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Pressure-induced phase transitions in chromium thiospinels
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~Received 28 August 2000; published 23 January 2001!

The pressure and temperature dependence of the structure of CoCr2S4 and Co0.65Ni0.35Cr2S4 have been
studied byin situ time-of-flight powder neutron diffraction. While the thiospinel CoCr2S4 transforms to a
defect NiAs-type phase at 1.3 GPa and 800 °C, the nickel-doped thiospinel undergoes this phase change at 0.4
GPa and 750 °C. Quenching of the hexagonal high-temperature and high-pressure phase resulted in a transition
to a monoclinic Cr3S4 phase, due to the ordering of the metal vacancies in every second layer. Moreover, the
spinel CoCr2S4 transforms at room temperature and 8.6 GPa to a phase which does not exhibit a NiAs-type
structure.

DOI: 10.1103/PhysRevB.63.064106 PACS number~s!: 61.50.Ks, 64.70.Kb
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I. INTRODUCTION

Materials of general formulaACr2X4 in which A is a tran-
sition metal andX5O, S, Se, or Te, adopt either the spine1

or a defect NiAs-type structure.2 For X5O, only the spinel
structure is found, while forX5Se or Te a defect NiAs-type
structure is favored. In contrast to this, forX5S both struc-
tures may be found, depending on the nature ofA. WhenA
5Mn, Fe, Co, Cu, materials adopt the spinel structure, wh
materials withA5Ti, V, Cr, Ni have a defect NiAs-type
structure. This implies that for the ternary sulphides, the
ference in energy between the two forms is small.

The spinel3 and the NiAs~Ref. 4! structures differ in the
stacking sequence of the anions, which is cubic for the sp
and hexagonal for the NiAs structure, and in the coordinat
of the cations. In the spinel structure 1/3 of the cations res
at tetrahedral sites and the other cations are octahedrally
ordinated, whereas in the NiAs structure all cations resid
octahedral sites. The latter form therefore has a higher d
sity, and hence thiospinels should undergo a phase trans
to a defect NiAs-type phase under pressure. It has b
shown that heatingACr2S4 (A5Mn, Fe, Co! spinels at el-
evated temperatures and pressures allows isolation of d
NiAs-type phases by rapid quenching.5–8 In these studies
0163-1829/2001/63~6!/064106~6!/$15.00 63 0641
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two high-pressure NiAs-type phases have been isolate
cation-deficient NiAs phase, with hexagonal symmetry, a
a monoclinic Cr3S4 phase. These two structures are clos
related; in the Cr3S4 structure the cation vacancies are o
dered and confined to every second layer along thec axis,
while in the cation-deficient NiAs phase the vacancies
disordered and distributed randomly in every layer~Fig. 1!.
It has been suggested that high pressures favor the ord
Cr3S4 phase, while at lower pressures the disordered cat
deficient NiAs phase is formed.7 However, a transformation
to the higher symmetry NiAs phase at high temperatures
been observed for materials which adopt the Cr3S4 structure
at ambient temperature.4,9 The structural transformation from
thiospinel to a NiAs-type phase is accompanied by
semiconductor-to-metal transition10 as well as by changes in
magnetic properties.11

We sought to investigate pressure and temperature
duced structural changes in the thiospinel CoCr2S4, by in situ
powder neutron diffraction. Furthermore, in an effort
lower the temperature and pressure required to effect
structural transformation, and hence the metal-insulator tr
sition, partial replacement of cobalt by nickel has been
vestigated. We have previously reported the preparat
characterization and physical properties of materials in
,

-
d
-

FIG. 1. Relationship between
~a! the Cr3S4 structure, ~b! the
cation-deficient NiAs structure
and~c! the CdI2 structure. Anions
are omitted for clarity. Black
circles represent fully occupied
cation sites, half black circles rep
resent a site occupancy of 0.5, an
three quarter black circles repre
sent a site occupancy of 0.75.
©2001 The American Physical Society06-1
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series Co12xNixCr2S4.12 Results demonstrate that the sing
phase region of spinel type extends over the composi
range 0<x<0.35. Here, we compare the behavior und
pressure and temperature of the end member CoCr2S4 with
the nickel doped material Co0.65Ni0.35Cr2S4, which is close to
the limit of stability for the spinel structure. We also prese
the behavior of CoCr2S4 at room temperature under ver
high pressures~up to 10 GPa!.

