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Abstract. Full-potential linearized augmented-plane-wave band calculations based on the local 
density approximion are performed for three sulphide spinels CUMIS( (M =Co. Rh. k). The 
electronic states near the Fermi level consist mainly of the M nde (n = 3 for CO, 4 for Rh. 5 
for Ir) and the S 3p orbitals. A large dy& splitting of the M nd bands is attributed mainly lo 
the effeas of hybridization between the M ndy and the S 3p orbitals. The CO 36 orbitals are 
more localized compared with the Rh 4d and the Ir 5d orbitals. Among the three compounds. 
the density of stales or thc p d a l  density of stales of the M nd components at the F e d  level is 
largesr in CuColS.4. The Cu 3d orbitals form relatively narrow bands. Judging from the number 
of Cu 3d elecvons in the muffin-tin sphere lhe valence of the Cu ions is CUI+ rather than Cu2+. 
Hence the Cu ions are expeeted lo be non-magnetic. 

1. Introduction 

Spinel compounds, AB?&, show various properties according to various atomic 
combinations of A, B and X. In the group (M = CO, Rh, 11). each material 
shows a metallic electronic resistivity at room temperature. and different ordered phases are 
observed at low temperatures though the B site is occupied by an atom of the same group 
in the periodic table. 

CuCo& shows an antiferromagnetic order below the Ntel temperature TN = 18K [l]. 
The temperature dependence of the static magnetic susceptibility x has been measured by 
Miyatani and co-workers [l]. They have decomposed x above TN into a Curie-Weiss term 
and a temperature-independent term and have concluded that the effective magnetic moment, 
0 . 8 9 ~ ~  per formula unit, estimated from the Curie constant is attributed to that of the Cu 
atom with the electronic configuration (3d)9. It has also been found that the temperature- 
independent term of x is greatly enhanced in comparison with that of CuRhzS4. 

CuRh& has been well h o w n  as a superconductor with Tc = 4-5 K since 1967 [2,3]. 
The specific heat has been measured in the superconducting state, as well as in the 
normal state, by Hagino and co-workers [4]. From these results, in the normal state 
the electronic specific heat coefficient y has been estimated to be 25mJK-2mol-' and 
the Debye temperature to be 230 K. They have also obtained the normalized jump of the 
specific heat at the transition temperature, AC/yT,,  to be 1.82. Measurements of nuclear 
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magnetic resonance (NMR) at Cu sites in CuRhzS4 have been carried out by Kumagai and co- 
workers [5]. The nuclear-spin lattice relaxation rate T;' below Tc shows a coherence peak 
and exponential decay, from which the normalized gap 2A,/ksTc has been estimated to be 
about 3.6. These experimental results suggest that Cum& is a BCS-type superconductor. 

CuIrzS4, which has been recently synthesized, shows a metal-insulator transition at 
r, Y 230K accompanying a structural phase transition [6--81. The transition is of first 
order, with a volume reduction of about 0.7% just below T, [7]. The crystal structure above 
T, is the normal spinel structure and that below r, is tetragonal with an axial ratio of about 
1.03 [7]. The atomic positions below Z have been determined by a Rietveld analysis of the 
x-ray diffraction pattern assuming a tetragonal structure with the space group I4l/amd [7]. 
However, there are some weak reflections that cannot be explained by the assumed structure. 
It seems to indicate the existence of further small atomic displacements that cause some 
superstructure. 

In CuIrzSa the magnetic susceptibility x shows a Pauli paramagnetic behaviour above T, 
and shows an almost temperature-independent diamagnetic behaviour below TI [7,8]. The 
abrupt decrease of x at has been attributed to disappearance of the Pauli paramagnetic 
susceptibility x p  = &NX(&) due to the metal-insulator transition, and the density 
of states N X ( E F )  at the Fermi level has been estimated to be 0.67stateseV-'atom-' 
(128statesRyd-' per unit ceU) [7,8]. The activation energy in the insulating state is 
estimated from the temperature dependence of the electrical resistivity 16-81 and from the 
temperature dependence of T;' in the NMR measurements [5]. The estimated values by the 
two different measurements are almost the same, and are about 0.01-0.05 eV. 

