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Non-stoichiometric phases in the series Co;_ Ni, Cr,S; (0<x< 1) were prepared at high temperatures. In the
composition range 0 <x<0.35 single-phase materials, isostructural with the end-member spinel CoCr,S, are
observed, whereas materials in the composition range 0.85<x<1 adopt the Cr;S, structure of the end-member
NiCr,S4. Rietveld refinements using powder neutron diffraction data demonstrate that in the spinel structure
nickel cations are accommodated exclusively at tetrahedral sites and in the Cr;S4 phases at octahedral sites in
an ordered defect layer. All single-phase materials are semiconductors. Spinel-type phases appear to be
ferrimagnetic with saturation moments in the range 2.4-2.6 ug, and Curie temperatures which increase with
increasing nickel content. The Cr3Ss-type materials exhibit a magnetic behaviour similar to NiCr,S4 and Cr3S,,

which are complex antiferromagnets.

Introduction

Ternary chromium sulfides ACr,S; may, depending on the
identity of A, adopt either the spinell (A=Mn, Fe, Co) or the
Cr;S, structure® (A=Tij, V, Cr, and Ni). In the former, cations
occupy both tetrahedral and octahedral interstitial sites in a
cubic close packed array of sulfide anions, while in the Cr;S,
structure cations occupy octahedral sites between hexagonally
close packed sulfide layers. The latter structure can be derived
from that of NiAs by removal, in an ordered manner, of cations
from octahedral sites between alternate pairs of anion layers,
resulting in a change from the ---XMXMXMX:-- stacking
sequence found in NiAs, to one of - XMXM;,XMX:-- This
results in two crystallographically distinct cation sites, as
indicated by the formulation (M)[M;]S4, where (M) and [M]
denote sites in the vacancy and the fully occupied layers
respectively. For ACr,S, materials with the spinel or Cr;S,
structures, two extreme cation distributions are possible. These
correspond to the normal, (A)[Cr,]S4, and inverse (Cr)[ACr]S,
structure types, where parentheses and square brackets
respectively represent tetrahedral and octahedral sites in the
spinel structure and octahedral sites in the vacancy and fully
occupied layers in the Cr3S; structure. The chromium
thiospinels ACr,S, have been extensively studied,! owing to
the combination of semiconducting behaviour and strong
ferromagnetism (A=Cd)® or ferrimagnetism (A=Mn, Fe,
Co)*> which they exhibit, and the influence of magnetic
ordering on the resistivity behaviour has been investigated.®
The recent observation of colossal magnetoresistance (CMR)
has led to renewed interest in these materials.”

In the spinel structure 1/3 of the cations reside at tetrahedral
sites, whilst in the Cr3S, structure all cations are octahedrally
coordinated. The latter form therefore has a higher density,
and hence thiospinels should undergo a phase transition to a
Cr;S, phase at high pressure. It has been shown that heating
ACr,S4 (A =Mn, Fe, Co) spinels at elevated temperatures and
pressures allows isolation of CrzS4 phases by rapid quench-

ing.#'° This structural transformation is accompanied by a
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semiconductor to metal transition'' as well as by changes in
magnetic properties.'”> While the thiospinels show a large
increase in the magnetisation below room temperature, the
Cr3S; phases exhibit low magnetisation, which is weakly
temperature dependent. In the chromium thiospinels with
A=Fe, Co, the A?" and Cr’* sublattices are aligned
antiparallel since the A—Cr interaction is much stronger than
the A—A or Cr—Cr interactions.’ This gives rise to ferrimagnetic
behaviour. Detailed studies on the magnetic structures of
ACr,S4 (A=Co, Fe, Mn) with the Cr;S, structure have not
been carried out, owing to the difficulties in maintaining these
phases at ambient pressure. Magnetisation measurements
suggest they exhibit a complex magnetic structure similar to
that of NiCr,S,, in which both ferromagnetic and antiferro-
magnetic Cr—Cr interactions are present.'?

