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The normal thiospinel CuIr2S4 exhibits a temperature-induced metal-insulator (M -I ) transition around 230
K with structural transformation, showing hysteresis on heating and cooling. The symmetry changes from a
high-temperature cubic phase in a metallic state to low-temperature tetragonal phase in an insulating state. A
significant characteristic feature is the absence of localized magnetic moment belowTM2I . On the other hand,
NiIr 2S4 remains metallic down to 4.2 K without the structural transformation. We have systematically studied
the structural transformation and electrical and magnetic properties of Cu12xNixIr2S4. The variation of the
metal-insulator transition with Ni concentrationx is presented. A phase diagram betweenTM -I andx will be
provided for the Cu12xNixIr2S4 system. TheTM -I varies drastically from 226 to 88 K withx from 0.00 to 0.13
and disappears aroundx50.15. For 0.08<x<0.13, the cubic and tetragonal phases coexist belowTM -I . For a
high-temperature metallic phase, the value of the Pauli paramagnetic susceptibility increases monotonically
with x, which showsdD(«)/d«,0 at the Fermi energy«F , through the decrease of the free-electron number
density, whereD(«) is the electronic density-of-state on the basis of a nearly free-electron model. By the
introduction of a Ni ion to theA-site of CuIr2S4 in the spinel structure, whether the localized magnetic moment
below TM -I arises or not will be discussed.

DOI: 10.1103/PhysRevB.64.075106 PACS number~s!: 71.30.1h, 75.50.2y, 61.10.2i, 72.80.Ga

I. INTRODUCTION

Chalcogenide copper thiospinels have a large variety of
physical properties. In particular, much of research for the
metal-insulator transition in CuIr2S4 has been extensively
done in the last decade.1–21 Sulfides CuIr2S4 and NiIr2S4
have a cubic normal spinel structure. Cu and Ni ions occupy
theA ~tetrahedral! sites and Ir ions occupy theB ~octahedral!
sites. CuIr2S4 exhibits a temperature-induced metal-insulator
(M -I ) transition around 230 K with structural transforma-
tion, showing hysteresis on heating and cooling. With de-
creasing temperature, a symmetry changes from cubic to te-
tragonal symmetry, accompanying an alteration from the
Pauli paramagnetism in high-temperature metallic state to
diamagnetism due to the atomic core orbital in the insulating
state. Detailed structural analysis of the low-temperature
phase has been done by Ishibashiet al.22,23 The majority of
electrical carriers in the semiconductive~insulating! phase is
holes, which is confirmed by Hall-effect measurements.24,25

The photoemission26 and Cu nuclear-magnetic-resonance
~NMR! measurements27 have verified that Cu ion has a
monovalent state of Cu1 in the low-temperature insulating
state. On the basis of the simple ionic picture, therefore, the
driving force of cooperative Jahn-Teller distortion by Cu21

ions disappears. Consequently, the Jahn-Teller distortion ef-
fect based on the ionic picture, is not the main cause for the
structural transformation in CuIr2S4, however, we do not ex-
clude a band Jahn-Teller effect, which gives rise to theM -I
transition.4 Many Cu-NMR measurements have been
made.28–33

On the other hand, NiIr2S4 does not indicate anyM -I
transition, nor the structural transformation. NiIr2S4 remains

metallic down to 4.2 K without anomalous behavior. It is an
important subject to investigate the variation of physical
properties for theM -I transition by substitution of Ni for Cu.
We expect that the gradual changes ofM -I transition can be
observed by this chemical modification with a variation of
the number ofd electrons. The clarification of the origin and
mechanism of theM -I transition may germinate from these
variations. Furthermore, the superconducting state has re-
cently been discovered for the new system of
Cu12xZnxIr2S4.34,35 This Zn-substitution system is the first
example for theA-site substitution.