II. EXPERIMENT

CoCr2S4 and Co0.65Ni0.35Cr2S4 were synthesized from th
elements at elevated temperatures. Mixtures of cobalt~Strem
Chemicals, 99.8%!, nickel ~Aldrich, 99.99%!, chromium
~Aldrich, 991%), and sulphur~Aldrich, 99.98%! with the
appropriate stochiometry were ground in an agate mo
prior to sealing into evacuated (<1024 torr! silica tubes.
Mixtures were fired at 800–1000 °C for a period of betwe
7 and 13 days with intermediate regrinding. Samples w
cooled at 4 °C/min to 300 °C prior to removal from the fu
nace. Details of the preparation and characterization h
been presented elsewhere.12

Time-of-flight powder neutron-diffraction data were co
lected on the Polaris diffractometer at ISIS, Rutherfo
Appleton Laboratory.In situ high-temperature, high-pressu
data were collected using a high temperature version of
McWhan clamped cell, developed at ISIS,13 and capable of
achieving 800 °C and 1.3 GPa. This cell incorporates a
tubular graphite heating element around the sample can
an integral hydraulic ram, which drives tungsten carbide
vils to generate pressure on the sample. Boron nitride c
mation gives powder-diffraction patterns without bac
ground from the cell when using the 90° bank of detecto
The sample was precompressed into a platinum can prio
mounting in the cell and no pressure calibrant was add
The sample pressure and temperature were determine
calibration of the cell with NaCl.13 It was not possible to add
a pressure transmitting fluid, since the liquid would evap
rate or decompose at high temperature. During the cours
the experiment, reflections arising from the lid of the pla
num can, appeared in the diffraction patterns, owing to
significant reduction in volume of the sample. Gd foil w
thus used to reduce the cell window size and eliminate th
Pt reflections.In situ room-temperature high-pressure da
were collected using the Paris-Edinburgh clamped cell14 over
the applied pressure range 0,P/GPa<10. In this cell, the
sample volume (;100 mm3) is formed by the hole in a TiZr
alloy gasket and central indentations in the anvil faces. O
ing to the small sample volume, long data collection tim
~;8 h! were required. Fluorinert was added to the sample
a pressure transmitting medium and no pressure calib
was used. On the basis of previous measurements carrie
on this cell, the sample pressure is estimated to be 90%
the applied pressure. Initial data manipulation and reduc
was carried out using Genie spectrum manipulat
software.15 Spectra were corrected for the effects
wavelength-dependent attenuation due to the cell. Neut
diffraction data, from the 90° bank of detectors we
summed and normalized for subsequent use in Rietveld
06410
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finement using theGSAS package.16 In all refinements, the
neutron background was described by a polynomial and
peak shape by a convolution of an exponential and a pse
Voigt function. The background and peak shape coefficie
were included as refinable parameters. A sample-absorp
parameter was also included, using the Debye-Scherrer
sorption correction model. In all refinements, site occupa
factors~SOF! were fixed at the nominal composition and a
overall thermal parameter was refined.

Magnetic measurements were performed using a Qu
tum Design MPMS2 superconducting quantum interfere
device susceptometer. Samples were loaded into gelatin
sules at room temperature and data were collected over
temperature range 5<T/K<300, after cooling in the mea
suring field of 1000 G. Data were corrected for the diama
netism of the gelatin capsule.

III. RESULTS

A. High-temperature and high-pressure study on CoCr2S4

Data were collected, under an applied pressure of
GPa, over the temperature range 25<T/°C<800. Over the
temperature range 25<T/°C<650 all reflections in the dif-
fraction patterns can be assigned to a spinel phase, altho
at 650 °C some additional reflections, originating from t
lid of the platinum can, can also be observed. At 800 °C,
highest temperature achievable with this cell, the spinel
flections decrease markedly in intensity, and new pea
which can be indexed on the basis of a hexagonal CdI2 unit
cell, appear. The structure of the cation-rich CdI2 is very
similar to that of the cation-deficient NiAs~Fig. 1!. While in
the latter structure vacancies are distributed randomly
tween all layers, in the CdI2 structure fully occupied layers
alternate with half occupied layers, in which vacancies
disordered. Using the data collected at 800 °C, a three-ph
Rietveld refinement was carried out. In this refinement,
Pt phase was refined using the structure-independent Le
method,17 while the spinel and the CdI2 phases were refined
in the usual way. Final refined parameters for data collec
at 800 °C are given in Table I and the final observed, cal
lated and difference profiles are presented in Fig. 2. Coo
of the cell to room temperature resulted in a reversible tra
formation of the CdI2 phase to the spinel phase.

