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The thiospinel CuIr2S4 exhibits a temperature-induced metal-insulator (M -I ) transition around 226 K,
showing hysteresis on heating and cooling, that manifests itself as a gap in the electronic density of state with
increasing electrical resistivity at low temperatures. Conversely, CuIr2Se4 remains metallic down to 0.5 K. We
have successfully synthesized the spinel-type compound CuIr2(S12xSex)4 system. In order to see the effect of
substitutions of Se at the S sites, we have carried out a systematic experimental study of structural, electrical,
and magnetic properties of CuIr2(S12xSex)4 . Mössbauer spectroscopy measurements of193Ir have been per-
formed for CuIr2S4 and CuIr2Se4 . The M -I transition of CuIr2(S12xSex)4 for x<0.15 is accompanied by a
structural transformation from tetragonal~low-temperature insulating phase! to cubic~high-temperature metal-
lic phase! symmetry. With increasing Se concentrationx, the sharpM -I transition shifts to lower temperature.
The resistivity shows a monotonous increase with decreasing temperature for 0.17<x<0.78 between 4.2 and
300 K, and the metallic state is recovered forx>0.80. Magnetic susceptibility measurements show the jump at
theM -I transition temperature with hysteresis on heating and cooling. The high-temperature metallic phase of
CuIr2S4 shows Pauli paramagnetism, having a density of states at the Fermi level,D(eF)50.67 states/eV atom.
The insulating phase at low temperatures exhibits diamagnetism, and there is no localized magnetic moment.
The Arrhenius regime is observed for the conductivity with a thermally activated process for 0<x<0.70 in the
insulating phase. There is a general trend toward increasing metallicity with increasingx, which is consistent
with the magnetic susceptibility results. A possibility of a two-site model of different valence states for Ir ions
in the insulating phase of CuIr2S4 will be discussed on the basis of the Mo¨ssbauer data. A phase diagram of
temperature versus Se concentrationx will be proposed for the CuIr2(S12xSex)4 system. The mechanism of the
M -I transition remains enigmatic and is far from a complete picture.@S0163-1829~98!01535-5#
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I. INTRODUCTION

Sulphospinels exhibit a wide variety of physical prope
ties, which makes them interesting from a scientific point
view, while oxyspinels are in general semiconductors w
antiferromagnetic interaction.1 One ternary thiospine
CuIr2S4 has a cubic spinel structure at room temperature
has a lattice constant ofa59.847 Å, as shown in Fig. 1
CuIr2S4 has the normal spinel structure where Cu ions
cupy theA ~tetrahedral! sites and Ir ions occupy theB ~oc-
tahedral! sites. We have discovered a metal-insulator tran
tion at TM-I5226 K in CuIr2S4 .2 An abrupt drop of the
conductivity by nearly three orders of magnitude has b
observed. This metal-insulator transition is associated wi
structural phase transition from a cubic to a tetragonal s
metry with decreasing temperature.3 The phase transition ha
been observed to be first order. Temperature-dependent
toemission spectroscopy has been studied.4 The high-
resolution spectra near the Fermi energy shows an ope
of a band gap through theM -I transition. The photoemissio
and Cu nuclear magnetic resonance~NMR! ~Ref. 5! mea-
surements have verified that Cu ion has a monovalent s
PRB 580163-1829/98/58~11!/6844~11!/$15.00
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of Cu1 in the low-temperature insulating state. Therefo
we expect the mixed valence state of Ir31 and Ir41. Theo-
retical band calculations also predict and support
monovalent state of Cu ions.6,7

The electrical resistivity in CuIr2S4 shows activated con
duction with an activation energy of 4.731022 eV between
140 and 200 K.2,8 The magnetic susceptibility exhibits
sharp change near 228 K. The high-temperature meta
phase of CuIr2S4 reveals Pauli paramagnetism and the low
temperature insulating phase has semiconductive beha
with a diamagnetic contribution due to the core electrons2,8

A sharp heat capacity anomaly is observed at 230.8 K.
enthalpy and entropy of the transition are found to
3.50 kJ mol21 and 15.6 JK21 mol21, respectively.2,8 The
pressure dependence of theM -I transition has been ob
served, where theM -I transition temperature increases wi
increasing pressure.9,3