The present investigation of a Ni-substitution system is
the second example for theA-site substitution. From the
viewpoint of comparison between the number ofd electrons
in CuIr2S4, this Ni system is deficient, on the contrary, the
Zn system is excessive ind electron number. We have suc-
cessfully synthesized the specimens of Cu12xNixIr2S4 and
carried out a systematic experimental study of structural,
electrical, and magnetic properties of Cu12xNixIr2S4. The
increase of Ni concentrationx leads to a remarkable change
in the magnetic and electrical features. In particular, the char-
acteristic variation has been observed in the magnetic behav-
ior for the Cu-rich concentration region 0.05,x,0.15. A
phase diagram between temperatureT and Ni concentrationx
has been provided experimentally for the system of
Cu12xNixIr2S4. Other substituted systems have been exten-
sively investigated.36–41

II. EXPERIMENTAL METHODS

The polycrystalline specimens were prepared by a direct
solid-state reaction. Mixtures of high-purity fine powders of
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Cu ~purity 99.99 %!, Ni ~99.99 %!, Ir ~99.99 %!, and S
~99.999 %! with nominal stoichiometry, were heated in
sealed quartz tubes to 1123 K and kept at this temperature for
10 days. The resultant powder specimens were reground and
pressed to rectangular bars and then were heated to 1123 K
for 2 days. Since it was harder to prepare the high-purity
specimens for higher Ni concentrationx.0.40, they were
obtained by repeating this process several times. A pure
NiIr 2S4 sample was obtained by heating to 1423 K for 3
days. The identification of the crystal structure and the deter-
mination of the lattice constants were carried out by the pow-

der x-ray diffraction method using CuKa radiation from
room temperature to 10 K. Low-temperature x-ray experi-
ments down to 10 K were attained by a closed-cycle helium
refrigerator.

The resistivityr of sintered specimens with dimensions
of about 232310 mm3 was measured by a standard dc
four-probe method over a temperature range of 4.2 K to
room temperature. Silver paste was used to fabricate elec-
trodes. The dc magnetic susceptibilityx of powder speci-
mens was measured with a quantum design rf superconduct-
ing quantum interference device magnetometer over a range

FIG. 1. The lattice constanta as a function of Ni concentration
x at room temperature.

FIG. 2. Temperature dependence of electrical resistivityr for
sintered specimens Cu12xNixIr2S4 for 0.00<x<0.15.

FIG. 3. Temperature dependence of electrical resistivityr for
sintered specimens Cu12xNixIr2S4 for 0.15<x<1.00.

FIG. 4. Magnetic susceptibility vs temperature of
Cu12xNixIr2S4 for 0.00<x<0.15. The applied magnetic field is
10.000 kOe.
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of 4.2<T<300 K at intervals of 5 K in an applied magnetic
field of 10 kOe.

III. RESULTS AND DISCUSSION

A. Variation of metal-insulator transition in Cu 1ÀxNixIr 2S4

Powder x-ray diffraction patterns at room temperature
confirm that Cu12xNixIr2S4 has the normal spinel-type struc-
ture in all the Ni-concentration range, although a small
amount of impurities was found in a rather higher Ni-
concentration region. The value of lattice constanta varies
from 9.847 Å for x50.00 to 9.754 Å and forx51.00 at
room temperature, as shown in Fig. 1.

Figures 2 and 3 show the temperature dependence of elec-
trical resistivity for the sintered specimens in the Cu-rich
region (0.00<x<0.15) and the higherx region of 0.15<x.
The resistivity of CuIr2S4, drops abruptly by nearly three
orders of magnitude around 230 K with temperature hyster-
esis. With increasing Ni concentrationx, the M -I transition
temperatureTM -I decreases steeply and the height of the
jump atTM -I becomes smaller. The temperature dependence
of the resistivity belowTM -I changes gradually from the
semiconductive behavior to metallic one. Abovex50.15,
simple metallic behavior is observed without the sharp jump
in the resistivity, as can be seen in Fig. 3. It is hard to judge
the concentration dependence of the absolute magnitude of
the resistivity because of the somewhat experimental uncer-
tainty due to the filling density of the sintered specimens.

Figures 4 and 5 show the temperature dependence of
magnetic susceptibility for the powder specimens in the two
Ni-concentration regions of 0.00<x<0.15, and the higherx
region of 0.15<x<1.00. The value ofx is obtained by di-
viding the magnetizationM by the applied magnetic fieldH.
Measurements were carried out on warming and cooling at a
constant applied magnetic field of 10 kOe. TheTM -I in the
resistivity corresponds exactly to the steplike anomaly of the
susceptibility. With increasing Ni concentrationx, the tem-
perature dependence of the susceptibility becomes steeper
below TM -I as seen in Fig. 4. Forx<0.18, the temperature
dependence of the susceptibility indicates no steplike

FIG. 5. Magnetic susceptibility vs temperature of
Cu12xNixIr2S4 for 0.15<x<1.00. The applied magnetic field is
10.000 kOe.

