at 1.8 K. Reflection positions are
er markers the magnetic unit cell described in the primitive space group P1.



FIG. 7. Temperature variation of the intensity of the (1/2, 0, 3/2)
magnetic reflection, where the indices refer to the crystallographic unit cell
of NiCr

2
S
4
.
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electrons by direct t
2g—t

2g overlap would favor their occupa-
tion of sites in the fully occupied layer. In the case of the
V
x
Cr

3~x
S
4
series, the arrangement adopted is the one which

best balances this with the consequent increase in formal
negative charge on the [MS

2
]n~ subunits, which results

from the introduction of divalent vanadium at these sites.
By contrast, divalent nickel has a much lower tendency to
delocalize electrons by t

2g—t
2g interactions owing to orbital

contraction. Consequently, there is no marked preference of
Ni(II) for sites in the fully occupied layer and the structure
determined in this work appears to continue the aforemen-
tioned trend. In particular, the proportion of available
nickel (15%) which enters this layer is reduced from that of
iron in FeV

2
S
4

(25%) (18).
Analysis of the intensity of the magnetic reflections as

a function of temperature indicates a magnetic ordering
temperature of ca. 180 K. The ordering temperature is re-
duced from that of &220 K observed in Cr

3
S
4

(21), sugges-
ting that the exchange interactions involving Ni(II) are
weaker than those involving Cr(II).

The magnetic structure of NiCr
2
S
4

has been described
(10) in terms of ferromagnetic sheets parallel to the (1 0 11 )
planes, which in turn are coupled antiferromagnetically
with respect to each other. The same overall features are
apparent in the structure determined in this work (Fig. 10).
However, there are important differences in the detailed
magnetic structure, in particular, the orientation of the
moments. In the structure described by Andron and Bertaut
(10), all moments, irrespective of cation site, were found to
be directed at 45° to the [1011 ] direction (corresponding to
them lying in the crystallographic ab plane) such that the
projection of the moment direction on the (1011 ) plane made
an angle of 122° with the crystallographic b axis. In the
structure determined here, the orientation of moments at
the two crystallographic sites differs markedly. Moments
associated with cations in the fully occupied layer (k ([M]))
lie in the ab plane in an orientation similar to that observed
previously. However, those moments associated with sites in
the vacancy layer (k ((M))) are oriented such that they lie in
the ac plane directed at 140° to the [001] direction. This
orientation is similar to that of the Cr(II) and Cr(III) mo-
ments in Cr

3
S
4

whose magnetic structure has been de-
scribed (22) in terms of ferromagnetic sheets parallel to the
(1011 ) plane with spins parallel to the [1011 ] direction. The
complex magnetic structure of NiCr

2
S
4

may be analyzed in
terms of individual superexchange interactions by applica-
tion of the qualitative rules proposed by Goodenough (23)
and Kanamori (24). Interactions within the fully occupied
layer are essentially those involving Cr(III) d3 ions. An
analysis similar to that previously applied to Cr

3
S
4

(3)
predicts that antiferromagnetic and ferromagnetic exchange
interactions between cations in the fully occupied layer are
simultaneously present. Of the six nearest-neighbor interac-
tions, those of shorter range (3.16 As ) will be dominated by
direct cation—cation exchange, resulting in an antiferromag-
netic interaction. Conversely, the four longer range interac-
tions will be dominated by correlation superexchange and
are predicted to be ferromagnetic. These qualitative argu-
ments are not altered by substitution of ca. 7.5% of Cr(III)
in the fully occupied layer with Ni(II). Octahedra in the
vacancy and fully occupied layers share a common face and
are respectively predominantly Ni- and Cr-centered. Inter-
layer interactions between these octahedra are predicted to
be antiferromagnetic in nature owing to 90° dp—pp/pn—dn
correlation superexchange. Despite the short (2.88 As ) separ-
ation between face-sharing octahedra, direct t

2g—t
2g interac-

tions are weak, owing to the d8 configuration of Ni(II), and
may contribute to the lowering of the ordering temperature
relative to Cr

