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The band-structure calculations have been performed for the insulating triclinic phase of the sulphospinet
compound, Culr,Ss, which appears below the metal-insulator transition temperature, 230K. While the
properties of transition-metal spinel compounds have been discussed with the electron correlation theory in
many cases, we found that the electronic structure of Culr;S, can be analyzed within the band-structure
theory. In the results we obtained the small energy gap at the Fermi energy with the magnitude comparable
to the measured ones. It has been also shown that the calculated density of states can explain the
experiments, such as the photoemission and optical spectra. On the basis of the results of the calculations,

the effects of the pressure, substitution and irradiation to the transition were discussed.
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1. INTRODUCTION

The electronic structure of the transition metal
compounds has been a controversial issue. One model is
based on the aspect that the motion of valence electrons
are highly correlated. The valence electrons are localized
around transition metal ions excluding other extra
electrons by the strong Coulomb repulsion. This model
has been often taken for the heavier 3d compounds. On
the contrary, the band-structure theory insists that the
valence electrons have more itineracy, which reduces the
correlation between electrons and plays an important
role in the physical properties. The advantage of this
theory is precise calculation techniques on the basis of
the first principles. This article reports the application of
the latter theory to one of the transition metal
compounds, Culr,S,.

Culr,S, is the spinel compound that exhibits the metal-
insulator (M-I) transition: Nagata et al.[1] observed the
M-I transition with an abrupt decrease of the electrical
conductivity and a volume change at about 230 K. Its
high-temperature (HT) metallic phase has the cubic
structure with the Cu and Ir ions at the A and B sites,
respectively. The initial x-ray experiment{2] reported the
small deformation from the cubic symmetry at the
transition. Recently, it has been shown and confirmed by
the precise experiments [3-7] that the low-temperature
(LT) phase has the triclinic P1 symmetry- accompanied
by the cluster formation of the Ir ions. Following the
structural - determination of the LT phase, it was
discovered that the triclinic structure becomes unstable
and changes to the tetragonal one under the electron-
beam([5] or x-ray [8,9] irradiation at temperatures below
50K. While the details of this instability is now being
investigated, the ground state of this material must be
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clarified to understand the mechanism of the M-I
transition and the x-ray induced structural change. This
article reports the resulis of the band-structure
calculations for the LT phase of this compound, which
were performed to provide the knowledge on the ground
state from the first-principles.

The ionic picture can be a prototype of the electronic
structure for the compounds between the metallic and
non-metallic elements. The NMR experiment {10] has
shown that the Cu ions do not have any localized
moments, and thus are in a monovalent state. If we
assume the divalent state of the S ions, the Ir ions are
nominally in a +3.5 state. This picture makes us imagine
that the Ir'®® ions in the HT metallic phase would
become separated into the two groups of Ir'> and Ir™ in
the LT phase with an ordered configuration. The Ir"(d®)
ion is considered to have a spin of S=1/2 under the
octahedral crystal field if we assume the low-spin
ground state. However, the LT insulating phase shows
diamagnetism  experimentally [1,11]. The x-ray
diffraction analysis have indicated that the size of the
primitive cell of the LT phase becomes four times of that
of the HT phase and that the transition makes a half of
the 16 Ir ions form dimers, changing the Ir-Ir distance
from ~3.5A in the HT phase to ~3.0A [6,7]. That is, half
of the Ir ions make dimers by this distortion. Radaelli et
al.[6] suggested that the dimerization of Ir ions is due to
the singlet-state formation between the Ir spins.

Oda et al.[12] have performed the density-functional
band calculations for the HT metallic phase of Culr2S4.
The calculated density of states is in good agreement
with the x-ray emission experiment [13,14]. According
to the calculations, the conduction bands are made up of
the S3p-Ir5dy bonding orbitals and Ir5de orbitals, and
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the Fermi level is located in the Ir5Sde band. The
calculations have also shown that the Cu ions are in the
monovalent state as indicated by the experiment. The
obtained the Stoner enhancement factor, which is
comparable to the theoretical value for FCC Cu. Within
these facts, the band-structure theory is acceptable to
explain the electronic structure of the HT phase.