Since there has been no report about the electronic structure for CUM& we have 
performed full-potential linearized augmented-plane- wave (FLAPW) band calculations for 
these three spinels to obtain a unified understanding of their physical properties as well as 
to establish a basis for clarifying the mechanisms of their phase transitions. The results of 
the FLAPW band calculations for CUM& are presented in section 2, and discussions focused 
on the phase transitions in CUM& are given in section 3. A summary of the present study 
is also given in section 3. 

2. Electronic structure of CUM& (M = CO, Rh, Ir) 

CUM& has a normal spinel structure with the space group Fd3m (0,'). The unit 
cell contains two formula units (14 atoms). The Cu atoms occupy the A site which is 
tetrahedrally surrounded by S atoms and the M atoms the B site which is octahedrally 
surrounded by S atoms. In table 1 we show all the atomic positions in CuMzS4. There 
is an internal structural parameter U, which determines the actual positions of the S atom 
in the unit cell. In ideal spinel structure the value of u is uibd = 3/8 = 0.375, in which 
case the S atoms form a perfect face-centred cubic (FCC) lattice. In the actual structure 
ureal N u i w  + 0.01. As a result the crystal field acting on the M site has a trigonal 
component. 

2.1. Calculational procedure 

The FLAPW method is one of the most reliable procedures for electronic structure calculations 
in the framework of the local density approximation (LDA). In this method the space in each 
unit cell is divided for convenience into two regions: the muffin-tin (MT) region inside the 
MT spheres associated with each atom, and the interstitial region defined as the space other 
than the MT region. The basis functions, which are independent of the eigen-energies, are 
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Table 1. The atomic positions in CUM& (taking the site as the origin). The internal 
strucNral parameter U. which determines the actual positions of lhe S "S. is about 0.385. 

Atom Site Atomic oosition (units of a) 

pure plane waves in the interstitial region and in the MT region they are expanded in terms 
of atomic-like wavefunctions obtained by solving the radial Schrodinger equation in each 
MT sphere [9,10]. In the present calculation we have used the basis functions proposed by 
Takeda and Kiibler [IO]. In the FLAPW method the potential is treated essentially with no 
shape approximation. Practically, the potential and also the charge density are expressed 
by the Fourier series in terms of plane waves in the interstitial region and by the expansion 
in terms of the spherical harmonic functions in each MT sphere [ 1 I]. 

Table Z The lanice constants and the muffin-tin (MT) d i i  used in the present calculations for 
CuMzS.4 (M = Co. Rh. 11). 

a (A) U MT radius (A) 
C" M S 

CUCOZSI 9.451l4~ 0.386' 0.98474 1.08680 1,03397 
CwRh& 9.7849b 0.3Ub 0.98474 1.20163 1.03397 
Cuk& 9,8474' 0.385' 0.98474 1.24077 1.03397 

a From [I]. 
From [I21 
From 171, 

In table 2 we give the lattice constants and MT radii used in our FLAFW band 
calculations for CUM&. For the excbangecorrelation potential a Gunnarsson-Lundqvist- 
type potential [ 131 is used. We consider electrons in 
states for Rh, [Xe]54(4014 states for Ir and [Ne]" states for S as 'core' electrons, which are 
treated as relaxed. Relativistic effects other than the spin-orbit interaction are included 
(scalar relativistic treatment [14]) for both the core and valence states. The criteria 
adopted for constructing the basis functions are tmax = 7 inside the MT spheres and 
Ik + GI,, < 8.7 x 2n/a outside the MT spheres, where k denotes a vector in the first 
Brillouin zone (BZ) and G a reciprocal lattice vector. The latter criterion yields a set of about 
700 basis functions. The potential inside the MT spheres is expanded up to tmax = 4, while 
outside the MT spheres it is expanded in a Fourier series by using more than 5600 plane 
waves. During the self-consistent calculation of the potential, a linearly energy-interpolated 
tetrahedron scheme with the use of 44 inequivalent sampling k points is adopted for the Bz 
integration. The self-consistency calculation is terminated when the RMS difference between 
the input and output potentials becomes less than 0.1 mRyd. 