B. High-temperature and high-pressure study
on Co0.65Ni0.35Cr2S4

Data were collected, under an applied pressure of
GPa, over the temperature range 25<T/°C<750. Above

TABLE I. Final refined atomic parameters for CoCr2S4 at 1.3

GPa and 800 °C (CdI2 phase, space group:P3̄m1), with refined
lattice parameters:a53.4319(2) Å andc55.5836(9) Å. The final
goodness-of-fit indicators areRwp512.8% andx251.0, and the
refined weight fraction for the CdI2 phase is 76%.

Atom Site x y z B(Å2) SOF

Co 1(a) 0.0 0.0 0.0 1.7~1! 0.5
Cr 1(b) 0.0 0.0 0.5 1.7~1! 1.0
S 2(d) 1/3 2/3 0.251~4! 1.7~1! 1.0
6-2
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420 °C some additional reflections, arising from the lid of t
platinum can, are observed. At 650 °C, the spinel reflecti
decrease in intensity, and new peaks, which can be inde
on the basis of a cation-deficient NiAs unit cell, appear.
750 °C, only the reflections assigned to the new ph
~NiAs! remain. Cooling of the sample to room temperatu
under pressure, over a 30-min period, did not result in
phase transition to the initial spinel, nor in the retention
the cation-deficient NiAs structure. The pattern collected
ter cooling under these conditions could be indexed on
basis of a monoclinic Cr3S4 unit cell, similar to that of
NiCr2S4.18

Rietveld refinements using data collected below 750
were initiated with the structure determined f
Co0.65Ni0.35Cr2S4 at room temperature and ambie
pressure.12 In refinements using data collected over the te
perature range 420<T/°C<650, a Pt phase was introduce

FIG. 2. Observed~crosses!, calculated~upper full line! and dif-
ference ~lower full line! powder neutron-diffraction profiles fo
CoCr2S4 at 1.3 GPa and 800 °C. Lower markers correspond to
flections of the CdI2 phase, middle markers are for the spinel pha
and upper markers for the Pt phase.
06410
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As before, this phase was refined using the Le Bail meth
In the refinement using data collected at 650 °C, a NiAs-ty
phase was also included. Final refined parameters, toge
with selected bond lengths and angles for data collected
low 750 °C are shown in Table II. With increasing temper
ture, the lattice parameter of the spinel increases, while
positional parameteru decreases, approaching its ideal valu
In the spinel structure, the positional parameteru describes
the deviation of the anions from the ideal fcc configuratio
With the origin of coordinates chosen in this work, the ide
fcc configuration of the anion framework is given by a val
of u of 0.25. Foru.0.25 the octahedra become distorted a
as a consequence, the S-Cr-S angles diverge from the
value of 90°. Therefore, with increasing temperature, the
tahedra approach their ideal cubic symmetry, while theA-S
distances decrease and the Cr-S distances increase. T
reflected in the different behavior of the volume of the po
hedra. Whereas the volume of the octahedra increase
.8%, the volume of the tetrahedra decreases by ca. 10

Before collecting data at 750 °C, the size of the cell w
dows was reduced using Gd foil, which proved to be
effective way of removing scattering from the lid of the
sample can. In the Rietveld refinement for data collected
750 °C only a NiAs-type phase was included and a prefer
orientation parameter was used. Although the refinement
be successfully carried out in the space groupP63 /mmc

~NiAs structure!, refinements in the space groupP3̄m1, cor-
responding to a CdI2 structure, resulted in similar values fo
the goodness-of-fit indicators. These two structures di
only in the distribution of the metal vacancies between lay
~Fig. 1!. In the experiment carried out on CoCr2S4, the high-
pressure and high-temperature phase was identified as2
because of the presence of the~111! reflection (d51.64 Å!,
which is not allowed in the space groupP63 /mmc. How-
ever, in the simulation carried out for Co0.65Ni0.35Cr2S4 in
the space groupP3̄m1, the~111! reflection has almost zero
intensity and therefore a CdI2 structure cannot be excluded

-
e

GPa as
TABLE II. Final refined parameters, selected bond lengths and angles for the spinel phase at 0.4

a function of temperature~space group:Fd3̄m). Co atoms reside in the 8(a) site ~1/8,1/8,1/8!, Cr atoms in
16(d) ~1/2,1/2,1/2!, and sulphur atoms in 32(e)(u,u,u).

