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We have studied the electronic structure and its changes across the metal-insulator transition in the spinel-
type compound Cuj, using photoemission and inverse-photoemission spectroscopy. Photoemission spectra
near the Fermi level show a gap opening~620 meV in the insulating phase, consistent with the transport
activation energy. Core-level spectra indicate that the Cu ion is monovalent, and hence Ir is in the intermediate
valence state oft-3.5. Comparison between the spectra and band-structure calculation reveals thatdhe Ir 5
density of states is strongly distorted, probably due to electron correlation in spite of the general belief of weak
correlation in H-electron system$S0163-182607)51924-2

Following the discovery of higf-. cuprates, metal- ture, and by a volume decrease of 0.7% in going from the
insulator transitions(MIT's) in 3d transition-metal com- metallic phase to the insulating phds&he electrical con-
pounds have attracted renewed interest. The MIT can be seeluctivity shows an activation energy of 17 meV in the range
in various systems, but its origin has remained to be settle80—70 K. Masbauer spectroscdplyas shown that the Ir ion
in many cases. For example,®, shows a MIT at 160 ¥,  is nonmagnetic, and presumably in a mixed-valence state in
and the origin of the MIT was explained in the framework of the insulating phase. According to band-structure calcula-
Mott transition. The MIT in VQ has been considered as a tions using the local-density-approximatighDA) (Ref. 9
Peierls transitiohwhile it has also been argued that electronand NMR measurement§ the Cu ion is in the monovalent
correlation is essentidlThe MIT in FgO,, called the Ver-  state. Therefore, the Ir ion has a mean valence-8f5 and
wey transition, is due to ordering of Fe and Fé* states, hence an electronic configuration dP>. Ir 5d electrons,
but the electronic structure which consistently explains itswhich participate in the conduction, are expected to form a
various physical properties is still controversldh 4d and  relatively wide band compared ta electrons in @
5d electron systems, on the contrary, only few materialdransition-metal compounds, and therefore the electronic
have been reported to show MIT’s. structure of CulsS, is expected to be well described by band

Recently a spinel-type compound Ci8s was discovered theory. However, the band-structure calculation predicts a
to undergo a MIT at~226 K from the high-temperature system with partially filled 8 bands to be metallic even with
metallic phase to the low-temperature insulating piidskt  the tetragonal distortiohThere are no nesting features in the
room temperature, Cyl§, has a normal spinel structure, in calculated Fermi surfaces, making a charge-density-wave
which the Cu ion is tetrahedrally coordinated and the Ir ion isformation unlikely. If one employs a localized electron pic-
octahedrally coordinated by sulfur atoms. The MIT is ac-ture in the insulating phase in spite of thé band, a charge
companied by a distortion from a cubic to a tetragonal strucerdering is one possibility to explain the insulating behavior.
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FIG. 1. Photoemission spectra of C48; and CulpSe, taken at

30K FIG. 2. High-resolution photoemission spectra of G8jrand

Culr,Sey nearEg .

However, the spin moment has to vanish somehow in th@hases. The base pressure of the spectrometers was of 2—7
insulating phase, e.g., through the formation of singlet pairsx 10-1° Torr.

If this picture is correct, the MIT in Cujs, would essen- Figure 1 shows valence-band spectra of ¢8jrand
tially be regarded as a Mott transition. Such a localized elecCulr,Se, taken with Hei radiation. Differences between
tron picture, however, has not been employed to explain th€ulr,S, and CulsSe, exist mainly within ~3 eV of Eg:
electronic properties of anydbtransition-metal compounds Culr,Se, shows higher intensity in this region. We have con-
to the authors’ knowledge. Thus the origin of the metal-cluded that contributions from the $3r Se 4 band are
insulator transition in CulS, remains highly mysterious. significant in this region because the Sg dtomic orbital

In this paper, we present photoemission and inverseeross section is larger than that of $ 3 this photon
photoemission spectroscopic studies of G8jr The experi-  energy*?

mental spectra are compared with the results of the band- Figure 2 shows high-resolution photoemission spectra of
structure calculation. Spectra of Cybe,, which is metallic  Culr,S, and CulgSe, near the Fermi levelE;). The spectra
down to 0.5 K!* are also presented for comparison. have been normalized at3 eV belowEg. In Culr,S,, the

Polycrystalline samples of Cyl, and CulpSe, were intensity atEr is finite at 250 K but vanishes at 30 K. This
prepared by a solid-state reaction. A mixture of Cu, Ir, and Sndicates that the transition from a metal to an insulator oc-
powders was sealed in an evacuated quartz tube and wasrs with decreasing temperature. We estimate the magni-
calcined at 850 °C for a period of ten days. Subsequently, the
specimens were prepared by sintering into pressed rectangt
lar bars at 850 °C for 48 h after regrinding.