2.2. Band structure, density of states and Fermi surface 

The energy band dispersions for CUM& (M = CO, Rh, Ir) are shown in figures I(aHc). 
At first glance the energy band structures for CuMzS4 reveal many common features. The 

states for Cu or CO, 
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valence bands of cfi2s4 extend over a wide energy range and their bandwidth is 0.5- 
0.6 Ryd. The Fermi level EF lies near the top of the valence bands and there is one hole 
per formula unit. Separated by a gap from the valence bands there exist unoccupied bands 
with a bandwidth of about 0.15Ryd. 

The total densities of states (DOS) for CuCozS4, CuRh2S4 and CuIrzS4 are shown in 
figures 2(a), Z(b) and Z(c), respectively, together with the partial DOS of the Cu 3d, the 
M nd (n = 3 for CO, 4 for Rh, 5 for Ir) and the S 3p orbitals inside each MT sphere. If we 
look into the details of the partial DOS, there exist a couple of distinct differences among the 
three spinels. As seen from figures 2(aHc) the width of the CO 3d bands is narrower than 
that of the Rh 4d or the Ir 5d bands. In other words, the CO 3d orbitals are more localized 
compared with the Rh 4d and the Ir 5d orbitals. Among the three spinels, the total DOS or the 
partial DOS of the M nd component at EF is largest in CuCozS4. The total and partial DOS 
at EF for CuMzS4 are listed in table 3. The total DOS increases from CuIrzS4 to CuRh2S4 to 
CuCozS4. In all three spinels the partial DOS of the Cu 3d component is very small at ER. 
and the partial DOS of the M nd and the S 3p components are comparable at EF. Therefore, 
in a discussion of physical properties such as the transport properties and superconductivity, 
in which the electronic states near EF play important roles, the contributions from the S 3p 
states as well as from the M nd states should be taken into account. 

Table 3. The densiry of states at the F e d  level N ( E p )  for C u M A  (M = CO, Rh. 11) 

N ( E F )  (stntes Ryd-I per unit cell) 

Cu(3d) Mhd) S(30) Total 

C"CWS4 12 114 72 255 
CuRh*S4 9 34 51 I30 
CuhSa 4 30 27 83 

The partial DOS of the 3d component of CO in CuCozS4 is 29statesRyd-' per 
CO atom at E F .  This value is comparable with that in the nonmagnetic state of FCC 
CO (27statesRyd-' atom-' [15,16]) which shows the ferromagnetic order. The electronic 
specific heat coeflicient of CuRhzS4 evaluated from the relation y = faZk&V(EF) is 
11 aT K-* mol-', which is about half of the experimental value [4]. The difference between 
theory and experiment will be attributed to the effects of the electron-phonon interaction 
and/or the electron correlation. From the calculated total DOS, N ( E F ) ,  of CuIrzS4 and the 
experimental DOS, NX(&),  estimated from the static susceptibility measurements [7,8], the 
Stoner enhancement factor S defined by S e N X ( E F ) / N ( E F )  is estimated to be 1.5, which 
is comparable with the Stoner enhancement factors 1.1 and 1.4 obtained theoretically for 
FCC Cu and FCC Ir, respectively [16]. 