FIG. 6. Temperature dependence of the powder x-ray diffraction
pattern forx50.05 upon cooling. At 150 K, the only tetragonal
phase is detected.

FIG. 7. Temperature dependence of the powder x-ray diffraction
pattern forx50.08 upon cooling. It is noted that the coexistence of
the tetragonal and cubic phases is detected even at 10 K.
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anomaly. It should be noticed that the magnetic susceptibility
of CuIr2S4, in the low-temperature insulating phase, indi-
cates nonmagnetism except the small amount of the diamag-
netism. The diamagnetic susceptibility is due to atomic cores
and is estimated to be an order of 1024 emu mol21 for
Cu12xNixIr2S4 by using the Pascal additive law42 and this
order of magnitude is reasonable.

B. Structural transformation

Figure 6 shows the powder x-ray diffraction patterns of
the samplex50.05 at various temperatures nearTM -I . The
structural transformation is observed from cubic to tetragonal
symmetry with decreasing temperature. At 190 K, the dif-
fraction peaks can be indexed on the cubic symmetry with
the space groupFd3̄m. Between 170 and 180 K, the coex-
istence of the cubic and tetragonal symmetry can be mani-
festly seen, where two peaks from the cubic and three from
the tetragonal symmetry are overlapped in the region of dif-
fraction angle 29<2u<32°. One peak arises from the cubic
and two peaks from the tetragonal overlap in 35<2u<37°.
The diffraction peaks at 160 K are indexed on the tetragonal
symmetry with the space groupI41 /amd. The temperature
of structural transformation corresponds fairly well to the
midpoint of the abrupt increase in the resistivity, which also
coincides with that of the susceptibility.

Between 0.08<x<0.13, the temperature region in the co-
existence of the cubic and tetragonal phases spreads to the
lowest temperature of 10 K in our measurements as shown in
Fig. 7. The mol rate of mixing of the tetra and cubic phases
is evaluated in Table I by using the two phases Rietveld
analysis program~RIETAN!.43 The intensity of the tetragonal
phase decreases with increasingx, as shown in Table I,
which includes appreciable errors because of the overlapping
for the x-ray peaks. Figure 8 shows the concentration depen-
dence of diffraction patterns over a range of 0.00<x<0.15
at the constant temperature of 10 K. Specimens ofx50.00,
0.03, and 0.05 have almost tetragonal structure at 10 K. In
the concentration range of 0.08<x<0.13, there exist both
tetragonal and cubic phases. The specimen forx<0.15 has
only cubic phase. We speculate that this coexistence occurs
not in the macroscopic but in a rather microscopic scale and
that the phases mix homogeneously, each providing a perco-
lation system. This conjecture is indirectly supported by the
macroscopic results that the temperature dependence of the
resistivity and magnetic susceptibility vary not irregularly
but fairly smoothly over a wide concentration region.

The M -I transition temperatureTM -I of CuIr2S4 increases
under high pressure,2,5 which is unusual. The insulating
phase of CuIr2S4 is stabilized under pressure. This is con-
trary to the effect of pressure in most oxides that exhibitM -I

FIG. 8. X-ray diffraction pattern for 0.00<x<0.15 at 10 K over
the angle range of 28<2u<38°.

FIG. 9. Temperature dependence of the inverse susceptibility
(x2x0)215(M /H)21 for x50.05.

TABLE I. Mol fraction of tetragonal phase in the low-
temperature crystal structure forx<0.13. Betweenx50.08 and
0.13, the coexistence of the tetragonal and cubic phases is observed
on the basis of the x-ray Rietveld analysis.

x Mol fraction of Crystal
tetragonal phase~%! structure

0.03 100 Tetragonal
0.05 100
0.08 75–85 Cubic
0.10 55–65 plus
0.13 35–45 Tetragonal
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transition, including V2O3
44 and Fe3O4.45,46 In the Mott pic-

ture of theM -I transition, high pressure should increase the
electron orbital overlap, thus stabilizing the metallic state.