The origin and the driving force for the structural pha
transition and theM -I transition of CuIr2S4 are not under-
stood at the present time. A primitive explanation for t
transition from the cubic to tetragonal symmetry is that t
Jahn-Teller active Cu21 ions atA sites give rise to the co
6844 © 1998 The American Physical Society
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PRB 58 6845METAL-INSULATOR TRANSITION IN THE SPINEL- . . .
operative distortion. Nevertheless, this interpretation r
into a difficulty and has been denied because Cu ions ha
monovalent state in the insulating phase.4,5 Furthermore, the
experimental result gives an axial ratio ofc/a51.03.1.0 at
10 K for CuIr2S4 , which indicates elongation along thec
axis and the opposite distortion to that expected by the Ja
Teller distortion for the Cu21(d9) in the tetrahedral site.

It is well known that magnetite Fe3O4 undergoes a phas
transition~the Verwey transition! accompanied by a sudde
change of conductivity at 119 K.10–15The Verwey transition
in magnetite Fe3O4 has been studied extensively. The pri
cipal feature of the Verwey transition in magnetite has be
simulated by adopting elements of order-disorder theor15

An ordering scheme of Fe21 and Fe31 ions on octahedra
sites (B sites! is proposed. High conductivity of this oxid
has been considered to be due to the hopping of elect
between these Fe21 and Fe31 ions onB sites. The electrica
transition is clearly to be linked with a structural transform
tion. The comprehension of the charge ordering is, howe
still far from a complete picture. Another candidate of t
charge ordering system in a mixed valence state will
CuIr2S4 , having the same spinel structure. One possibil
and the analogy for the mechanism in theM -I transition, will
be pointed out.

On the other hand, another newly synthesized sp
CuIr2Se4 remains metallic down to 0.5 K.16 The crystal
structure of CuIr2Se4 is cubic symmetry at 10 K. The resis
tivity of CuIr2Se4 decreases gradually with decreasing te
perature. The magnetic state is paramagnetic and the ma
tude of the magnetic susceptibility,x, is small and about
21.031027 emu cm23 with a weak temperature depen
dence (dx/dT.0). The pressure dependence of the resis
ity up to 5 GPa has been measured over a temperature r
of 7–300 K.17 The insulating phase is also induced and
stabilized with high pressure in CuIr2Se4 . Thus, CuIr2Se4 at
ambient pressure could be next door to the instability of
charge state and conductivity.

In order to see the effect of substitution of Se at the S
on the M -I transition, a systematic experimental study
structural, electrical, and magnetic properties
CuIr2(S12xSex)4 has been performed. The variation of S
concentrationx leads to a systematic change of the magne
and electrical features. In the range ofx,0.17, the abrupt

FIG. 1. The cubic unit cell of the spinel structure. Cu ions (A)
lie on the tetrahedral site and Ir ions (B) on the octahedral sites. S
or Se ions are indicated as open circles.
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changes in the electrical and magnetic characteristics o
with the structural transformation, while forx>0.17 it is
emphasized that the physical properties are greatly alte
without significant alteration of the cubic normal spin
structure solely by adjustment of the anion sublattice wh
the cation sublattice remains intact. A phase diagram
tween temperature and Se concentrationx has been deter
mined experimentally for the system of CuIr2(S12xSex)4 .

Although some possible explanations of the met
insulator transition in CuIr2(S12xSex)4 have been pointed
out, the mechanism remains enigmatic and is still an o
question. Further detailed study to clarify the novel pheno
ena is currently under way. It is our hope that the system
measurements presented below for the system
CuIr2(S12xSex)4 will be helpful and lead to fruitful discus-
sion. In addition, the Rh-based compounds, CuRh2S4 and
CuRh2Se4 , having the same normal spinel structure, beco
superconducting below transition temperatures of 4.70
3.48 K, respectively.18–23 Some related investigations hav
been published.24–28

II. EXPERIMENTAL METHODS

A. Sample preparation and x-ray diffraction

The samples were prepared by a solid-state reaction:

Cu1 2Ir14~12x!S14xSe→CuIr2~S12xSex!4 . ~1!