The pressure and temperature required to effect the spinel to
Cr;S, transformation decrease from Mn to Co until,’ at
NiCr,S,, the Cr3S4 phase is stable at ambient temperature and
pressure. In an effort to produce materials in which the spinel to
NiAs transition may be effected by modest temperatures and
pressures, we have studied the solid solution behaviour between
CoCr,S4 and NiCr,S,, through preparation of materials of the
general formula Co;_ Ni,Cr,S; (0<x<1). Previous studies of
nickel-substituted thiospinels suggest that the spinel phase is
stable over a relatively limited range of composition.!**
However, the physical properties of these systems have not
been studied in detail, and doped phases with the Cr3S, structure
have not been reported. In this work, we present a study of the
phase behaviour in the series Co;_,Ni,Cr,S4 over the composi-
tion range 0<x<1, together with structural, magnetic and
transport properties of the single-phase materials. In situ high
pressure and temperature powder neutron diffraction measure-
ments will be carried out shortly to investigate the transforma-
tion of the mixed Co;_,Ni,Cr,S, spinels to Cr3S4-type phases.

Experimental

Materials were synthesised from the elements at elevated
temperatures. Mixtures of cobalt (Strem chemicals, 99.8%),
nickel (Aldrich, 99.99%), chromium (Aldrich, 99+%), and
sulfur (Aldrich, 99.98%) with the appropriate stoichiometry
were ground in an agate mortar prior to sealing into evacuated
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Table 1 Results of thermogravimetry and atomic absorption analysis for the single-phase materials

Expected Experimental

Nominal Nominal Ni  Experimental Ni Nominal Cr Experimental Cr TGA weight TGA weight  Experimental

composition content (%)  content (%) content (%)  content (%) loss (%) loss (%) composition

COo_gNio_lcrzs4 2.02 204(5) 35.7 357(20) 22.07 2169(2) COo_glNi0_10Cr1_9983_96
COO.gNi0.2Cr254 4.03 397(10) 35.7 357(20) 22.07 21 59(2) COO.gzNi()‘Q()Cr] .9383495
C00‘7Ni0‘3Cr254 6.05 612(1 1) 35.7 344(1 9) 22.07 2246(2) C00‘76Ni0A30Cr1‘94S4A04
CO()»(,SNi()_35Crzs4 7.06 716(12) 35.7 350(20) 22.07 2138(2) CO()»7()Ni()_35Cr1»9583_93
C00.15Ni0.85Cr283.93 17.3 1676(28) 36.0 344(19) 21.47 2195(2) C00,24Ni0,33Cr1'93S3,99
COQ_]Nio_gcr'_;S}_g} 18.3 1780(30) 36.0 337(19) 21.47 2224(2) COO'zzNi_O_ggcrl_ggs“_o
CO()_()5Ni()_g5Cr253_93 19.3 1964(5) 36.0 350(20) 21.47 2180(2) CO()»()gNi()_97CI‘1»95S3_97

(<107 * Torr) silica tubes. Materials with high nickel contents
(x=0.5) were prepared with a slight deficiency of sulfur,
corresponding to a composition of Co;_Ni,Cr,S393, as
previous studies have shown that the phase range of the
Cr3S4 structure does not extend to the fully stoichiometric
composition.'> Mixtures were fired at 800—1000 °C for a period
of between 7 and 13 days with intermediate regrinding.
Samples were cooled at 4°C min~"' to 300 °C prior to removal
from the furnace.