Temperature (°) 25 140 300 420a 480a 650a

a (Å) 9.8848~6! 9.8911~6! 9.9024~6! 9.9143~5! 9.9174~5! 9.9279~8!

u 0.2592~4! 0.2589~4! 0.2588~5! 0.2585~5! 0.2569~2! 0.254~2!

B (Å2) 1.2~2! 1.4~2! 2.0~2! 2.59~9! 2.83~8! 3.5~3!

A-S (Å) 2.298~6! 2.293~8! 2.296~9! 2.292~8! 2.264~4! 2.23~3!

Cr-S ~Å! 2.384~3! 2.388~4! 2.391~5! 2.398~4! 2.413~2! 2.44~2!

Cr-Cr ~Å! 3.4948~2! 3.4970~2! 3.5011~2! 3.5052~2! 3.5063~1! 3.5100~2!

S-Cr-S~°! 85.6~2! 85.7~2! 85.7~3! 85.9~2! 86.7~1! 87.9~7!

94.4~2! 94.2~2! 94.3~3! 94.1~2! 93.3~1! 92.1~7!

CdI2 (%)b 0 0 0 0 0 33
Rwp (%) 8.3 9.1 9.4 8.0 8.5 8.8
x2 1.1 1.0 1.0 1.0 0.9 0.9

aPt refined with Le Bail method.
bWeight fraction.
6-3
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Simulations carried out for both structures in the 35° ba
~long d spacings! demonstrated that in the CdI2 structure the
~001! reflection (d55.61 Å!, which is forbidden in the
P63 /mmcspace group, should have a measurable inten
Examination of the data collected in the 35° bank
Co0.65Ni0.35Cr2S4 revealed the existence of a weak peak
d'5.6 Å and therefore the structure of the high-pressure
high-temperature phase can be identified as being of the2
type. Final refined parameters for data collected at 750
are given in Table III. The CdI2 phase has a nearly idea
value of the axial ratioc/a, which ensures the maximum
packing efficiency. Rietveld refinement using data collec
after cooling the sample to room temperature was initiate
the space groupI2/m using structural parameters determin
for NiCr2S4.18 Final refined parameters are shown in Tab
IV. Representative final observed, calculated and differe
profiles for the three observed phases are given in Fig. 3

Co0.65Ni0.35Cr2S4 exhibits contrasting magnetic propertie
in the spinel and Cr3S4 forms ~Fig. 4!. The thiospinel shows
a large increase in the magnetization below 240 K, indica
of the onset of long-range magnetic order, whereas the m
netization of the Cr3S4-type material is almost independe
of temperature. Close examination of the data from the la
reveal a weak feature at ca. 240 K, consistent with the p
ence of a small amount of spinel-type material.

C. High-pressure study on CoCr2S4

Data were collected, at room temperature, at amb
pressure, 5.0, 6.8, and 8.6 GPa. Over the pressure ran
,P/GPa<6.8, the spinel phase remains, but with increas

TABLE III. Final refined parameters for Co0.65Ni0.35Cr2S4 at 0.4

GPa and 750 °C (CdI2 phase, space group:P3̄m1), with refined
lattice parameters:a53.4416(2) Å andc55.6150(7) Å. The final
goodness-of-fit indicators areRwp57.1% andx251.0.