X-ray photoemission spectroscog¥PS measurements
were carried out using a Mg x-ray sour¢ev= 1253.6 eV.
Ultraviolet photoemissioflUPS measurements were made
using Hel and Hell resonance linehv= 21.2 and 40.8 eV,
respectively. Hel UPS measurements were performed both
at 30 and 250 K in order to study spectral changes above an
below the MIT temperature. We also measured inverse-
photoemission or bremsstrahlung-isochromat spectroscop
(BIS) spectra by detecting photons lof= 1486.6 eV using
a quartz monochromator. HieUPS and all the XPS and BIS
measurements were done at liquid-nitrogen temperature. h
order to calibrate binding energies and estimate the instru-
mental resolution, gold was evaporated on the sample sur 310 5 0 5
face after each series of measurements. The resolution we Binding Energy (eV)

26 meV for Hel UPS and~0.3, 1, and 0.7 eV for Hel

UPS, XPS, and BIS, respectively. The samples were repeat- F|G. 3. Comparison between the experimental and theoretical
edly scrapedn situ with a diamond file; no oxygen signals spectra for CuyS,. The solid curves represent the theoretical spec-
from contamination were detected by XPS, and all the corera obtained from the LDA band-structure calculatigtef. 9, and
levels show single components without a sign of secondarshe dashed curves the assumed background.
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FIG.

Culr,S,.

tude of the gap betweds and the top of the valence band
to be ~20 meV, which is consistent with the activation en-
ergy (17 meV) deduced from the electrical resistivitat
30-70 K) if the semiconducting carriers apetype. As for
Culr,Se,, the spectra both at 30 and 250 K have a finite
intensity atEg, showing that CulSe, is metallic at these
temperatures. The temperature dependence of the spe
near Ex simply reflects the temperature dependence of th
Fermi-Dirac function. However, the 250-K spectruntatis
slightly more intense than expected from the 30-K spectrum?
This may be interpreted in either of two wayb: the density
of states(DOS) in the vicinity of E¢ increases with increas-
ing temperature, ofii) there exists a high DOS just above
Er. The band-structure calculation, however, shows a be
havior opposite tdgii).° In any case, the results imply that the
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calculated band structure consists of a GLl#and centered

at ~—3 eV, the Ir 5 band (more precisely, the Ir &e—

S 3p hybridized bangextending fron~—2 to ~0.5 eV, the

Ir 5dy—S 3p bonding band centered at—5 eV, and the
Ir5dy—S 3p antibonding band centered a8 eV; the Fermi
level lies within the Ir & band. Thus the intense peak-a8

eV is assigned to the Cud3states. First we notice in the
figure that the Ir ® band in the calculated DOS is not clearly
seen in the experimental spectrum, and the photoemission
intensity atEr is weaker than the calculation. The spin-orbit
splitting of ~0.56 eV (Ref. 14 is not included in the calcu-
lation, but it would be large enough to cause pronounced
changes. The spin-orbit interaction alone cannot open a gap
atEg, nor account for the insulating ground state because it
splits thede level into doubly and quadruply degenerate sub-
levels, while thed-band filling is 5.5. The above observa-
tions suggest that electron correlation distorts thedliiband,
redistributes its spectral weight away froBr, and even
opens the gap & . In the unoccupied states, on the other
hand, the experimental line shape is in better agreement with
the theoretical spectrum than in the occupied states. Never-
theless, the experimental intensity B¢ is suppressed, and
the Ir 5d-derived DOS is shifted toward higher energies than
the theoretical DOS, the same tendency as the photoemission

spectrum.

