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High temperature structural transformations in NiCr2S4 have been investigated by neutron powder diffraction

in situ. At 835(5) ³C, NiCr2S4 undergoes an order±disorder transition from the monoclinic Cr3S4 structure to a

hexagonal cation-de®cient NiAs structure. Above the transition temperature, cation vacancies, which at room

temperature are ordered in every second cation layer, become statistically distributed between all cation layers.

Prior to this structural transition, intralayer disordering of vacancies occurs within the half-occupied layer. This

is not suf®ciently complete to cause the change to trigonal symmetry which has been reported for binary

sul®des.

Introduction

Many ternary transition metal sul®des of stoichiometry M3S4

adopt the monoclinic Cr3S4 structure, which can be derived
from a metal-de®cient NiAs-type structure. In the NiAs
structure, the cations (M) occupy octahedral sites between
pairs of hexagonally close packed anion (X) layers, resulting in
a stacking sequence XMXMXMX. The introduction, in an
ordered manner, of cation vacancies to alternate layers along
the c-axis of the NiAs unit cell gives rise to a range of vacancy-
ordered phases of general formula MxMS2 (0vxv1). In
the Cr3S4 structure (x~1/2), fully occupied layers alternate
with half occupied layers, resulting in a stacking sequence
XMXM0.5XMX and two crystallographically distinct octahe-

dral cation sites (Fig. 1). This vacancy ordering scheme
corresponds to a d3a6a two-dimensional supercell. Much
of our recent work has concerned the structural and physical
properties of Cr3S4 type ternary sul®des,1 including NiCr2S4.2

These studies3 have shown that at room temperature, NiCr2S4

adopts the Cr3S4 structure, with a cation distribution close to
the normal type, in which nickel cations occupy mainly the
half-occupied layer whilst chromium cations reside in the fully
occupied layer. Moreover, during the course of investigations
of NiCr2S4, it has been observed that the magnetic properties of
this material are dependent on the preparative conditions.
Speci®cally, magnetic susceptibility curves of materials pre-
pared using different rates of cooling from elevated tempera-
tures, exhibit different magnetic history dependence at low
temperatures (Tv70 K). These differences are likely to arise
from short-range cation±cation interactions, which are sensi-
tive to the degree of cation ordering. Therefore, in an effort to
improve our understanding of the physical properties of this
material, we have carried out a high temperature structural
study of NiCr2S4 using powder neutron diffraction.

With increasing temperature, the Cr3S4-type structure may
transform to a CdI2-type phase as a result of intralayer
disordering of vacancies within the half-occupied layer. In the
Cr3S4 structure, cations in the fully occupied layer reside in the
octahedral site 4(i), while cations in the vacancy layer occupy
the octahedral site 2(a). The vacancy layer also contains a
second octahedral site, 2(d), which is empty in the ideal Cr3S4

structure. With the transformation to the CdI2 structure, the
two octahedral sites in the vacancy layer become equivalent,
and vacancies and cations become distributed at random
within this layer. Consequently, the CdI2 vacancy layer
octahedral site has an occupancy of 50%. As illustrated by
Fig. 2, this transformation results in the loss of the two-
dimensional supercell and a change from I2/m symmetry to
P3m1. The relationships between the monoclinic Cr3S4 unit cell
parameters and the hexagonal CdI2 unit cell parameters are
am#d3ah, bm#bh, and cm#2ch. At higher temperatures, a
second transition may occur as a result of interlayer
disordering. This corresponds to the transformation of the
CdI2-type phase to a non-stoichiometric cation de®cient NiAs
phase, with P63/mmc symmetry, in which all octahedral sites
are equivalent, and statistical occupancy of cation sites occurs.

Fig. 1 A ball-and-stick representation of the Cr3S4 structure. Large
open circles represent anions, small black circles represent cations in the
vacancy layer and small grey circles represent cations in the fully
occupied layer.
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Relatively few studies of order±disorder transitions for
transition metal chalcogenides with the Cr3S4 structure have
been published. Oka et al. determined the phase diagram for
the systems VSx and VSex with 1.3¡x¡1.7.4 These authors
reported a transformation of V3X4 from the Cr3S4 structure to
a CdI2 phase, with a transition temperature dependent on the
stoichiometry, and explained the transition by a statistical
thermodynamic treatment.5,6 Order±disorder transitions have
also been reported for the compounds Cr3¡xSe4,7 CrxTiSe2,

8

FexVS2
9 and (Fe0.6V0.4)3¡xS4.