In an oxide spinel LiTizOd, which is a superconductor with Tc N 12K [17], the total 
DOS at EF has been evaluated to be 3.2stateseV-I per formula unit (87statesRyd-' per unit 
cell) [18]. This value is relatively smaller than that evaluated for CuRhzS4. The electronic 
states at EF in LiTi204 mainly consist of the Ti 3d states (about 70%) and the contribution 
from the 0 2p states is only about IO% [18]. This fact makes a striking contrast to the 
present result for CUM&, in which the M nd and the S 3p states contribute comparably to 
the electronic states at ER. 

As seen from the dispersion curves in  figure I(c), EF of CuIrzS4 is crossed by two bands, 
which give two sheets of Fermi surfaces as depicted in figures 3(a) and 3(b). The Fermi 
surfaces of CuRh2S4 are quite similar to those of Cuh& as supposed from the similarity 
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in dispersion curves near EF of both spinels (see figures l(b) and I(c)). From the shape of 
the Fermi surfaces in figures 3(a) and 3(b) we cannot expect a remarkable nesting effect 
of the Fermi surface as seen in LazCu04 [19]. The Fermi surfaces of CuCozS4 consist of 
three sheets because three bands cross EF (see figure l (a) )  and their shapes are considerably 
different from those of CuIrzS4 or CuRhzS4. No remarkable nesting effect of Fermi surface 
is expected for CuCozS4. 

Figure 3. The Fermi surfaces of (a) the lower band and (b) the upper band for CulrzS~. 

2.3. Nature of hybridization between M nd and S 3p and between Cu 3d and S 3p 

As seen from figures Z(a)-(c) the M nd and the S 3p orbitals hybridize strongly in a wide 
energy range. To see this behaviour of hybridization in more detail we have calculated 
the partial Dos of the n& and ndy components of the M nd orbitals. The results for 
CuCo2S4 are shown in figure 4. The results for CuRhzSl and CuIrzS4 are similar to those 
for CuCozSr. The symbols, e:, ulg and e: in figure 4 specify the symmetrized 3d orbitals 
of CO: e: corresponds to the dy orbitals, and alg and e: to the ds orbitals. The alg orbital 
extends along the trigonal axis and has a d(yz + zx + xy)-type symmetry. On the other 
hand, the e: orbitals extend in the plane normal to the trigonal axis and their symmetry is 
of d(yz + zx - b y )  or d(yz - zx) type. From figures Z(a) and 4 we see that the CO 3dy 
orbitals hybridize with the S 3p orbitals in the unoccupied bands (dy-p antibonding bands) 
and also near the bottom of the valence bands (dy-p bonding bands). The nature of this 
dy-p hybridization seems to be dpu bonding, judging from the octahedral coordination of 
the S atoms around the CO atom. Contrary to the dy orbitals, the CO 3ds orbitals hybridize 
with the S 3p orbitals in the valence bands and the electronic states near EF are mainly 
composed of the CO 3& and the S 3p orbitals. The nature of the ds-p hybridization is 
considered to be dpn bonding. Both CuRhzS4 and CuIrzS4 show almost the same behaviour 
of hybridization as that of CuCozS4. 

In order to investigate the electronic states near EF in more detail, we have calculated 
the averaged charge density defined by 

P(T .  EF) = e x I \ Y . k ( T ) 1 2 6 ( E n b  - EF)(X~(% - EF))-'. (1)  
nk nk 
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The contour maps of p ( r .  EF). calculated for CuCo& in a (Wl) plane cutting the CO and 
S atoms and in a (170) plane cutting the Cu, CO and S atoms, are shown in figures 5(n) 
and S(b), respectively. In figure S(a) the d(xy) character of the CO 3& orbitals can be 
seen clearly. The d(yz + zx - b y )  character of the CO 3ds (e:) orbitals, which extend in 
a plane normal to the mgonal axis at each CO site, is found in figure 5(b). These features 
are consistent with the fact that the partial DOS of the e: orbitals at EF is larger than that 
of the qg orbital, which extends along the respective trigonal axis. Figures 5(a) and S(b) 
show the presence of the hybridization between the CO 3d and the S 3p orbitals, while 
the hybridization between the Cu 3d and the S 3p orbitals is hardly seen, as shown in 
figure S(b). 