Reaction progress was monitored by powder X-ray diffraction
using a Philips PA2000 diffractometer with nickel-filtered Cu-K,
radiation (1= 1.5418 A). The nickel and chromium content of the
samples was determined by atomic absorption spectroscopy using
an Instrumental Laboratories SII atomic absorption spectro-
meter. The sulfur content was determined thermogravimetrically
by oxidation in a flow of dry oxygen on a Du Pont Instruments
951 thermogravimetric analyzer. The cobalt content was obtained
by difference. Time-of-flight powder neutron diffraction data
were collected at room temperature on the Polaris diffractometer
at ISIS, Rutherford Appleton Laboratory. In each case, data were
collected on ca. 3 g of sample contained in thin-walled vanadium
cans. Initial data manipulation and reduction was carried out
using Genie'® spectrum manipulation software. Neutron diffrac-
tion data, from the highest resolution backscattering bank of
detectors (20=145°), were summed and normalised for subse-
quent use in Rietveld refinement using the GSAS package.'” The
electrical resistance of the samples as a function of temperature
was measured using the 4-probe DC technique. An ingot
(r6x3x1 mm) was cut from a sintered pellet, four 50 um
silver wires were attached using colloidal silver paint and
connections were made to a HP34401A multimeter. The sample
was mounted in an Oxford Instruments CF1200 cryostat
connected to an ITC502 temperature controller. Measurements
were carried out over the temperature range 77 <7/K <300.
Magnetic measurements were performed using a Quantum
Design MPMS2 SQUID susceptometer. Samples were loaded
into gelatin capsules at room temperature and data were collected
over the temperature range 5< 7/K <300, both after cooling in
zero applied field (zfc) and in the measuring field (fc) of
1000 G. Data were corrected for the diamagnetism of the gelatin
capsule. For materials with x <0.35, magnetisation was measured
as a function of the field at 5 K, over the field range 0< H/
G <10000.

Results

Powder X-ray diffraction demonstrated that in the composi-
tion range 0<x<0.35 single-phase materials with the spinel
structure are observed, whilst in the composition range
0.85<x<1.0 single phase materials with a Cr3S4 structure
type are found. At compositions between these two single-
phase regions, spinel and Cr;S, type materials coexist. The
results of the chemical analysis for the single-phase materials
are shown in Table 1. Data are in good agreement with the
stoichiometry of the initial reaction mixtures.

Rietveld refinements using powder neutron diffraction data
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were initiated in the space group Fd3m for materials with the
spinel structure and in the space group /2/m for materials with
the Cr3S, structure. Atomic coordinates previously determined
for CoCr,S,4'® and NiCr,S,'” were used for the initial structural
models. Cation distributions corresponding to both normal
and inverse spinel structures were considered. The background
of the neutron profile was modelled with a power series in
0?"In! and the peak shape was described by a convolution of a
pseudo-Voigt with an exponential function. Data in the region
2.10-2.16 A were excluded from the structural refinements
owing to the presence of the (110) reflection of vanadium
(deare=2.14 A), which is instrumental in origin. Representative
final observed, calculated and difference profiles for materials
with the spinel and the Cr3Sy4 structures are shown in Fig. 1.
Structural refinements for other compositions are of similar
quality (Ry,=1.2-2%). The refined atomic parameters for
materials with the spinel structure are given in Table 2, while
those for materials with the Cr3S,; structure are given in
Table 3. For both single-phase regions lattice parameters and
the unit cell volume decrease with increasing Ni content. A
decrease in the unit cell volume of ca. 8% occurs on going from
the spinel single-phase region to the Cr;S, single-phase region.
Selected bond lengths and angles are presented in Tables 4 and
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Fig. 1 Observed (crosses), calculated (upper full line) and difference
(lower full line) powder neutron diffraction profiles for (a) the spinel-
type Cog7Nip3Cr,Ss and (b) CrsSy; type Cog1NigoCr,S4 phases.
Reflection positions are marked.