10 With the exception of the
system (Fe0.6V0.4)3¡xS4, only the transformation to the CdI2

phase has been observed, although a second transformation to
the NiAs structure is expected at higher temperatures. Here, we
report the results of an investigation in NiCr2S4 at elevated
temperatures, by means of time-of-¯ight and constant wave-
length powder neutron diffraction. A preliminary account of
the constant wavelength experiment has been presented at the
2nd European Conference on Neutron Scattering.11

Experimental

The samples were prepared by mixing high-purity nickel,
chromium and sulfur powders with the stoichiometry
NiCr2S3.93 and ®ring the mixture in an evacuated silica
ampoule at 800 ³C for 3 days and at 1000 ³C for 9 days with
two intermediate regrindings. After the ®nal ®ring, the
products were cooled to 300 ³C over a period of 4 h. All
reaction mixtures were prepared with a slight de®ciency of
sulfur, as it has been shown12 that the phase range of the Cr3S4

structure does not extend to the fully stoichiometric composi-
tion. Details of the preparation and characterisation of the
material have been presented elsewhere.13

Time-of-¯ight powder neutron diffraction data were col-
lected on the Polaris diffractometer at the ISIS source,
Rutherford Appleton Laboratory. A sample (ca. 3 g) was
contained in a thin-walled vanadium can which was mounted
in a furnace evacuated to a pressure v1024 Torr. Data were
collected at temperatures in the range 100¡T/³C¡1000 over
intervals of 4 h. At 900 ³C, three consecutive data sets were
recorded, each over a period of four hours. Preliminary data
reduction was carried out using Genie14 spectrum manipula-
tion software.

Constant wavelength powder neutron diffraction data were
recorded on the TAS3 diffractometer at the Risù National
Laboratory, Denmark, over the angular range 10¡2h/³¡115
with a wavelength of 1.54810(7) AÊ . The sample (ca. 3 g) was
contained in a high-purity boron-free quartz ampoule, which
was evacuated, sealed and then mounted in a furnace evacu-
ated to a pressure v1024 Torr. Data were collected at room
temperature and over the range 700¡T/³C¡870 in tempera-
ture increments of 10 ³C. Additional data were collected at 860,
845, 830 ³C and room temperature on cooling the sample. Data

collected for the empty furnace were used to provide a
background which was subtracted from the room temperature
data prior to structural re®nement. All Rietveld re®nements
were carried out using the GSAS package15 installed on the
Heriot-Watt University Alpha 2100-4275 system.

Results

Time-of-¯ight data

Neutron diffraction data, from the highest resolution back-
scattering bank of Polaris detectors (2h~145³), were summed
and normalised. Data from this bank were used in the Rietveld
re®nements. Over the temperature range 100¡T/³C¡700 data
can be indexed on the basis of the Cr3S4 monoclinic unit cell.
Rietveld re®nements were initiated in the space group I2/m
using the structural model determined for this sample at room
temperature in an earlier experiment.3 A region centred at
d#2.15 AÊ was excluded from the re®nements owing to the
presence of a peak due to vanadium, which is instrumental in
origin. With increasing temperature, the monoclinic distortion
decreases and above 700 ³C data from the highest resolution
bank could be satisfactorily indexed either in the space group
P3m1 or in P63/mmc.

However examination of data from the low angle detector
bank (2h~35³), which covers a wider range of d-spacing
(0.5vd/AÊ v8.3), revealed that (00l) re¯ections with l~2nz1
are absent. This indicated that the correct space group is P63/
mmc, and all structural re®nements using high temperature
data above 700 ³C were carried out in this space group. Final
observed, calculated and difference pro®les for the diffrac-
tion data collected at 700 and 800 ³C are given in Fig. 3.
Corresponding re®ned parameters are shown in Table 1. After
cooling the sample to room temperature, a further pattern was
recorded, in order to examine the reversibility of the transition.
Surprisingly, three phases could be identi®ed in this room
temperature pattern: a Cr3S4-type phase, Ni and Ni3S2. A
multiphase Rietveld re®nement was carried out using these
data and the observed, calculated and difference pro®les are
shown in Fig. 4. Moreover, gradual loss of sulfur at elevated

Fig. 2 A schematic model of the structural transformations of the
Cr3S4-type phase. Anions are omitted for clarity. Black circles represent
fully occupied cation sites, half black circles represent a site occupancy
of 0.5, and three-quarter black circles represent a site occupancy of
0.75.