The starting materials, Cu~purity 99.99%!, Ir ~99.9%!, S
~99.999%!, and Se~99.999%!, were mixed in the calculated
ratio. After mixing, they were sealed in an evacuated qua
tube with an extra 0.1 wt % of sulfur and selenium in t
total weight of CuIr2(S12xSex)4 and heated to 1123 K for a
period of 240 h. Subsequently, the resultant powder was
ground and pressed into rectangular bars that were a
heated to 1123 K for 48 h in the evacuated quartz tu
Single-phase products were obtained. The sintered sp
mens were very brittle and broken easily into some piece

The crystal structures and the lattice constants were de
mined by the powder x-ray diffraction method using Cu Ka
radiation at room temperature and 10 K. The composition
the sample was analyzed with energy dispersive x-ray sp
troscopy~EDX!.

B. Measurements

Samples with dimensions of approximately 1.831.8
310 mm3 were used for the measurements of the electr
resistivity r. The resistivity was measured by a standard
four-probe method in the temperature range 4.2–300 K.
ver paste was used to form the electrodes. The dc magn
susceptibility was measured with a Quantum Design sup
conducting quantum interference device~rf-SQUID! magne-
tometer in a range of 5<T<300 K at intervals of 5 K in an
applied magnetic field of 10 kOe.

193Ir Mössbauer spectroscopy measurements (
→1/2, 73 keV transition! were carried out using a193Os
source produced by neutron irradiation of enriched192Os
metal.29,30 The source was always kept at 4.2 K while th
absorber (;100 mg Ir/cm2) was maintained at temperature
between 4.2 and 150 K. The velocity calibration of the sp
trometer was performed using a57Co/Rh source and a me
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6846 PRB 58SHOICHI NAGATA et al.
tallic iron absorber. Theg rays were counted with a high
resolution Ge detector. The spectra were least-squ
analyzed taking into account the small quadrupolar inter
tion present in the source.

III. RESULTS AND DISCUSSION

A. X-ray analysis

The detailed experimental results of our x-ray analysis
CuIr2S4 have been reported by Furubayashiet al.3 However,
this spinel CuIr2Se4 does not show the structural transform
tion. So far there has been no information, to our knowled
about x-ray data for CuIr2Se4 because of this compound. Th
powder x-ray diffraction pattern of CuIr2Se4 is shown in Fig.
2. All the powder diffraction peaks have been successfu
indexed to the cubic unit cell with the spinel structure, whi
confirms the spinel structure and a single-phase sample.
lattice constant andu parameter area59.847 Å andu
50.385 for CuIr2S4 and a510.324 Å andu50.385 for
CuIr2Se4 at room temperature. This lattice constant
CuIr2(S12xSex)4 varies linearly with the Se concentrationx
as shown in Fig. 3.

Over the concentration range ofx50 to 0.15, the
temperature-inducedM -I transition is accompanied by
structural transformation from tetragonal symmetry in t
insulating phase to cubic symmetry in the high-temperat
metallic phase. The sharp change in the conductivitys dis-
appears aboutx50.16. Here we present only representat

FIG. 2. X-ray diffraction pattern of a seleno spinel CuIr2Se4 that
has the cubic structure with the lattice constanta510.324 Å andu
parameteru50.385 at room temperature.

FIG. 3. The lattice constanta as a function of Se concentratio
x at room temperature.
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data of the x-ray measurements. Figures 4 and 5 show
powder x-ray diffraction patterns of CuIr2(S12xSex)4 at
room temperature and 10 K, forx50.15 and 0.20, respec
tively. For x50.15, the sample undergoes the crystal tra
formation from tetragonal to cubic symmetry with changi
temperature at approximately 174 K, having a temperat
hysteresis. However, forx50.20, the sample remains cub
even at 10 K. Upon cooling and warming, the structu
transformation occurs, at different temperatures as show
Figs. 6 and 7 forx50.05 and 0.15, respectively. Both th
cubic and tetragonal phases appear in a narrow tempera
region. The coexistence of these phases and the hyste
indicate a first-order phase transition. Furthermore, a su
cooling effect has been observed clearly in the specific-h
measurement for CuIr2S4 .8

B. Electrical resistivity

A systematic variation in the resistivity withx is shown in
Fig. 8 for CuIr2(S12xSex)4 . The expanded plots for the
lower range ofx are given in Figs. 9 and 10. The resistivi
of CuIr2S4 increases abruptly from approximately 4
31023 to 1.0 V cm atT5222 K with decreasing tempera
ture, while it decreases atT5230 K with increasing tem-
perature. The transition is slightly sharper upon cooling th
warming. Whereas, CuIr2Se4 remains metallic down to 0.5 K
without any anomaly. With increasing Se concentrationx,
the temperature-inducedM -I transition temperature de
creases steadily. The concentration-induced-likeM -I transi-
tion is also found at approximatelyx50.78. The metallic
state is recovered forx>0.80. It should be noted that th