As seen from figure 4 there is a gap between the CO 3dy bands (precisely speaking, 
the dy-p antibonding bands) and the CO 3& bands in CuCo2S4. This dy-ds splitting also 
exists in the Rh 4d bands in CuRhzS4 and the II 5d hands in Cuk& We have evaluated 
the magnitude of the splitting AEdy-dc by estimating the orbital energies of the M ndy 
and the M n& states in the crystal with the use of the partial DOS obtained by the present 
band calculation. Since there is hybridization between the M nd and the S 3p orbitals, it is 
rather difficult to give a strict definition of each orbital energy in the crystal. Here we have 
determined tentatively the orbital energies in the following way. The orbital energies of 
the M & and the S 3p states are determined as the centres of gravity of the M d~ and the 
S 3p partial DOS, respectively. On the other hand, the M dy orbital energy is determined as 
the centre of gravity of the M dy partial DOS in the dy-p antibonding bands. The orbital 
energies and the dy& splitting calculated in this way are listed in table 4. It is clearly seen 
that the magnitude of the dy-ds splitting increases from CuCqSd to CuRh$34 to CuIr&j4. 
The origin of this dy-ds splitting is discussed in section 3. 

Compared with the M nd orbitals the Cu 3d orbitals form rather narrow bands, as clearly 
seen from figures Z(n)-(c). To see the behaviour of hybridization between the Cu 3d and 
the S 3p orbitals we have calculated the partial DOS of the 3& and the 3dy components 
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Figure 5. The contow map of the svmgc charge density defined by ( I )  for CUCO~SI ((1) in 
a (001) plane cuning the CO and S atoms and ( b )  in a (liOJ p h e  cutting the Cu, CO and S 
"S. Contoun s e  piveo from 0 001 80 0.020 in steps of 0.001 e l o i  Broken Lines represent 
the uigond axis Y each CO sire. 

Table 4. The orbid energis of the M dy. the M dr and IIK S 3p orbitals. md the d y 4 r  
splitting AEd,.,j, for CUM~SI (M =Co. Rh. If). 

Orbital energy (Ryd) AE.jy-dr (Ryd) 

M d y  M d c  S 3 p  

CuCmS4 010 -010 -019 0.20 
CuRh2Sa 0.15 -0 14 -0 17 0.29 
Culr2S1 0.19 -0.14 -0.20 0.33 

of the Cu 3d orbitals. The results for C U C O ~ S ~  are shown in figure 6. From figures 2(a) 
and 6 we see weak hybridization between the Cu 3& and the S 3p orbitals, while the Cu 
3dy orbitals are little hybridized with the S 3p orbitals. 

The number of electrons nt for each orbital component t (= 0, I, 2, 3) in the MT sphere 



200 1 

Figure 6. The partial densities of states of the 3dy 
and the 3& components of lhe Cu 3d orbitals in 
cuco*s4. 

is listed in table 5. We have obtained n&u) N 8.5 for all three spinels. It should be noted 
here that by integrating the Cu 3d partial DOS the total Cu 3d states within the MT sphere of 
a Cu atom are estimated to be 8.7 states per Cu atom. Therefore, n*(Cu) N 8.5 means that 
the Cu 3d orbitals are almost completely occupied by eleceons. From this result we can 
conclude that the valence of the Cu ions is CUI+ rather than Cuzt. The value of n2 for the 
M atom is larger than 6.0 in all three spinels. This is a consequence of the hybridization 
between the M ndy and the S 3p orbitals. It is noted here that the value of nz(Co) is largest, 
despite the fact that the MT radius of CO atom is smallest among the three M atoms. This 
also indicates clearly the localized character of the CO 3d orbitals. 