Fig. 3 Observed (crosses), calculated (upper full line) and difference
(lower full line) pro®les for data collected on Polaris at (a) 700 ³C and
(b) 800 ³C. Re¯ection positions are marked.
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temperatures was observed and could be followed by structural
re®nements using data collected at 900 ³C over a period of
several hours. Despite the constant temperature, lattice
parameters resulting from these re®nements for which the
sample remained at 900 ³C, increased as a function of time.
Re®nement of the site occupancy factors (SOF) indicated an
increase in the metal : sulfur ratio, which at 500 ³C has the ideal
value of 0.75. Above 500 ³C, this ratio increases continuously
reaching a value of 0.8 at 1000 ³C, which corresponds to a
composition of NiCr2S3.75. Standard vanadium cans do not
appear to provide a suf®ciently good seal and, as the can was
contained in a furnace evacuated to high vacuum, the sample
composition changed during the course of the experiment. For
this reason, these data did not allow the reversibility of the
phase transition to be established.

Constant wavelength data

Data collected on TAS3 at room temperature were used to
re®ne the structure and establish the cation distribution.
Although the cation distribution of the sample used in the
TAS3 experiment differs slightly from that used in the Polaris

experiment (7% of Cr in the vacancy layer rather than 15%),
both samples have a cation distribution close to the normal
type. Re®nements carried out using the data collected over the
temperature range 700¡T/³C¡830 were initiated using the
structural model determined at room temperature. In these
re®nements, data over the angular range 10¡2h/³¡100 were
used, and those regions in which re¯ections arising from the
furnace were observed, were excluded. The background was
modelled by a linear interpolation between ®xed points.
Diffraction peaks were modelled using a pseudo-Voigt peak
shape. Re®nement of a scale factor, lattice parameters, atomic
positions, peak shape parameters and thermal parameters
proceeded smoothly. At this stage, those peaks corresponding
to the re¯ections (2101), (101), (2103), (103) and (310),
appeared to be overcalculated in the re®nements. These
re¯ections are sensitive to the degree of ordering in the vacancy
layer. Therefore Ni cations were introduced to the empty
octahedral site 2(d), and the site occupancies for both 2(a) and
2(d) were re®ned with the constraint that overall stoichiometry
be maintained. This improved the agreement between observed
and calculated pro®les and led to a signi®cant decrease in the
weighted residuals. For the data collected over the range
840¡T/³C¡870 re®nements were carried out in the space
group P63/mmc, corresponding to the NiAs-type structure.
Unlike in the Polaris experiment, no loss of sulfur was observed
and hence site occupancy factors were not re®ned. Chromium
and nickel cations are statistically distributed in the octahedral
site 2(a) in a ratio 2 : 1, with an overall site occupancy factor
value of 0.75. The ®nal re®ned parameters for the cation-
de®cient NiAs phase at 845 ³C are given in Table 1. Plots of the
lattice parameters, the unit cell volume per formula unit and
the site occupancy factor in 2(d) are given in Fig. 5, 6 and 7
respectively. With increasing temperature, the unit cell
dimensions and the unit cell volume increase whereas the
monoclinic angle b decreases from 91.3³ at room temperature
to 90.6³ at 830 ³C. Above this temperature, the phase transition
takes place and both the unit cell volume and the lattice
parameters exhibit a discontinuity. At temperatures close to
the phase transition, the data summarised in Fig. 6 show that
the unit cell volume on cooling the sample differs slightly from
the volume obtained on heating the sample, indicating a degree

Table 1 Final structural parameters derived from Rietveld re®nements for NiCr2S4 at high temperature

(a) Space group I2/m; a~5.9669(2) AÊ , b~3.43943(8) AÊ , c~11.1919(3) AÊ , b~90.740(2)³