FIG. 4. X-ray diffraction pattern of CuIr2(S12xSex)4 : x50.15,
at room temperature~a! and 10 K~b!. The diffraction patterns are
completely different from each other, a cubic symmetry at~a! room
temperature and~b! a tetragonal one at 10 K.
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PRB 58 6847METAL-INSULATOR TRANSITION IN THE SPINEL- . . .
temperature dependence ofr above theM -I transition tem-
perature changes from being positive in metallic behavior
x<0.08 to being negative forx>0.08.

Figure 11 shows the conductivity as a function of 1/T for
x<0.70. It is found that the conductivity data of insulatin
phase for 0<x<0.70 could be analyzed in terms of the the
mal excitation with the Arrhenius plot, which exhibits sem
conducting behavior with a thermally activated conductivi
obeying the equation,

s5A exp~2q/kBT!. ~2!

The slope of the lns versus 1/T plot gives an activation
energyq. For CuIr2S4 , the value ofq is reported in earlier
work.2 Table I gives a summary numerical values of t
activation energyq and the preexponential factorA for the
variousx of CuIr2(S12xSex)4 .

On the other hand, at sufficiently low temperatures, be
50 K, an attempt has also been made to fit thes versusT
dependence in the insulating phase to Mott’s formula deri
for variable-range hopping~VRH!,31,32

s5s0exp~2B/T1/4!, ~3!

whereB is a constant. The experimental results are show
Fig. 12 and they cannot be reproduced well by a single V
formula over the entire region of the insulating phase. I
pointed out that the general tendency of our results in Fig
is somewhat similar to that of Si:As samples for vario
concentrations.33

C. Magnetic susceptibility

Figure 13 shows the magnetic susceptibilities for 0.0<x
<0.15. These jumps also exhibit the temperature hyster

FIG. 5. X-ray diffraction pattern of CuIr2(S12xSex)4 : x50.20,
at ~a! room temperature and~b! 10 K. The diffraction patterns are
essentially the same.
r
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and correspond to theM -I transition in the resistivity data
The magnetic susceptibility of CuIr2S4 exhibits a sharp jump
at 228 K, which is associated with the metal-insulator tra
sition. Measurements were carried out on warming or co
ing at a constant applied magnetic field of 10 kOe. Magne
susceptibilities show the jump at 198, 188, and 175 K fox
50.05, 0.10, and 0.15, respectively. Low-temperature Cu
behavior arises from the existence of localized spins of
paired electrons at lattice imperfections due presumably
sulfur defects or isolated magnetic impurities. It should
noted that the intrinsic localized magnetic moment dis
pears in the insulating phase except the apparent extri
moment mentioned above.

The metallic phase shows Pauli paramagnetism, where
slight increase with increasing temperature is observed ix
for each specimen. The Pauli paramagnetism for the met
state is evaluated from the difference of the magnitude of
susceptibility due to the opening of the energy gap at
M -I transition. The value of the density of states at the Fe
level, D(eF), is extracted from the value of the difference
the transition using the relationDx5mB

2D(eF), wheremB is
the Bohr magneton. The values ofD(eF) are obtained to be
0.67, 0.60, 0.34, and 0.22 states/eV atom forx50.00, 0.05,
0.10, and 0.15, respectively.

FIG. 6. Temperature dependence of the powder x-ray diffrac
pattern forx50.05: ~a! upon cooling and~b! upon warming.
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6848 PRB 58SHOICHI NAGATA et al.
Below the transition temperature the presence o
temperature-independent diamagnetic term is clear
evaluated to be26.3331025 emu mol21 for CuIr2S4 . The
susceptibilityxcore of the orbital diamagnetism contributio
due to ion cores for Cu1Ir31Ir41S4

22 is estimated to be
22.2631024 emu mol21, and this value is a reasonab
one.34 Figure 14 indicates the susceptibility data for 0.
<x<1.00. Broad and gradual change in the susceptib
are clearly observed forx50.20 and 0.50, and the inflectio
points are approximately 180 and 150 K, respectively. T
large increase in the susceptibility at low temperatures
pears to be caused mainly by extrinsic paramagnetic imp
ties that arise from the defect with magnetic state. Th
there is no intrinsic localized magnetic moment. For e
ample, the effective magnetic moment per molecule from
value of the Curie constant is about 0.093mB , for x
50.50, which is much less than the spin-only mome
1.73 mB expected forS51/2.