Table 2 Refined parameters for materials Co,_,Ni,Cr,S, with the spinel structure (space group Fd3m) over the composition range 0 <x<0.35.
Parentheses and square brackets represent tetrahedral and octahedral sites respectively

X
0.0 0.1 0.2 0.3 0.35
alA 9.91792(3) 9.91791(3) 9.91404(2) 9.90414(2) 9.90112(4)
(M) SOF’ Co 1.0 0.9 0.8 0.7 0.65
SOF’ Ni 0 0.1 0.2 0.3 0.35
BIA’ 0.63(1) 0.622(8) 0.669(7) 0.666(7) 0.74(1)
[Cr] BIA? 0.47(2) 0.442(8) 0.458(8) 0.485(8) 0.47(1)
S X 0.2585(3) 0.2585(2) 0.2584(2) 0.2583(2) 0.2583(3)
BIA? 0.59(2) 0.542(8) 0.550(8) 0.564(8) 0.59(1)
Ryp (%) 2.0 1.4 1.3 1.2 1.8
e 1.5 13 1.3 1.2 2.1

“M) in 8(a): (1/8,1/8,1/8); [Cr] in 16(d): (1/2,1/2,1/2) and S in 32(e): (x,x,x). bSOF: Site occupancy factor.

5. Polyhedral volumes were calculated with the program
Volcal.?*

The resistivity (p) of non-stoichiometric materials with the
spinel structure exhibits a strong temperature dependence
(Fig. 2). The negative slope dp/dT indicates semiconducting
behaviour, although the temperature dependence of the
resistivity does not follow an Arrhenius law. With increasing
nickel content, the resistivity at a given temperature decreases,
and in the composition range 0.2 <x<0.35 the resistivity at
80K is only 2% of the value for CoCr,S; at the same
temperature. In the composition range 0 <x<0.2 a change in
slope of In p vs. 1/T occurs over a temperature range in the
region of the magnetic ordering temperature (Fig. 3a). Similar
behaviour has previously been reported for p-type polycrystal-
line CoCr,S4.2" In the composition range 0.2 < x <0.35 plots of
Inp vs. T~'* are linear over a wide temperature range,
consistent with a variable range hopping conduction mechan-
ism (Fig. 3b). Non-stoichiometric single-phase materials with
the Cr3S, structure are semiconductors with a weak tempera-
ture dependence (Fig. 4). Plots of In p vs. 1/T are linear over the
temperature range 77 <7/K <200, indicating Arrhenius-like
behaviour. The activation energies derived from these plots are
given in Table 6. These values are comparable to those reported
for NiCr,S4 below the magnetic ordering temperature.?

Materials with the two structure types exhibit contrasting
magnetic behaviour (Fig.5). The thiospinels (0<x<0.35)

Table 3 Refined parameters for materials Co;_,Ni,Cr,S; with the
Crs3S4 structure (space group I2/m) over the composition range
0.85<x<1. Parentheses and square brackets represent octahedral
sites in the vacancy and fully occupied layers respectively

X
0.85 0.90 0.95
alA 5.90290(6) 5.90015(5) 5.89997(5)
blIA 3.41133(3) 3.41171(3) 3.41189(3)
dA 11.0901(1) 11.08912(9)  11.08990(9)
B 91.272(1) 91.303(1) 91.332(1)
(M) SOF” Ni 0.85 0.90 0.95
SOF” Co 0.15 0.10 0.05
BIA? 0.679(9) 0.711(9) 0.707(9)
[C1] X —0.0205(1) —0.0204(1) —0.0200(1)
z 0.26128(7) 0.26148(6) 0.26173(7)
BIA? 0.40(1) 0.37(1) 0.34(1)
S(1) X 0.3420(2) 0.3424(2) 0.3426(2)
z 0.36526(9) 0.36541(9) 0.36524(9)
BIA? 0.33(1) 0.33(1) 0.32(1)
S(2) X 0.3296(2) 0.3300(2) 0.3297(2)
z 0.88092(8) 0.88089(8) 0.88100(8)
BIA? 0.35(1) 0.38(1) 0.35(1)
Ryp (%) 1.2 13 1.5
P 2.1 23 29

“M) in 2(a): (0,0,0); [Cr], S(1) and S(2) in 4(i): (x,0,z). "SOF: Site
occupancy factor.