Temperature 700 ³C
Atom Site x y z B/AÊ 2 SOF

Ni(1) 2(a) 0.0 0.0 0.0 2.29(7) 0.726(4)
Cr(1) 2(a) 0.0 0.0 0.0 2.29(7) 0.154
Ni(2) 2(d) 0.5 0.5 0.0 2.29(7) 0.120(4)
Ni(3) 4(i) 20.0206(5) 0.0 0.2611(3) 1.16(7) 0.077
Cr(3) 4(i) 20.0206(5) 0.0 0.2611(3) 1.16(7) 0.923
S(1) 4(i) 0.3288(8) 0.0 0.8767(4) 1.20(6) 0.990(8)
S(2) 4(i) 0.3383(8) 0.0 0.3654(4) 1.20(6) 0.990(8)
Rwp(%)~1.36, x2~1.28

(b) Space group P63/mmca

Temperature/³C 800 845
Instrument Polaris TAS3

a/AÊ 3.45293(4) 3.4546(2)
c/AÊ 5.6488(1) 5.6284(6)

M B/AÊ 2 2.62(3) 2.0(1)
SOF Ni 0.258(2) 0.25
SOF Cr 0.515(4) 0.5

S B/AÊ 2 1.63(5) 1.2(1)
SOF 1.0 1.0

Rwp(%) 1.39 7.6
x2 1.35 1.1

aM in 2(a): (0,0,0); S in 2(d): (1/3, 2/3,1/4).

Fig. 4 Observed (crosses), calculated (upper full line) and difference
(lower full line) pro®les for the multiphase Rietveld re®nement using
data collected on Polaris after re-cooling the sample to room
temperature. Bottom re¯ection markers correspond to Ni3S2, middle
markers to a Cr3S4-type phase and upper markers to Ni.
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of hysteresis. Data collected after cooling the sample to room
temperature can be indexed on the basis of the Cr3S4 unit cell
(I2/m), and no extra peaks were detected.

Discussion

As clearly shown by the temperature dependence of the
monoclinic angle b (Fig. 5) and the unit cell volume (Fig. 6), the
phase transition temperature for the sample investigated on
TAS3 is 835(5) ³C. Analysis of the diffraction data demon-
strated that the high temperature phase exhibits the NiAs
structure, with P63/mmc symmetry. This contrasts with the
conclusions reached from the time-of-¯ight experiment, which
indicated the same phase change (I2/mAP63/mmc) occurred
between 700 and 800 ³C. However, during the course of the

experiment on Polaris, loss of sulfur was clearly observed
leading to a marked increase in the M : S ratio. This suggests
that the transition temperature is dependent on the stoichio-
metry, in agreement with previous studies of analogous
systems.8,9 For example, the order±disorder transition tem-
perature for the Cr3¡xSe4 materials shows a parabolic change
with composition, having the maximum value at the fully
stoichiometric composition.7 This can be correlated to the
defect ordering which originates in the minimisation of the
repulsive vacancy±vacancy interaction energy. At the stoichio-
metric composition M3S4, the decrease in energy achieved
through the vacancy ordering takes its maximum value, and
hence the thermal energy required to disorder the vacancies is
higher.

No intermediate structure of the CdI2 type was observed,
even when data were collected over small temperature
increments (10 ³C). Although powder patterns of the CdI2

and NiAs structures are very similar, the possibility of a CdI2

type phase being present can be excluded because of the
absence of (00l) re¯ections with l~2nz1. Powder pattern
simulations show that for NiCr2S4 with the CdI2 structure, a
peak centred at d#5.6 AÊ should appear; data from the Polaris
low angle bank do not exhibit any feature in the range 5vd/
AÊ v6. Moreover, data collected on TAS3 above 830 ³C do not
show any re¯ections in this region. This contrasts with previous
reported transitions in analogous materials, such as V3S4,4

where CdI2 phases were identi®ed. From a statistical thermo-

Fig. 5 The temperature dependence of the unit cell parameters of
NiCr2S4. To aid comparison, lattice parameters for the monoclinic
Cr3S4 were referred to the hexagonal NiAs unit cell (am#d3ah, bm#bh

and cm#2ch). Lines are a guide to the eye.

Fig. 6 The temperature dependence of the unit cell volume per formula
unit from data collected on TAS3 on heating (&) and cooling (%).
Lines are a guide to the eye.