The disappearance of localized magnetic moment in
insulating phase may be attributed to forming nonmagn
singlet spin pairs in the dimers, while the small number
reminders of site without pairing might also be parama
netic. The minority Ir41 sites are magnetically localized i
the spin singlet matrix. Doping with Se ions is thought
perturb the lattice and to break up some of the pairs. Ne
theless, a systematic production of concomitant increase

FIG. 7. Temperature dependence of the powder x-ray diffrac
pattern forx50.15: ~a! upon cooling and~b! upon warming.
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to the pair breaking in the susceptibility has not been
served at low temperature. Therefore, the pairing seems t
tight and strong.

The temperature-independent magnetic susceptibilityx0
is very sensitive to Se concentrationx in the higher-
concentration regime as shown in Fig. 14. In the insulat
phase the value ofx0 may be influenced by the variation o
the Van Vleck contribution originated from the Ir ions.

D. Phase diagram

A phase diagram for temperature versus concentratio
shown in Fig. 15. Both of the temperature- an
concentration-inducedM -I transitions have been seen. Th
structure change from cubic to tetragonal symmetry has
curred in the range of 0.0<x<0.15. The dashed curve be
tween the semiconductiveB and C phases indicates th
vague shoulder points in the resistivity, which refer to t
inflection points for x50.70, 0.75, and 0.78. Figure 1
shows the temperature derivativedr/dT curve as a function
of temperature for 0.60<x<0.78. The transition, if it exists
is likely higher order for 0.17<x<0.78 without the struc-
tural transformation. Here, it is noted that we have not m
sured the temperature hysteresis effect in the resistivity
this concentration range. Furthermore, according to the
cent NMR study by Tsujiet al.,35,36 there exists a clea
anomaly in the Knight shift around the dashed curve. Th
have discussed these anomalies in conjunction with the
ume change effect in this system of CuIr2(S12xSex)4 . A

n

FIG. 8. Electrical resistivity, r, of sintered specimens
CuIr2(S12xSex)4 as a function of temperature.
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significant conclusion arising from these results is that
M -I transition is first order in the rangex<0.15 accompa-
nied by the structural transformation and is second~or
higher! order for 0.17<x<0.78; further, no transition is
found for x>0.80.

E. 193Ir Mö ssbauer spectra

The 193Ir Mössbauer spectra of CuIr2S4 taken at various
temperatures in the insulating tetragonal phase are show
Fig. 17. The high energy of the Mo¨ssbauer transition did no
allow measurements in the metallic cubic phase (TM-I
5226 K) owing to the rapid decrease of the recoilless fr
tion ~the Debye-Waller factor! with increasing temperature
The Mössbauer spectrum of CuIr2Se4 recorded at 4.2 K is
presented in Fig. 18, where it is compared to the spectrum
CuIr2S4 obtained at the same temperature. Notice that
contrast to the sulfide, the selenide sample remains met
down to 4.2 K and keeps the cubic symmetry of spin
structure.16

The spectra of both CuIr2S4 and CuIr2Se4 consist basi-
cally of two broad lines of equal intensity. This leads us
consider first a single Ir site model; i.e., all of the Ir ion
occur in the same charge state. The Ir ions can experie
either a magnetic hyperfine field and/or an electric-field g
dient. The occurrence of a magnetic interaction could be
pected, e.g., for tetravalent Ir. This possibility was, howev

FIG. 9. Expanded plots of the electrical resistivity in the ins
lator phase of CuIr2(S12xSex)4 as a function of temperature for th
concentration range over 0.0<x<0.17: in the resistivity range o
1023 to 104 V cm.
e

in
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of
n
lic
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ce
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x-
r,

- FIG. 10. Expanded plots of the electrical resistivity in the m
tallic phase of CuIr2(S12xSex)4 as a function of temperature for th
concentration range over 0.0<x<0.17: in the resistivity range of
1023–1021 V cm.