Table 5. The number of electrons for each orbital component e (= 0. I ,  2, 3) in the muffin-tin 
sphere for CuM1S4 (M =CO, Rh, Ir). 

Orbital component e Total 
0 1 2 3 

cuco2s4 
C" 0.25 0.21 8.60 0.01 9.07 
CO 0.28 0.32 7.07 0.02 7.69 
S 1.32 2.14 0.07 0.01 3.54 

CuRhzSa 
cu 0.21 0.16 8.54 0.00 8.92 
Rh 0.28 0.31 6.57 0.05 7.21 
S 1.33 2.26 0.07 0.01 3.67 

cuIrzs4 
cu 0.21 0.16 8.54 0.01 8.91 
Ir 0.41 0.35 6.17 0.06 7.00 
S 1.32 2.28 0.09 0.01 3.70 

3. Discussion and conclusion 

For the origin of the dy-ds splitting in the M nd states we can consider two kinds of effects: 
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one is the cubic crystal field acting on the M atoms and the other is the dpo hybridization 
between M ndy and S 3p orbitals. In the usual crystal field theory the energy splitting of 
dy and ds  caused by the octahedrally coordinated ligands is given by 

where -Zlel represents the effective electronic charge of the ligand atom, R is the distance 
between the cenEed atom and the ligand atoms, and (r4) denotes the average of r4 with 
respect to the radial wavefunction Rd(r): 

(r4) = IRd(r)['r4. r'dr. (3 ) 

We have evaluated the value of (r4) by using the radial wavefnnctions inside the MT 
spheres which are obtained in the course of the FLAPW band calculation. The results are 
(r4) = 0.159, 0.366 and 0.474A4 for CuCozS4, CuRhzS4 and cdtZs4, respectively. The 
values of R5 in CuCqS4, CuRhzS4 and CuIrzS4 are 59.4, 72.0 and 74.4A5, respectively. 
Then, if we take 2 = 2 tentatively, the dy& splitting due to the crystal field is estimated 
to be = O.OZRyd, which is much smaller than the values of given in table 4. This 
result suggests that the dy-de splitting in CUM& would come mainly from the effect of 
dy-p hybridization, though our estimate of the crystal field effects is not strict. 

As mentioned in section 2, the results of our band calculation suggest that the electronic 
configuration of the Cu ions in CUCOZS~ is (3d)'O. i.e. Cult. Then, the Cu ions will not 
contribute to the magnetism of CuCozS4. On the other hand, the partial DOS of the CO 3d 
in the paramagnetic state of CuCozS4 is comparable to that of Fcc CO which shows the 
magnetic order. From these results we expect that the magnetism of CuCqS4 would be 
caused by the CO atoms. This conclusion forms a striking wntrast to the interpretation for 
the antiferromagnetism in CuCozS4 given in [1,20], in which the electronic configurations 
of the Cu and the CO ions are assumed to be Cu (3d)9 and CO (3d)6, respectively. In this 
model it is considered that the CO atoms are in the low-spin state and the magnetic moments 
are provided by the Cu 3d electrons. 

If the on-site Coulomb interaction at Cu atoms, which may not be satisfactorily taken 
into account in the FLAPW calculations based on the LDA, were large enough to make an 
upper Hubbard band above EF. the (3d)9 electronic configuration of the Cu ions might be 
realized and the Cu ions would have localized magnetic moments. If so, the valence band 
of CuCo& would be fully occupied and CuCqS4 would be an insulator because there is 
an energy gap between the dy-p antibonding band and the valence band. Experimentally, 
however, the electrical resistivity of CuCozS4 shows metallic behaviour [l]. Furthermore, 
if the magnetic moments of CUCOZS~ were provided by the Cu atoms, we expect that the 
Cu ions would also have localized magnetic moments in CuRh2S4 and CUI&. However, 
the magnetic susceptibility observed for CuRhzS4 and CuIrzS4 shows Pauli paramagnetic 
or diamagnetic behaviour [4,7,8]. 