show a large increase in the magnetisation at temperatures
below 250 K. The appearance of the ¢(7) curves is similar to
that reported previously for CoCr,S,, which is a ferrimagnet
with Tca~240K.> The magnetic ordering temperatures,
determined by extrapolation of the steepest slope of the
magnetisation curve to zero magnetisation, increase slightly
with increasing nickel content. The magnetisation as a function
of the applied field at 5 K for the doped thiospinels is presented
in Fig. 6. The saturation magnetisation was determined by
extrapolation to infinite field in the plots of magnetisation vs.
1/H. The derived magnetic parameters are given in Table 7. The
magnetisation of materials with the Cr3S, structure exhibits a
weak temperature dependence. In the composition range
0.85<x<1, fc and zfc curves overlie each other completely,
and the magnetisation over the temperature range 200< 7/
K <300 is almost independent of temperature. With decreasing
temperature, the magnetisation reaches a minimum value at ca.
110 K, and then increases as the temperature decreases further.
Data in the high temperature region could not be fitted using a
Curie—Weiss law. The form of these curves is similar to that
previously reported for NiCr,S4,>> which orders magnetically
at 180 K.***> Although X-ray and neutron diffraction data
suggest that the material Cog 5NiggsCr,Sy is a single phase
with the Cr3S4 structure, magnetisation data are consistent
with the presence of trace amounts (ca. 0.1%) of a thiospinel
phase, which is below the limits of detection by powder
diffraction methods.

Discussion

The solid-solution behaviour observed in the nickel-doped
thiospinels is in agreement with previous reports,'> and
comparable to that of A;_.Ni,Cr,S; with A=Mn, Fe,
Zn."*'* The relatively narrow range of solubility of Ni** in
the thiospinels has been attributed to the strong preference of
this cation for the octahedral sites,® which combined with the
strong octahedral preference of Cr**, would stabilise the Cr;S4
structure containing only octahedral cation sites. The solid
solution range for the Cr3S, type materials in Co;— Ni,Cr,S, is
even narrower, but comparable to that observed in Cr;_,A,S,
(A=Mn, Fe, Co) when the materials were cooled slowly.?’
However, in the latter system quenching of the samples from
1000 °C gives rise to a remarkable increase in the amount of A
cations incorporated into the Cr;S, phase. In particular, for
Cr;-,Co,S, less than 10 mol% of Co can be incorporated when
the samples are slowly cooled, while a solubility of ca. 50% is
achieved by quenching from 1000 °C. A similar behaviour in
the system Co;_ ,Ni Cr,S,; cannot be excluded.

Previous neutron diffraction studies of stoichiometric
ACr,S, thiospinels (A =Mn, Fe, Co)'® have shown that they
exhibit the normal structure type, as a consequence of the
strong octahedral preference of Cr**. The cation distribution
of nickel-doped thiospinels has never been investigated, and
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Table 4 Selected distances (A) and angles (°) for Co,_,Ni,Cr,S, compositions with the spinel structure. Parentheses and square brackets represent

tetrahedral and octahedral sites respectively

X

0.0 0.1 0.2 0.3 0.35
(M)-S 2.2932(5) x 4 2.2929(4) x 4 2.2908(4) x 4 2.2859(4) x 4 2.2863(6) x 4
[Cr]-S 2.3982(3) x 6 2.3983(2) x 6 2.3981(2) x 6 2.3971(2) x 6 2.3957(3) % 6
[Cr]Cr] 3.50651(1)x 6 3.50651(1) x 6 3.50514(1) x 6 3.50164(1) x 6 3.50057(1) x 6
S-(M)-S 109.471(-) x 6 109.471(-) x 6 109.471(-) x 6 109.471(-) x 6 109.471(-) x 6
S-[Cr]-S 85.91(2)x 6 85.91(1) x 6 85.95(1) % 6 86.03(1) x 6 85.99(2) x 6