The Se substitution for sulfur, CuIr2(S12xSex)4,
expands the lattice and reduces the chemical pressure,
which could decreaseTM -I , as observed.12 On the
other hand, B-site cation substitution systems of
Cu(Ir12xTix)2S4,47 Cu(Ir12xCrx)2S4,14 Cu(Ir12xRhx)2S4,15

and Cu(Ir12xPtx)2S4
16 exhibit the decrease ofTM -I by sub-

stitution. Furthermore, theA-site cation substitution system
of Cu12xZnxIr2S4,34 also shows the decrease ofTM -I , as
observed of Cu12xNixIr2S4 in the present paper. In all the
cases of cation and anion substitution, the characteristics of
the decrease ofTM -I with the value ofx is the fairly same
manner as in the present paper. A common feature is that the
coexistence of cubic and tetragonal phases appear in the tem-
perature region aroundTM -I and this intermediate region ex-
pands progressively with the value ofx. Simple comparison
between the ionic volume for the substituted element and the
strength of chemical pressure~or the result of high pressure
measurements of CuIr2S4) is unreasonable, whereas the local
distortion and symmetry change by substitution is more sig-
nificant. Considerable emphasis was placed on the short-
range and local configuration.15

The global experimental aspects of these substituted sys-
tems for CuIr2S4 resemble fairly the general features of
‘‘martensitic transformation,’’ which occurs in steels, some
alloys, and also inorganic compounds without atom diffu-
sion. We adopt the concept of martensitic transformation for
the CuIr2S4 system. Hear, we point out one important result
of the hydrostatic pressure experiment for Cu–Al–Ni and
Ti–Ni alloys, which are well known as the martensitic trans-
formation. The transformation temperature of these alloys
increases linearly with increasing pressure,48 as observed in
CuIr2S4.2,5 The difference in volume, which isVm2Vp,
whereVm andVp are the volumes of martensite and parent
phases, respectively;Vm2Vp is negative (20.3%) for the
Cu–Al–Ni alloy.48 In the present compound CuIr2S4, the
martensite and parent phases correspond to the tetragonal
and cubic phases. The volume contraction of CuIr2S4 at the
structure transformation from cubic to tetragonal is 0.7%,

i.e., Vm2Vp is negative (20.7%).2 It should be noticed that
the direct comparison of pressure effect between CuIr2S4 and
the Invar alloy, which exhibits the martensitic transforma-
tion, is irrelevant because of the influence of a spontaneous
volume magnetostriction. We hope that analysis and discus-
sion on mechanical driving force, chemical driving force,
and/or electronic structure that induce the crystal transforma-
tion, will be made fruitful from the viewpoint of the ‘‘mar-
tensitic transformation.’’48

C. Relationship between the value of the effective magnetic
moment and the structural transformation

The x-ray Rietveld analysis at 10 K shows the mol frac-
tion of the tetragonal phase in Table I, where the about 40%
of the specimen exists as the tetragonal phase forx50.13. It
is postulated that the low-temperature tetragonal phase has

FIG. 10. A phase diagram of Cu12xNixIr2S4 for temperature vs
concentrationx. The solid circles indicate theM -I transition tem-
peratureTM -I . Two solid curves show the width of the temperature
hysteresis for theM -I transition, which corresponds fairly well to
the structural transformation; see the text.

TABLE II. Summary of the magnetic properties of Cu12xNixIr2S4 for x<0.13:~a! The value of effective
magnetic moment of the Ni ion, where it is assumed that all the Ni ions possess a localized moment.~b! The
value of the magnetic moment of the Ni ion, assuming that the Ni ion in only the tetragonal phase possesses
the localized moment and the Ni ion in the cubic phase does not have the localized moment.

Curie-Weiss law (T,TM -I)
~b!meff /Ni ion

x x0 C u ~a!meff /Ni ion ~for the Ni ion in only Crystal
~emu / mol f.u.! ~emu K/ mol f.u.! ~K! ~for all the Ni ion! the tetragonal phase! structure