In the model suggested by Radaelli et al., the origin of
the energy gap of the LT phase is to be in the correlation
between electrons. In fact, the electrical and magnetic
properties have been discussed as the strongly correlated
system for sulphospinel 3d-transition-metal compounds.
However, the 5d orbital of Ir** has larger extension than,
for example, the Co’* 3d orbital. As a reference, the
former orbital extends about 1.5 times of the latter in the
atomic structure calculations. For the HT phase, there is
no remarkable discrepancy between the band
calculations and experiments, as described above.
Considering these facts, it is worthwhile to apply the
band-structure theory to Culr,S, in the triclinic structure.

2. DETAILS OF CALCULATIONS

The band structures have been calculated within the
density functional formalism: The exchange-correlation
energy was evaluated with the local density
approximation[15]. We used the pseudopotential method
[16], by assuming the ionic cores of Cu, Ir and S as [Ar],
[Xe]4f'* and [Ne], respectively. Since the Cu3d and Ir5d
orbitals have a significant overlap with their core
orbitals in the real space, the partial core correction [17]
was incorporated in the evaluation of the exchange
correlation energy. The wavefunctions were described in
terms of the plane-wave basis sets for which the kinetic
energy is less than 75 Ryd. The k-space integration was
performed with the 6 special points in the irreducible
wedge of the Brillouin zone. Convergence was verified
to be better than 0.002 eV by changing the cutoff energy

for the basis sets from 50 to 75 Ryd and increasing the
k-point sampling to 14. We used the lattice parameters,
a=11.9594A, b=11.956A, c=6.988A, a=91.01°, f=91.11°,
and y=108.48°(7], and the internal parameters, which
were refined experimentally. These parameters differ
from the published data [6] by less than a few percent.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the band structure calculated for
Culr,S, in the observed triclinic structure. The k.-, k-
and k;-axis are taken in accordance with the crystal axis
defined above. It can be seen that the direct gap of about
0.2-0.3 eV appears at the Fermi energy. The magnitude
of the indirect minimum energy gap was calculated to be
0.038 eV, which is comparable to the observed values,
0.047 eV [1, 11] and 0.041 eV [10]. Above the energy
gap, the unoccupied band with the width of about 0.5 eV
can be seen.

The density of states of the LT phase is depicted with
that of the HT phase in Fig. 2. We also applied the same
calculation methods to the HT phase and obtained the
results almost same as the previous ones [12]. The
density of states of the HT phase has the sharp peak
structure about 1eV below the Fermi level, which comes
from the IrSde orbitals. In the present calculations for
the LT phase, the corresponding peak is depressed due
to its lower symmetry. The similar change can be
observed in the UPS spectra by Matsuno et al. [13] and
Kurmaev et al. [14]. Those spectra have been taken with
the same incident photon energy at different
temperatures. The spectrum taken by the latter group at
the room temperature shows the shoulder structure at 1.3
eV below the Fermi level, which was attributed to the
Ir5d orbital. Comparing the spectrum by the former
group at the room temperature with it, we can see the
depression of this structure at the LT phase. The former
group also performed the bremsstrahlung-isochromat
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Fig. 1 The calculated band structures of the observed triclinic structure. The first Brillouin zone is also
drawn. The broken line indicates the top of the valence band, which is set to be zero in the figure.
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Fig. 2. The calculated density of states for the HT
metallic and the LT insulating phases. The Fermi energy
of the HT phase and the center of the energy gap of the
LT phase are adjusted.

spectroscopy. The present results have shown a
conduction band with the width of about 1¢V, similar to
the observed spectra. The optical reflection spectra
measured by Hayashi et al. [18] clearly indicated the
interband transitions around 0.4 and 0.7 eV. In the
present calculations, these transitions will correspond to
the excitation from the valence band to the upper
conduction bands around 0.3 and 1 eV above the top of
the valence band.

The energy gap opening can be analyzed in terms of
the charge distribution. Figure 3 is the charge
distribution plot for the four lowest unoccupied bands in
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Fig.1. It can be seen that the charge distribution is
prominent at around the Ir ions subject to the
dimerization, and becomes very small at the center of
each dimmer (Fig3.(b)). This plot indicates that the
unoccupied states correspond to the antibonding states
between the Ir5de orbitals at the dimers hybridized with
S3p orbitals: Therefore, the energy gap should be
attributed to the splitting of the bonding and antibonding
states between the IrSde orbitals. Further analysis has
shown that the highest occupied states and their vicinity
have the amplitude at the Ir ions not dimerized, and thus
the bonding states will be pushed away far from the
Fermi level.