FIG. 11. The conductivity,s, of CuIr2(S12xSex)4 plotted
against 1/T for the concentration range over 0.0<x<0.70.
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6850 PRB 58SHOICHI NAGATA et al.
ruled out from the analysis of the spectral shape and from
fact that the overall splitting of the doublet is temperatu
independent, see Fig. 17. This conclusion agrees well w
both the diamagnetic behavior observed in CuIr2S4 below
TM-I and the Pauli paramagnetism of CuIr2Se4 .3,16 The
analysis assuming a single quadrupolar interaction is
ported in Table II. It is found that the quadrupole coupli
constantse2qQ are rather large even for distorted octahed
environments~e.g., the electric-field gradienteq amounts to
1.731022 V/m2 for CuIr2S4). In addition, the linewidths
(W) observed for CuIr2S4 are broader than generally a
cepted (W'0.8 mm/s).

In a second step, the Mo¨ssbauer data were analyzed
assuming that the Ir ions are stabilized in two differe
charge states~two sites model!, i.e., each peak of the double
is assigned to a different valence state of the Ir ions. T
results of the fitting procedure are reported in Table II. T
two sites model leads to an important result; that is, the r
tive population~ratio of the spectral areas! for the two va-
lence states is found to be 1:1, within our experimental er

FIG. 12. The conductivity,s, of CuIr2(S12xSex)4 plotted
againstT21/4 for the concentration range over 0.0<x<0.70.

TABLE I. Summary of numerical values of the activation e
ergy q and the preexponential factorA in the expression ofs
5A exp(2q/kBT) for the variousx in CuIr2(S12xSex)4 . These
values, which include considerable experimental errors, are
tracted from the data over a temperature range of 200–300 K.

x q (eV) A (102 S cm21)

0.10 0.009 4.87
0.15 0.025 9.04
0.17 0.024 7.80
0.20 0.045 15.3
0.50 0.023 7.43
0.60 0.010 5.74
0.70 0.011 6.63
e

th

e-

l

t

e
s
a-

r.

The other important parameter is the isomer shift (d IS) be-
cause it allows us, generally, to assign, at least in insula
compounds, a charge state to the Ir ions.30 Figure 19 taken
from reference by Demazeauet al.,29 indicates that the iso-
mer shifts of oxides and halides vary gradually with the
valence state and that different Ir compounds with the sa
valence state cluster in rather well-defined regions; This
because the shielding ofs electrons, which contributes di
rectly to the electron density,r(0), at the Irnuclei, is re-
duced whend electrons are removed, i.e., when the Ir v
lence state increases. The increase ofd IS or of r(0) for a
given charge state from halides to oxides is related to co
lence effects. For CuIr2S4 , the assignment of the valenc
state Ir51(5d4), d IS510.82 mm/s versus Ir metal, an
Ir31(5d6), d IS521.90 mm/s versus Ir metal, is conclude
from the isomer shift systematics established for Ir co
pounds as shown in Fig. 19. It is worth mentioning th
neither Ir51(t2g

4 eg
0) nor Ir31(t2g

6 eg
0) in their low spin states

possess a magnetic ground state in the low-temperatur
tragonal phase. The occurrence of Ir51 and Ir31 ions in the
insulating phase of CuIr2S4 is at first sight surprising becaus
it implies that the Cu charge state should be zero. O
should, however, consider that covalency plays an impor

FIG. 13. Magnetic susceptibility vs temperature for powd
specimens of CuIr2(S12xSex)4 as a function of temperature for th
concentration range over 0.0<x<0.15.

FIG. 14. Magnetic susceptibility vs temperature for powd
specimens of CuIr2(S12xSex)4 as a function of temperature for th
concentration range over 0.20<x<1.0.
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role in the bonding with the sulfur ligand. The significance
the formal valence state in such compounds should be ex
ined in more detail.

As shown in Table II, the Mo¨ssbauer data of CuIr2Se4 can
be analyzed straightforwardly by assuming either a single
site or a two-Ir-site model. However, the expected incre
of d IS is not observed in the latter model when one mov
from the sulfides to the selenides~actuallyd IS increases only
for one charge state!. In contrast, the single-site model poin
to the occurrence of tetravalent Ir. The isomer shift o
20.67 mm/s follows the expected trends, but remember
CuIr2Se4 is metallic. The assignment of an Ir41 charge state
can thus be questionable.