Fig. 7 Fractional occupancy of the 2(d) site as a function of
temperature. SOF~0.0 corresponds to the ideal Cr3S4 structure
whilst SOF~0.5 corresponds to the CdI2 structure. Lines are a guide
to the eye.
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dynamic treatment,6 the transition temperature, Tc, for the
CdI2 to the NiAs phase change for a system M12dX is given by:

Tc � 2�evv'ÿ 3evv''�
k

� �
d�1ÿ d� �1�

where evv' is the interaction energy between vacancies
perpendicular to the layers and evv@ is the interaction energy
between vacancies parallel to the layers. From this expression,
it follows that the transition temperature is dependent not only
on the composition, but also on the difference between the
interlayer and intralayer vacancy±vacancy interaction energies.
This implies that for materials with evv'#evv@, the transition
temperature tends to zero and hence, for materials which adopt
the Cr3S4 structure at room temperature, the CdI2 structure
may never be stabilised. Accordingly, the absence of any
intermediate CdI2 phase for NiCr2S4 stable between the Cr3S4

and the NiAs structure type, may be a consequence of the ratio
of the intra- and inter-layer vacancy±vacancy interaction
energies. For the systems VSx and VSex (1.3¡x¡1.7),
Kosuge suggested that the interlayer interaction energy is
much higher than the intralayer energy, and therefore, only the
CdI2 phase can be obtained.5 However, Nakazawa et al.16

reported that in V5S8 both intra- and inter-layer disordering
coexist below 800 ³C. Above 800 ³C, V5S8 transforms to a high
temperature phase with a structure intermediate between the
NiAs and the CdI2 type. To our knowledge, no structural
re®nements have been carried out for the vanadium systems, so
the existence of some degree of interlayer disorder cannot be
excluded. The high temperature behaviour of the binary
vanadium sul®des contrasts with that observed in the ternary
sul®de Fe1.8V1.2S3.93, in which both CdI2 and NiAs phases have
been identi®ed at high temperatures.10 For this material, the
transition temperature for the Cr3S4 structure to CdI2 is 850 ³C
and the transition temperature to the NiAs phase is 930 ³C. This
suggests that the relative stability of the NiAs and CdI2 phases
is dependent on the nature of the transition metal cations
present.

Although the intermediate CdI2 phase was not identi®ed in
the powder diffraction patterns, re®nements demonstrate that,
at temperatures below that at which the Cr3S4 to NiAs
transition occurs, there is some partial cation disorder within
the vacancy layers. As shown in Fig. 7, the site occupancy
factor in the 2(d) octahedral site, which is empty in the perfectly
ordered Cr3S4 structure, increases with temperature, reaching a
value of ca. 30% at 830 ³C. Above the transition temperature,
all octahedral sites are equivalent and have an occupancy of
75%.

Data from the Polaris experiment, in which the sample was
contained in a standard vanadium can, initially suggested that
the phase transition is irreversible. Similarly, a previous study
on order±disorder transitions in ternary chalcogenides of
titanium reported that the transformation to the NiAs
disordered phase is not reversible, and occurs only when the
stoichiometry departs from MTi2S4 due to sulfur loss.17

However, when the experiment was carried out using a
sealed sample container, no loss of sulfur was observed and
the transformation to the NiAs phase was indeed found to be
reversible.

In the room temperature structure, nickel cations occupy
sites almost exclusively within the vacancy layer whereas
chromium resides in sites in the fully occupied layer. The

magnetic properties of NiCr2S4 may be rationalised in terms of
the Goodenough18 and Kanamori19 rules by considering only
Ni±Ni and Cr±Cr intralayer interactions and Ni±Cr interlayer
interactions. Transition to a NiAs phase involves a redistribu-
tion of cations between layers such that Ni and Cr cations are
randomly distributed over all octahedral sites. This random-
ness introduces additional, short-range cation±cation interac-
tions. These are likely to be the cause of the magnetic history
dependence observed in samples prepared by quenching from
high temperatures as this produces a greater degree of disorder
than is present in a material prepared by slow cooling.

It can be concluded that NiCr2S4 exhibits an order±disorder
transition at 835(5) ³C. The high temperature phase has a
cation-de®cient NiAs structure in which Ni and Cr are
statistically distributed between all available octahedral sites.
The phase transition is reversible, is accompanied by a
discontinuity in the volume and exhibits hysteresis. It is
therefore a ®rst order transition.
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