94.09(2) x 6 94.09(1) x 6 94.05(1) % 6 93.97(1)x 6 94.01(2) x 6

given the preference of Ni*t for octahedral sites, these
materials could exhibit a partially inverted structure. However,
for the nickel-doped thiospinels prepared in this work,
structural models with Ni in the octahedral sites and Cr in
the tetrahedral sites resulted in Rietveld refinements with
significantly higher R, factors than the structural model based
on a normal structure. Subsequent refinement of Ni and Cr site
occupancy factors at both sites, with the constraint that overall
stoichiometry was maintained, resulted in site occupancy
factors close to zero for Cr on the tetrahedral sites and for
Ni on the octahedral site. Therefore, it can be concluded that
these materials also exhibit the normal structure type. Ordering
of the A cations on the tetrahedral sites, which lowers the space
group from Fd3m to F43m, has been reported for some
chromium thiospinels such as CugsFegsCr,Sys and
Cuy sIng sCr»S4.1"?® However, no ordering of the Ni and Co
cations was observed in the system Co;_ Ni,Cr,Sy. For the
single-phase materials with the Cr;S,; structure, structural
refinements in which Ni and Cr were allowed to occupy both
layers, with the constraint that overall stoichiometry was
maintained, resulted in ca. 3% of Cr cations in the vacancy
layer. In spite of this, no significant improvement in the
goodness of fit indicator was observed. Therefore, Cr3S4-type
materials exhibit a structure of the normal type. The cation
distribution of these samples differs slightly from that of
NiCr,S,4 determined previously, in which ca. 15% of Cr cations
reside in the vacancy layer.”” A high temperature neutron

Table 5 Selected distances (A) and angles (°) for Co;_,Ni,Cr;S4
compositions with the Cr;S, structure. Parentheses and square brackets
represent octahedral sites in the vacancy and fully occupied layers
respectively

X
Bonds 0.85 0.90 0.95
(M)-S(1) 2.4393(7) x 4 2.4370(7) x 4 2.4376(7) x 4
(M)-S(2) 2.376(1) x 2 2.377(1)x 2 2.376(1)x 2
Mean (M)-S 2.42 242 242
[Cr]-S(1) 2.408(1) 2.408(1) 2.404(1)
2.4606(9) x 2 2.4616(8) x 2 2.4612(9) x 2
[Cr]-S(2) 2.385(1) 2.387(1) 2.389(1)
2.3463(9) x 2 2.3444(9) x 2 2.3452(9) x 2
Mean [C1]-S 2.40 2.40 2.40
(M)-[Cr] 2.9029(7) x 2 2.9048(7) x 2 2.9077(7) x 2
[Cr]-[Ct] 3.207(1) x 2 3.207(1) x 2 3.211(1) x 2
3411333) %2 3411713)x2  3.41189(3) x 2
3.634(1) x 2 3.632(1) x 2 3.629(1) x 2
S(H)-(M)-S(1)  88.73(3) x 2 88.85(3) x 2 88.83(3) x 2
91.27(3) x 2 91.148(3) x 2 91.17(3) x 2
S(1)(M)-S(2)  88.06(3) x 4 88.03(2) x 4 87.97(3) x 4
91.94(3) x 4 91.97(3) x 4 92.03(3) x 4
S()-[Cr]-S(1)  83.45(4)x 2 83.54(4) x 2 83.54(4) x 2
87.77(4) 87.74(4) 87.76(4)
S()-[Cr-S(2)  94.10(4) x 2 94.12(3) x 2 94.28(4) x 2
87.36(4) x 2 87.24(3) x 2 87.13(3) x 2
89.44(2) x 2 89.41(2) x 2 89.42(3) x 2
S(2)-[Cr-S(2)  94.66(3) x 2 94.66(3) x 2 94.61(3) x 2
93.27(5) 93.38(5) 93.34(5)
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diffraction study of this material demonstrated that the cation
distribution is dependent on the preparation conditions, in
particular the cooling rate.”