In conclusion, with regard to the193Ir Mössbauer spectra
it is conjectured that the Ir ions are in a mixed valence s
~formal Ir31 and Ir51 charge states! in the insulating phase
of CuIr2S4 . In contrast to CuIr2S4 , a single charge stat
~possibly Ir41) is anticipated in metallic CuIr2Se4 .

FIG. 15. A phase diagram for temperature vs concentrationx.
The dashed curve indicates the vague boundary in the semicon
tive region, see text.

FIG. 16. Temperature derivativedr/dT curve as a function of
temperature for 0.60<x<0.78.
f
m-

r-
e
s

at

te

F. Change of theM -I transition
from first order to higher order

In common with mixed valence compounds, most phy
cal properties are profoundly influenced by changes of c
centration in cation oxidation states, associated with dep
tures from ideal metal-oxygen stoichiometry, in th

uc-

FIG. 17. 193Ir Mössbauer spectra of CuIr2S4 as a function of
relative velocity between source and absorber taken at diffe
temperatures in the insulating tetragonal phase.
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transition-metal oxides. The Verwey transition in the mag
tite Fe3(12d)O4 , where d indicates the deviation of the
oxygen-to-metal ratio, has been the subject of a large num
of studies. The transition from first order to higher order w
increasingd has been extensively analyzed by Honig a
co-workers37–41 and developed by Koga,42–44 based on the
two-state approximation formulated by original Stra¨ssler and
Kittel theory.45,46This simple mean-field model describes t
gross aspects of the observed anomalous behavio
Fe3(12d)O4 . The discontinuous Verwey transition is drive
by a change in a highly correlated electron system with te

FIG. 18. 193Ir Mössbauer spectra of CuIr2S4 and CuIr2Se4 as a
function of relative velocity between source and absorber take
4.2 K. The latter compound is metallic and has a cubic norm
spinel structure.

TABLE II. Hyperfine interaction parameters for193Ir in CuIr2S4

and CuIr2Se4 at 4.2 K.e2qQ is the quadrupole coupling constan
d IS is the isomer shift with respect to Ir metal, andW is the line-
width of the Lorentzian lines. Summary of the results obtained fr
the single-site model and from the two-site model. It should
noted that CuIr2S4 is insulating at 4.2 K and has a tetragonal stru
ture induced by the metal-insulator transition at 226 K. CuIr2Se4 is
metallic with a normal cubic spinel structure.

CuIr2S4 Single-site model Two-site model

d IS (mm/s) 20.53(1) 10.82~2! 21.90(3)
e2qQ (mm/s)a,b 5.46~3! 1.05~3! 0.78~3!

W (mm/s) 1.17~3! 0.82~4!

CuIr2Se4 Single-site model Two-site model

d IS (mm/s) 20.67(1) 10.00~2! 21.35(2)
e2qQ (mm/s)a,b 2.70~2! ;0 ;0
W (mm/s) 0.80~2! 0.80~2!

a1 mm/s558.91 MHz.
beq (V/m2)53.1231021e2qQ (mm/s).
-

er

in

-

perature from a charge-ordered small-polaron state ass
ated with local lattice deformations to a disordered state
which electrons resonate between Fe21 and Fe31 ions lo-
cated on theB sites.

The ionic state is Cu1Ir31Ir41S4
22 in the insulating

phase of CuIr2S4 . The magnetic state of Ir31 is nonmagnetic
with S50 while Ir41 hasS51/2 in the low-spin state for the
de level with a small tetragonal distortion.

In the system of CuIr2(S12xSex)4 , the Se substitution for
S sites suppresses theM -I transition and changes transitio
from the first-order to the higher-order one. The gross asp
of the observed results in CuIr2(S12xSex)4 could be inter-
preted in the same framework of the Stra¨ssler and Kittel
theory.45 In the framework of this theory, the first-, second
and higher-order transitions are treated in an unified sche
in which free energy is written in terms of the order para
eter for the two-level scheme. However, we do not descr
the detailed and sophisticated model calculations becaus
charge ordering state is not verified yet experimentally
this system of CuIr2(S12xSex)4 . It is planned to present a
paper in more detail elsewhere in the future.

It should be pointed out that theM -I transition tempera-
ture increases rather rapidly by the application of pressur3,9

This is unlikely and inconsistent with the possibility o
Wigner crystallization, in which the transition temperature
expected to decrease with an increase of the carrier den
due to the shielding effect of Coulomb interaction by t
conduction electron.