In the electronic structure of the HT metallic phase, a
quarter of the non-bonding Ir5de bands are unoccupied,
which corresponds to that each Ir ion has 0.5 holes in its
5de orbital. Since the primitive cell of the LT phase
contains 16 Ir ions, the holes will fully occupy the four
antibonding states of the dimerized 5de orbitals. That is,
the holes are to be localized around the dimerized Ir ions.
In such a sense, the structural change at 230 K causes
the segregation of the charge distribution.

It is expected that the charge segregation makes the
splitting of the core levels of the Ir ions. This effect will
be approximated by the change of the potential at each Ir
site. The present calculations gave us that the self-
consistent total potentials differ about 60 meV between
at the dimerized and non-dimerized Ir sites and scatters
about 10 meV for each Ir group.

The experiments have revealed that the hydrostatic
pressure raises the transition temperature [2,19]. If the
pressure shorten the Ir-Ir distance at the dimmers
effectively, the energy separation between the bonding
and antibonding states of the Ir5d orbitals will increase.
Thus, the Ir dimmers will be stabilized under this
condition. Since the width of the hole band, which is
mostly determined by the overlap between the dimers,
does not seem to be sensitive with respect to the pressure,
the energy gap will increase by the pressure.

(b)

Fig. 3. The charge distribution plots of the four lowest unoccupied bands. The Ir sites subject to the dimerization are
indicated by asteriks. (a) The iso-valued surface plot viewed from the (001) direction. The spherical balls indicate the
atomic sites (b) The contour plot on the plane that includes the dimerized Ir sites denoted A and B in (a) and the nearest

S sites.
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It has been reported that the substitution of Cu by Zn
reduces the transition temperature and, at the Zn content
of 20-30%, the cubic metallic phase is stabilized in all
temperature range exhibiting the superconductivity at
about 3K[20,21]. Although the substitution is considered
to make donor states below the conduction band at low
concentration of Zn, the increase of the Zn content will
cause the electron doping to the conduction band. In
such a case, the bonding between the Ir ions will be
weakened and finally the dimerized structure will
become unstable,

In the electron diffraction experiments, Sun et al. [5]
observed that the intensity of the characteristic
additional diffraction spots of the LT phase decreases
significantly at temperatures below 50 K. Recently, it
was reported that the same change of the x-ray
diffraction profile occurs and the change is induced by
the incident x rays [8]. The experiments have shown that
the induced profile can be accounted by the tetragonal
14,/amdspace group and the structural change is
accompanied by the reduction in the electrical resistivity
by more than five decades [9]. Considering the energy
range of the irradiation (~4keV for the electron beams
and ~9%keV for the x rays), there is a possibility of that
the core excitation is related to this instability of the
triclinic structure. A simple idea is that  the irradiation
plays a role similar to the Zn substitution of Cu by the
excitation of the Cu core electrons. If the excited
electrons are relaxed into the conduction band, the
similar electronic structure will be realized. In this
explanation, however, the excited state must persist so
long time that it could be detected by the resistivity or
the diffraction measurements. Further investigation is
required to establish the model for this issue.

A typical and famous example of the M-I transition of
the spinel compounds is known as the Ferwey transition
of Fe;04. Its mechanism has been an unresolved
question for a long time. From a point of view of that the
Fe3d orbitals are more localized than the Ir5d ones, it is
not clear whether the band theory can apply to the
transition of Fe;0,4. The recent calculations [22] have
shown that the properties of the HT phase can be
explained well by the band theory. Unfortunately, since
the atomic structure of the LT phase has not been
elucidated yet, the band calculations for the LT phase
has not been available.

4. SUMMARY

In summary, we have shown that the band-structure
scheme is applicable to the LT insulating triclinic phase
of Culr,S,, by showing the correspondences between the
results of the band calculations and the experimental
findings. This electronic structure of the LT insulating
phase is contrary to the singlet formation between the
spins localized at the Ir sites. In the calculated charge
distribution, the inhomogeneity can be observed in
accordance with the change of the atomic arrangement
and the band structure.

The present calculations were performed with the
Numerical Materials Simulator
of NIMS.
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