In the spinel phase region, with increasing Ni content the
cubic unit cell parameter is reduced relative to that of CoCr;S,.
This is in agreement with expectations based on the magnitude
of the respective ionic radii (rco=0.58 A, rni=0.55 A).30 The
metal-sulfur distances also decrease with increasing Ni content.
This reduction is more pronounced for the tetrahedral A-S
distances than for the octahedral Cr-S distances, as expected
for nickel substitution on the tetrahedral site. As a conse-
quence, the volume of the Cr-centred octahedra decreases by
only ca. 0.2% in the single-phase region while the volume of the
tetrahedra falls by ca. 1%. This behaviour is in accord with
studies on ternary chromium thiospinels ACr,S; (A =transi-
tion metal), which have found that the Cr-S distances are
practically independent of A, with the exception of the Cu
compound.' This is reflected in the different transport proper-
ties exhibited by the latter material.*! The lattice parameters
determined for the Cr;S;-type phases are similar to those of
isostructural materials, such as Cr;S;'> or NiCr,S,.'°> With
increasing Co content the unit cell volume increases, owing to
the larger ionic radii of the Co®" cation. Calculations of the
volume of the octahedra show that whilst the volume of the Cr-
centred octahedra (in the fully occupied layer) remains
constant, that of the A-site (in the vacancy layer) increases
to accommodate the larger Co cations.

One-electron one-molecule energy level diagrams for AB,S,
materials with the spinel®> and CrsS,> structures show that
metallic behaviour can result from direct overlap of the t5,
orbitals, or from the formation of partially filled narrow energy
bands of antibonding oa or op states, produced by covalent
mixing of cation d states and anion s and p states. In ACr,S,
materials, the Cr—Cr distances are always larger than R, the
critical distance for t,, direct orbital overlap, leading to
localisation of the t,, states. However the vacant e, states of the
Cr’* ions are broadened into oy’ -band states. Goodenough
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Fig. 2 Temperature dependence of the electrical resistivity for
Co;_,Ni,Cr,S,; materials with the spinel structure.
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Fig. 3 (a) Arrhenius plot for thiospinels over the composition range
0<x<0.2 and (b) T "* dependence of In p for materials over the
composition range 0.2<x<0.35. The straight lines are the fit to a
variable range hopping expression.

has shown that in CoCr,S, the tetrahedral site Co>" can be
described by a ligand-field model,** in which both t,, and e,
states are localised, leading to semiconducting behaviour.
Substitution of Co by Ni will introduce electrons in localised
states and consequently the non-stoichiometric materials will
remain semiconducting. For the other end-member (NiCr,S,),
the octahedral site Ni>* can also be described by a ligand-field
model, but the covalent mixing parameter A, is close to the
critical value, A, required for the formation of 64 -band states.
As a consequence, the activation energy for electron transport
is small and NiCr,S, is a low-activation-energy semiconductor.
As both the e, and t,, levels are localised, substitution of Ni by
Co will introduce holes in localised energy levels, and therefore
no changes in the transport properties should be expected.

Although the rigid band model can explain why the nickel-
doped thiospinels remain semiconducting, it cannot explain the
marked reduction in resistivity observed in the composition
range 0.2<x<0.35 nor the change in the temperature
dependence, which follows a variable-range-hopping conduc-
tion mechanism in this composition range. The decrease in
resistivity suggests that with increasing Ni content the materials
are approaching an insulator-metal boundary, while the
variable-range hopping behaviour indicates that the substitu-
tional disorder on the tetrahedral sites plays an important role
in the transport mechanism.