IV. SUMMARY

The following facts have been clarified.~1! CuIr2S4 has a
normal spinel structure. The metal-insulator transition te
peratureTM-I of CuIr2S4 is 226 K at the midpoint in the
temperature interval of the hysteresis spread about 10 K~2!
With decreasing temperature throughTM-I , the structure
transforms from cubic to tetragonal with a volume contra
tion of 0.7%. The tetragonal phase has an axial ratioc/a
51.03. It is stressed that the volume of low-temperature
sulating phase is smaller than that of high-temperature
tallic phase.~3! The enthalpy and entropy of theM -I transi-
tion of CuIr2S4 are 3.50 kJ mol21 and 15.6 JK21 mol21,
respectively.~4! The insulating phase in CuIr2S4 shows ac-

at
l

FIG. 19. 193Ir isomer shifts for various iridium oxide and halid
compounds. The shifts are given with respect to Ir metal~adapted
from Ref. 29!.
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tivated conduction with an activation energy of 47 meV b
tween 140 and 200 K. On the other hand, photoemiss
spectra near the Fermi level show a gap of;20 meV open-
ing. ~5! The metallic phase of CuIr2S4 indicates Pauli para
magnetism and the density of states at the Fermi leve
estimated to be 0.67 states/eV atom.~6! The localized mag-
netic moment seems not to exist in the insulating phase
CuIr2S4 . Low-temperature Curie-like behavior arises fro
magnetic impurities.~7! Cu-NMR measurements and phot
emission spectra confirm that the Cu ion is in the monova
state in the insulating phase of CuIr2S4 , which is supported
by energy band calculation. Then, Ir has a mixed-vale
state formally.~8! The explanation of the Jahn-Teller disto
tion originated from the Cu21 ion at the tetrahedralA site is
not correct because the ionic state is Cu1.47–50 ~9! The 193Ir
Mössbauer spectra in CuIr2S4 and CuIr2Se4 show two clear
absorption lines. Unfortunately no conclusion is reached
to whether the one-site or two-site model is relevant. It
hoped that the value ofe2qQ is determined with NQR or
NMR measurements.~10! The ionic state is Cu1Ir31Ir41S4

22

in the insulating phase of CuIr2S4 . The magnetic state o
Ir31 is nonmagnetic withS50 while Ir41 hasS51/2 in the
low-spin state for the de level with a small tetragonal distor
tion. ~11! A possibility of formation of spin singlet Ir41-Ir41

pairs in the insulating phase has been pointed out. The
stitution of Se ions for S ions may not break up Ir41-Ir41

pairs, neither does this substitution perturb the neighbo
Ir41-Ir41 units. However, no experimental verification fo
the dimerization with the spin singlet has yet, to our know
edge, been presented.~12! On the other hand, CuIr2Se4 re-
mains metallic down to 0.5 K without the transition.~13! A
phase diagram of between temperature and Se concentr
x has been determined experimentally for a system
CuIr2(S12xSex)4 . The transport and magnetic inherent pro
o

-
V

h

.

Y

n

h

,

-
n

is

of

nt

e

s
s

b-

g

-

ion
f

-

erties seem to change gradually withx. ~14! The M -I tran-
sition of CuIr2(S12xSex)4 for x<0.15 is accompanied by a
structural transformation from tetragonal~low-temperature
insulating phase! to cubic ~high-temperature metallic phase!
symmetry. ~15! The Arrhenius regime is observed for th
conductivity with a thermally activated process for 0<x
<0.70. The metallic conductivity recovers forx>0.80.~16!
Magnetic susceptibility shows the jump atTM-I . From the
height in this jump, density of states at the Fermi lev
D(eF), is estimated, in which the value decreases withx.
~17! The large increase in the susceptibility at low tempe
ture appears to be caused by paramagnetic impurities. T
is no intrinsic localized magnetic moment.

In summary, the mechanism of theM -I transition in
CuIr2(S12xSex)4 remains enigmatic. We hope to investiga
this question to obtain the complete picture. In particular,
detailed structure analysis such as the superstructure in
insulating phase of CuIr2S4 is important to clarify the charge
ordering. An extensive study of the detailed structure ana
sis can be found elsewhere.51
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