Atom Site x y z B(Å2) SOF

A 1(a) 0.0 0.0 0.0 3.6~3! Co 0.33
Ni 0.17

Cr 1(b) 0.0 0.0 0.5 3.6~3! 1.0
S 2(d) 1/3 2/3 0.256~8! 3.6~3! 1.0

TABLE IV. Final refined atomic parameters fo
Co0.65Ni0.35Cr2S4 at 0.4 GPa after cooling to room temperature. T
refinement was carried out in the space groupI2/m (Cr3S4 struc-
ture!. The final goodness-of-fit indicators areRwp57.7% andx2

51.2, with final refined lattice parametersa55.8946(9) Å, b
53.4063(5) Å,c511.039(2) Å, andb590.99(1)°.

Atom Site x y z B(Å2) SOF

A 2(a) 0.0 0.0 0.0 0.9~2! Co 0.65
Ni 0.35

Cr 4(i ) 20.021(1) 0.0 0.2549~9! 0.9~2! 1.0
S~1! 4(i ) 0.341~2! 0.0 0.358~1! 0.9~2! 1.0
S~2! 4(i ) 0.326~2! 0.0 0.885~1! 0.9~2! 1.0
06410
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pressure, the reflections broaden, and at 6.8 GPa additi
very broad and weak peaks appear in the diffraction patt
which could not be indexed on the basis of a NiAs-ty
phase. At the highest pressure~8.6 GPa!, the peaks arising
from the spinel phase disappear and only reflections co
sponding to the new phase remain, together with some

FIG. 3. Observed~crosses!, calculated~upper full line!, and dif-
ference ~lower full line! powder neutron-diffraction profiles fo
Co0.65Ni0.35Cr2S4 at 0.4 GPa and~a! 140 °C ~spinel! ~b! 750 °C
(CdI2) ~c! after cooling to 25 °C (Cr3S4). Reflection positions are
marked.
6-4
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flections of instrumental origin. In Table V the observed
flections at 8.6 GPa are given. Although these reflecti
could be indexed on the basis of a primitive cubic cell w
a54.97(2) Å, attempts to solve the high-pressure struct
have failed. A single-crystal x-ray-diffraction study on
similar sulphide, the ZnCr2S4 spinel, reported that this ma
terial becomes amorphous under high pressure and tha
broadening of the reflections made impossible the collec
of data above 8 GPa.19 Furthermore, it has been shown th
at 7.7 GPa the pressure dependence of the resistivit
CoCr2S4 changes, which suggests a structu
transformation.20 The transformation pressure obtained fro
conductivity measurements is in agreement with that de
mined in this work. Release of the pressure resulted i
reversible transformation to the spinel phase.

Rietveld refinements using the data collected below
GPa were initiated with the structural parameters determi
for CoCr2S4 at room temperature and ambient pressure.
lected final refined parameters, bond lengths, and angles
presented in Table VI. With increasing pressure, the lat
parameter of the spinel decreases, while the positional
rameteru increases, which indicates the octahedra are
coming increasingly distorted. This distortion is accomp
nied by a decrease in the Cr-Cr and Cr-S distances, while
Co-S distances increase slightly. Consequently, whereas
volume of the octahedra decreases by.11%, the volume of
the tetrahedra increases by ca. 4% with increasing press

FIG. 4. Temperature dependence of the field-cooled magne
tion per gram for Co0.65Ni0.35Cr2S4 with the spinel and with the
Cr3S4 structures.

TABLE V. Observed and calculatedd-values for the high pres
sure phase of CoCr2S4 at 8.6 GPa.

Observedd (Å) Calculatedd (Å) hkl

2.50 2.48 200
2.26 2.22 210
1.77 1.76 220
1.57 1.57 310
1.32 1.33 321
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IV. DISCUSSION

The thiospinel CoCr2S4 transforms to a defect NiAs-type
phase at 1.3 GPa and 800 °C. However, replacement of 3
of the cobalt ions with nickel, causes a dramatic decrease
a factor of 3, in the transformation pressure a
Co0.65Ni0.35Cr2S4 undergoes this phase change at 0.4 G
and 750 °C. In both cases, the structural transition is acc
panied by a decrease in volume of ca. 7%, which is com
rable to those reported in the literature forACr2S4 (A
5Mn, Fe, Co!.7 The discontinuity in volume, and the coex
istence of two phases over a temperature range, sugges
the phase transition is of first order. Moreover, comparis
of the transformation pressure of CoCr2S4 with that of
Co0.65Ni0.35Cr2S4 shows that the strong preference of Ni21

for the octahedral sites,21 combined with the strong octahe
dral preference of Cr31, causes a stabilization of the cation
deficient NiAs structure, which contains only octahedral c
ion sites.