0.00
0.03 20.56431024 1.33031022 25.87 1.88 1.88 Tetragonal
0.05 20.47431024 2.16531022 27.09 1.86 1.86
0.08 0.32631024 1.68031022 26.20 1.30 1.41–1.50 Cubic
0.10 20.07631024 0.783931022 23.90 0.792 0.98–1.07 plus
0.13 0.66131024 0.889531022 25.61 0.740 1.10–1.25 Tetragonal
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the insulating property and the low-temperature cubic phase
remains basically metallic, therefore, the localized magnetic
moment arises from the tetragonal phase only. Furthermore,
we assume that only the tetragonal phase Ni ion possesses a
localized magnetic moment. The magnetic susceptibility is
analyzed on the basis of the modified Curie-Weiss law,x
5x01C/(T2u), wherex0 is the temperature-independent
susceptibility,C is the Curie constant, andu is the Weiss
temperature. Figure 9 indicates an example of the result for
x50.05. Table I shows the summary of the experimental
results of the magnetic properties belowTM -I . It is hard to
draw a definite conclusion for the induced magnetic moment
that originates from the Ni substitution. Nevertheless, we can
interpret the Curie-type signal by an effective magnetic mo-
ment per Ni ion in the low-temperature tetragonal phase to
be s51/2 at best, having 2As(s11)51.73. The physical
meaning for this value is still uncertain at present.

The high-temperature cubic metallic phase shows Pauli
paramagnetism, i.e., basically no temperature dependence of
x(T) for all specimens. The susceptibility at 300 K in the
metallic state increases monotonically with the Ni concentra-
tion x, as can be seen in Figs. 4 and 5, where this tendency
continues up tox50.70, which is close to the limiting value
observed in the high purity of specimens. This experimental
result shows a trend opposite to that observed in the
Cu12xZnxIr2S4 system; see Ref. 34. The Zn substitution
leads to decreasing the magnitude of the susceptibility for the
high-temperature cubic phase. This characteristic difference
for the variation of the Pauli paramagnetism stands for the
derivative of the density-of-stateD(«) near the Fermi sur-
face with respect to negative electronic energy,dD(«)/d«
,0, on the basis of rigid-band model for a nearly free elec-
tron. We suggest that the hole occupation in the density-of-
states of CuIr2S4 goes up or down with Ni or Zn substitution
for Cu, respectively.

For x,0.15, the minimum value of the susceptibility at
just below theTM -I goes up systematically with increasingx.
This result reflects two factors, first the fraction of low-
temperature cubic phase increases withx, and second the
density-of-state in the metallic state increases withx owing
to the substitution of Ni, which is mentioned above.

In Fig. 5, the rapid increase in the susceptibility at low
temperatures may be due to the existence of the localized
spins at an impurity site or at other kinds of lattice imperfec-
tion. The experimental estimation for effective magnetic mo-

ment per Ni ion from the Curie-like behavior, gives the val-
ues to be 0.631, 0.637, 0.589, 0.495, and 0.286 forx50.20,
0.30, 0.40, 0.50, and 0.70, respectively. There is no indica-
tion of any systematic variation of the effective moment with
the value ofx. Then, there seems to be no intrinsic localized
magnetic moment in high-temperature cubic phase. Kang
et al. has presented electron paramagnetic resonance spectra
and the suggestion about the structural defect associated with
the rapid increase in the susceptibility at low
temperature,49–51 which is in agreement with our explana-
tion. The structure imperfection might come from the sulfur
nonstoichiometry. The influence of the sulfur nonstoichiom-
etry on theM -I transition in CuIr2S41y was investigated by
Somasundaramet al.38 The formal valence of Cu or Ir should
change as one varies the sulfur composition. Summarizing
the magnetic properties in Table II, it should be noted that
the numerical value of the effective magnetic moment in the
low-temperature phase includes an error from the unknown
quantity of the structural defects that carry a magnetic mo-
ment.

D. Phase diagram of Cu1ÀxNixIr 2S4

Figure 10 shows a phase diagram forT vs x, which sim-
plifies the rather complicated structural and electrical char-
acteristics in the system Cu12xNixIr2S4. Solid circles forx
,0.15 show the abruptM -I transition temperatureTM -I in
the resistivity and the susceptibility. ThisTM -I decreases lin-
early withx. For x50.15, the temperature dependence of the
resistivity varies with simple metallic behavior. TheM -I
transition is seen in the region of 0.00<x,0.15. The cubic
phase at high temperatures changes to the tetragonal one at
low temperatures as indicated by the shaded area. For 0.05
,x,0.15, the coexistence of cubic and tetragonal phases
has been observed belowTM -I .
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