Figure 4a) shows the Cu @ core-level spectrum of
Culr,S,. In Cu spinels, the formal valence of copper has
been the subject of controversy for a long tifé® Cu-
containing compounds, in which Cu is in the divalent state,
show a characteristic satellite structure, as has been found for
CuO and all highF, superconducting cupraté§.As seen
from Fig. 4, this structure is not observed in the Cp 2
spectrum of CulyS,, and therefore we can confirm that the
Cu ion of CulpS, is closer to Cii.*® Furthermore the Cu
2p3p peak position 932.3 eV is closer to that of fQuthan to
CuO?!’ The monovalence of Cu is consistent with the LDA
calculatio! and the NMR measuremeni(s.

A Mossbauer spectroscopy study has shown that Ir ions in

a . ; . . .
g]e insulating phase are found in two electronically different

sites with equal amount. The Irf4core-level spectrum

shown in Fig. 4b) consists of sharp peaks of a single spin-
orbital doublet without any sign of the two distinct Ir sites.

This indicates that the net charges of the two Ir sites are not
significantly different. Since we have seen that electron cor-

relation is significant for the Ir & electrons, it might be
relevant to start from a model in which the Id%lectrons

metallic state in CukSe, is not entirely a trivial one, and are localized in order to consider the insulating phase of
Culr,S,. If the Ir 5d electrons are localized, the ionic con-

figurations in this compound become Qr**Ir**s;™,

may require further investigation. The spectra of G8Jrand
Culr,Sg, nearEg are identical in the metallic phase.
Figure 3 shows a comparison between the measured spet

here IPT is nonmagneti((tgg: S=0) and I** has a local

tra and theoretical spectra of Cyfl;. To obtain the theoret- moment ofS=3 if it is in the low-spin statgt5,). (It should

ical photoemission spectra, the partial DOS of each atomi®e noted that the net charges on the Ir atoms should not be
orbital component was added after having multiplied by themuch different between the nominally*fr and I* sites

due to strong hybridization, as indicated by the simple Ir
voluted the added DOS with a Gaussian of 0.3- eV full width4f core-level spectraln order to reconcile these configura-

at half maximum(FWHM) for UPS and with a Gaussian of tions with the fact that the NMR and \dsbauer measure-
0.7 eV FWHM for BIS. In order to simulate the lifetime ments show no magnetic order down to the lowest tempera-
broadening effect, a convolution with a Lorentzian having arture studied so far, we have to assume thét lions form
singlet pairs, e.g., as in the low-temperature phase of.VO
From the x-ray-diffraction measurements, some superstruc-

corresponding photoionization cross sectibthen we con-

energy dependent width theFWHM is equal
0.1E—Eg|) was applied, as has usually been d&h&@he
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ture spots cannot be assigned to the simple tetragonally digevel spectrum shows that the Cu ion is in the monovalent

torted spinel structure, which might indicate that dimeriza-state, and therefore that the mean valence of k&5. In

tion occurs with a small atomic displacement. Structuralorder to reconcile these results with existing experimental

studies using single crystals would be required to clarify thisresults, the transition may be caused by some kind of dimer-

point. ization between the Ir ions. Further studies on the structural
In conclusion, we have observed a clear indication of theand transport properties are necessary to characterize the na-

MIT in Culr,S, by high-resolution photoemission spectros-ture of the insulating phase, and to elucidate the mechanism

copy. The spectrum nedr shows a gap of~20 meV, of the MIT in Culr,S,.

which is consistent with the transport activation energy if the

semiconducting carriers apetype. The valence-band spectra

are compared with the calculated DOS; we found a strong The authors would like to thank Professor M. Shirai and

discrepancy between theory and experiment for thedir5 Dr. Oda for providing us with the results of the band-

derived DOS peak in spite of the good agreement for the Cstructure calculation including unpublished results, and A.

3d and S P/Se 4p-derived DOS features. This indicates Sekiyama, K. Kobayashi, and T. Susaki for technical sup-

that electron correlation among IdZlectrons is significant port. This work was supported by a Grant-in-Aid for Scien-

in Culr,S, in spite of the widely believed notion that electron tific Research from the Ministry of Education, Science,

correlation is negligibly weak in & bands. The Cu @ core-  Sports, and Culture of Japan.
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