TheP-T diagram proposed by Albers and Rooymans5 for
the thiospinels should be modified to include a new ph
region at low temperature and very high pressure. This n
phase appears to be cubic, but its structure remains unkn
AB2S4 materials with largeA andB ions adopt the Th3P4 or
the CaY2S4 structures, and therefore CoCr2S4 might be ex-
pected to adopt one or other of these structures at very
pressures. However, attempts to model the high-pres
data with either of these structures, with a variety of rocks
superstructures, including LiFeO2 or a-NaFeO2, or distorted
spinels, were unsuccessful. The broadening of the peaks
the marked decrease in intensity observed for CoCr2S4 under
pressure suggest that the structure is becoming increas
disordered. In many cases it has been observed that, at r
temperature, materials under high pressure may amorp
due to the absence of the thermal activation required to
crease the coordination number.22 Moreover, pressure-
induced transformations of ternary oxides and chalcogen
ABX2 at low temperatures give rise to disordered hig
pressure modifications, where theA andB cations are disor-
dered in the lattice, while the transformation at higher te
peratures can give rise to an ordered structure.8

For Co0.65Ni0.35Cr2S4, cooling of the high-pressure phas

a-

TABLE VI. Final refined parameters, selected bonds and ang
for the spinel CoCr2S4 at room temperature as a function of pre
sure.

Pressure~GPa! 1024 5.0 6.8

a (Å) 9.8985~4! 9.7634~8! 9.703~2!

u 0.2574~4! 0.2595~4! 0.2618~7!

Volume (Å3) 969.8~1! 930.6~2! 913~5!

Co-S ~Å! 2.270~6! 2.274~7! 2.30~1!

Cr-S ~Å! 2.404~3! 2.352~4! 2.317~6!

Cr-Cr ~Å! 3.4996~1! 3.4519~2! 3.4306~4!

S-Cr-S~°! 86.5~2! 85.4~2! 84.2~4!

93.5~2! 94.6~2! 95.8~4!

Rwp 7.4 7.0 8.2
x2 1.2 1.5 1.4
6-5
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~disordered NiAs-type structure! to room temperature re
sulted in a transition to a Cr3S4 phase, due to the ordering o
the metal vacancies in every second layer. There is con
erable confusion in the literature concerning the results
tained with quenched materials, such as FeCr2S4. In some
cases a disordered NiAs-type phase has been observed,
at other times an ordered NiAs-type phase (Cr3S4) was
reported.7,8 The results presented in this work suggest t
the disordered NiAs-type phase is stable only at high te
peratures. This has been previously observed in many o
systems, in which the NiAs-type phase is a high-tempera
phase, being rarely retained in equilibrium conditions at l
temperatures4 where superstructures~such as Cr3S4),23 or
distorted structures~such as MnP!,24 frequently occur.

In the cobalt chromium thiospinel the Co21 and Cr31

sublattices are aligned antiparallel since theA-Cr interaction
is much stronger than theA-A or Cr-Cr interactions.25 This
gives rise to ferrimagnetic behavior. The behavior of t
thiospinel Co0.65Ni0.35Cr2S4 is similar, with a slightly higher
magnetic ordering temperature (TC5240 K!.12 In contrast to
this, the Cr3S4 phase of Co0.65Ni0.35Cr2S4 exhibits a very low
m

r.

er
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magnetization which is almost temperature independ
Comparison of these magnetic data with those of Cr3S4
phases stable at ambient conditions, show that, however
curves are quite different. As reported previously by Tress
and Stubican,11 it is quite difficult to maintain quenched
ACr2S4 materials with the Cr3S4 structure at ambient pres
sure, and the materials usually contain a small amoun
spinel (,5%). This seems to be the case wi
Co0.65Ni0.35Cr2S4, thus the magnetization curve is the sum
the contributions of the two phases. As the magnetization
Cr3S4 phases is very weak and almost temperature indep
dent, owing to a complex magnetic structure with predom
nant antiferromagnetic interactions,18 even a small contribu-
tion from the strongly ferrimagnetic spinel is sufficient
mask the behavior of the Cr3S4 phase.
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