The magnetic behaviour of CoCr,S, has been interpreted in
terms of ferrimagnetism in which the Co®* spins on the
tetrahedral sites are coupled antiparallel to the Cr** spins on
the octahedral sites in a collinear Néel configuration.® The

p/mQ cm

In( p/C2 cm)

v T T T
0004 0006 0.(;(3 0010 0012
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Fig. 4 Temperature dependence of the electrical resistivity for
Co;_,Ni,Cr,S4 materials with the Cr3Sy structure: (a) resistivity as a
function of temperature; (b) Arrhenius plot showing the linear fits to
data below the magnetic ordering temperature.

saturated moment per molecule extrapolated to 0 K has been
estimated by several authors to be in the range 2.4-2.5 ug.!
Gibart er al® have determined that the g-factor for the
tetrahedral Co®™ ions is 2.3-2.38, and as a result the Co®>™ ions
have a moment of 3.45-3.57 ug, which opposes a moment of
6 up on the Cr** ions. This gives a resultant moment of 2.55—
243 ug, in good agreement with the values determined
experimentally. Substitution by Ni at the tetrahedral sites
will decrease the moment on the tetrahedral site by ca. 0.1 ug
for every 0.1 step in x, leading to a comparable increase in the
resultant saturated moment. The saturation magnetisation
values determined for the Co;_,Ni,Cr,S; spinel phases
(Table 7) appear to be approximately in accord with this,
although a slight decrease in the moment is observed for
x=0.20.

In the magnetisation curves of the doped thiospinels (Fig. 6),
a change in the behaviour at low fields can be observed for the
material with the highest doping level (x=0.35). This suggests
that in this case the magnetic ground state differs from that of
CoCr,S,. In the spinels ACry X4 (X=0, S, Se) there are three
types of Cr-Cr magnetic interactions: an antiferromagnetic

Table 6 Activation energies derived from the Arrhenius plots for
materials with the Cr3S, structure. The activation energy for NiCr,S,
below the magnetic ordering temperature was taken from ref. 25

Composition E/1073 eV
NiCr,Sy 2.12(2)
C00.05Nig.95Cr2S4 5.393)
C0y.10Nig.90Cr2S4 4.69(3)
Co0.15Nig.g5CraS4 6.02(2)
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Fig. 5 Temperature dependence of the zero-field cooled (solid squares)
and field-cooled (open circles) magnetisation per gram (g) for
representative single-phase Co;_,Ni,Cr,S; materials: (a) with the
spinel structure (Cog7Nip3CrS4); and (b) the CrsS; structure
(Co0.1Nig 9Cr2Sy).

exchange interaction caused by the direct overlap of the Cr’™"
ions, a ferromagnetic Cr—X-Cr superexchange interaction and
an antiferromagnetic Cr—X-X-Cr interaction. In the oxyspi-
nels the antiferromagnetic Cr—Cr interaction predominates, but
in sulfides the Cr—Cr distances are larger and therefore the
superexchange interactions become predominant. A molecular
field analysis of the magnetic data of CoCr,S,> concluded that
the dominant exchange interaction in this material is that
between Cr’ ™ and Co”™, which is negative, while the Cr—Cr
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Fig. 6 Magnetisation as a function of field for Co;_.Ni,Cr,S,
materials with the spinel structure (0.1 <x<0.35) at 5 K.
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Table 7 Curie temperature and saturation magnetisation at 5 K for the
thiospinels Co;_,Ni,Cr,S4 with 0<x<0.35

Composition Tc/K Saturation magnetisation/ug
CoCr,S4 230(10) —

COO.()NiO.]Crzség 230(5) 2412(5)

Coy gNig,CrSy 233(5) 2.361(5)

C00.7Ni0.3CrZS4 236(5) 2603(6)

C00‘65Ni0A35CrZS4 240(5) 2613(6)

interaction is very weak. This is caused by the competition
between positive Cr—X-Cr and negative Cr—X—X-Cr interac-
tions. A slight change in the relative magnitude of these
interactions could give rise to a spiral ground state, such as
those observed in ZnCr,Se,>* or in the metamagnet HgCr2S4.35
The magnetisation as a function of temperature for materials
with the Cr3S, structure is very similar to that of NiCr,S4, and
suggests that these materials have the same magnetic structure.
This can be described in terms of ferromagnetic sheets parallel
to the (101) planes, which in turn are coupled antiferromagne-
tically which respect to each other.?**’
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