3
S
4
. The existence of long-range magnetic

order in NiCr
2
S
4

contrasts with the behavior of VCr
2
S
4
,

which is a spin-glass (4). We have suggested that spin-glass
behavior is a consequence of magnetic frustration induced
by next-nearest-neighbor V—Cr interlayer interactions. It
would appear that in NiCr

2
S
4

these interactions, which
would be ferromagnetic, are sufficiently weak to result in
a nonfrustrated system. The presence, at low temperatures,
of diffuse scattering coincident with the magnetic reflection
at 2h+23° indicates that additional short-range magnetic
correlations, possibly of the Ni—Ni intralayer type within
the fully occupied layer, are present. It was not possible to
separate the Bragg and diffuse scattering contributions to
the intensity in this region with any degree of reliability and
consequently, a correlation length could not be extracted
from the data.

The ordered moments associated with cations at both
crystallographic sites are considerably reduced from spin-
only values: k ([M]) to ca. 50% of the spin-only value for



FIG. 8. Temperature dependence of the monoclinic unit cell parameters of NiCr
2
S
4
: (a) a and b parameters; (b) c and b parameters.
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Cr(III) and k((M)) to ca. 70% of that expected for Ni(II).
These reductions are to be expected, as the appreciable
covalency of the metal—sulfur bonds will cause a transfer of
spin away from the cations. Andron and Bertaut (10), using
formulae derived from the work of Hubbard and Marshall
(25), estimated covalency parameters of 10% for Ni2` and
7.5% for Cr3` assuming that the structure was of the
normal type. A similar calculation using the moments de-
rived here yields values of 10.7% (Ni2`) and 12% (Cr3`).
Although these are consistent with values obtained for
binary chalcogenides (26, 27), their significance is question-
able, as they are derived from average moments at each of
the sites. It has been suggested (11) that the unusual shape of
the susceptibility curve results from competing exchange
interactions of opposite sign. The neutron data presented
here may be correlated with features of this curve. Neutron
data unambiguously show that on cooling, long-range mag-
netic order is established at 180 K. This temperature corres-
ponds to that at which the susceptibility begins to decrease.
Below this temperature, the ordered moments at both sites
continue to increase (Fig. 9) and the susceptibility falls
further. At ca. 100 K, k ([M]) reaches a saturation value,
whereas k ((M)) continues to increase. This growth of k ((M))
may be correlated with the increase in susceptibility below



FIG. 9. Temperature dependence of the ordered moments associated
with cations at sites in the vacancy (M ) and fully occupied [M] layers in
NiCr

2
S
4
.
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100 K, which suggests that some small spontaneous mag-
netization remains in the complex magnetically ordered
state.

Although some caution must be exercised in interpreting
resistivity data obtained on sintered pellets, owing to contri-
butions from grain boundaries, the temperature depend-
ence of the electrical resistivity indicates that NiCr

2
S
4

is a
FIG. 10. A representation of the magnetic structure of NiCr
2
S
4
. Dia-

magnetic ions are omitted for clarity. Heavy arrows represent moments in
the vacancy layer and lighter arrows represent moments in the fully
occupied layer. The crystallographic unit cell is outlined.
low-activation-energy semiconductor. Activation energies
derived from a simple activated conduction plot are similar
to those previously obtained for Cr

3
S
4
-type phases (8, 9).

However, the material clearly lies close to the metal—insula-
tor divide and data suggest that a further electronic
transition may occur at higher temperatures ('300 K).
Magnetic ordering is accompanied by a decrease in the
activation energy for electron transport, suggesting that
spin-disorder scattering of the charge carriers is an appreci-
able contributor to the electrical resistivity.

In conclusion, it has been demonstrated that NiCr
2
S
4

adopts a structure which is close to that expected for the
normal structure type and orders magnetically at 180 K.
The complex magnetic susceptibility may be accounted for
by the different temperature dependence of the moments at
the two crystallographic sites. The onset of magnetic order
is accompanied by a lowering of the activation energy for
electron transport.
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