According to the results of our band calculation the Cooper pairs in the superconducting 
state in CuRhzS4 are formed mainly by the electrons in the hybridized bands which consist 
of the Rh 5d and the S 3p orbitals. This situation is similar to that of LiTizO4, in which 
the Cooper pairs are formed by the electrons in the hybridized bands of TI 3d and 0 2p 
orbitals and the lattice vibrations of the 0 atoms as well as those of the Ti atoms contribute 
to the superconductivity [18,21-23]. Therefore, we expect that the lattice vibrations of the 
S atoms as well as those of the Rh atoms contribute to the superconductivity in CuRh2S4. 
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If we use the McMillan formula for the superconducting transition temperature T, given 
by P41 

OD 
1.45 ( Aep - ~ ' ( 1  + 0.62Aep) 

Tc = -exp - (4) 

the electron-phonon coupling constant A, of CuRbzS4 is evaluated to be Aep = 0.62 by 
using the experimental values of T, = 4.7 K and 00 = U0 K (00 being the Debye 
temperature) 141 and by assuming p* = 0.1 (j~' being the effective screened Coulomb 
repulsion constant). This value of Lp is almost the same as that of LiTizO4 [21-231. 
Therefore, the difference in T, between CuRhzS4 and LiTizO4 may be attributed, as pointed 
out by Shelton and co-workers [25], to the difference of the Debye frequency or the average 
frequency of the phonons contributing to the superconductivity. 

Here we define Atot by 

~ e x p  = $ R ' ~ ; N ( E F ) ( ~  + A d  (5) 

where ymp represents the experimental value of the electronic specific heat coefficient and 
N ( E p )  denotes the calculated DOS at EF.  Then, by using yap = 25 mJ K-' mol-' [4] and 
N ( E p )  = 130statesRyd-' per unit cell given in table 3, the value of Atot for CuRhzS4 is 
estimated as 1.2. The difference .Amc - A, N 0.6 may be attributed to the effects of the 
electron correlation and/or the spin fluctuations. Its value is smaller than Amt - Lp rr 1.2 of 
LiTiz04 obtained in [18,23]. This means that the effects of the electron correlation and/or 
the spin fluctuations are weaker in CuRhzS4 than in LiTT204. 

The atomic displacements observed below the metal-insulator transition temperature T,  
correspond to the E ,  phonon mode at q = 0, the r point in the Bz. for the cubic spinel 
phase above T,. We have found previously [21-231 that the electron-phonon interaction 
in LiTizO4 is relatively strong for the Eg mode as well as for the AI, mode. According 
to the results of our preliminary band calculation for CUI& with the distorted structure 
corresponding to the E ,  mode, the electronic band structure near EF is noticeably modified 
by the lattice distortion. It is thus expected that the electron-phonon interaction for the E ,  
mode is strong also in Cuk~S4, and that the strong electron-phonon interaction drives the 
sbuctural phase transition in CuIrzS4. 

As to the insulating behaviour below T,, it is rather difficult to speculate its origin from 
the results of the present band calculation. In fact, our preliminary band calculation for 
the distorted phase of CuIrzS4 cannot predict the insulating electronic structure. Another 
possible origin of the insulating behaviour below T, is the existence of some superstructure 
or charge-density-wave (CDW) state, which has not been contimed by experiments so far. In 
x-ray difiaction measurements below T,, weak reflections indicating the existence of some 
superstructure have been observed [7]. To explore a possible CDW state caused by the effect 
of Fermi surface nesting in CuIr2S4 we have calculated the bare electronic susceptibility 
defined by 

where f ( E )  is the Fermi-Dirac distribution function. As a result X o ( q )  takes a maximum 
value at QL = (2n/a)(k t t), the L point in the first B Z  Thus we can expect a possible 
W W  state specified by the wavevector of the L point in the first B Z  In order to present 
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more realistic discussion it is necessary to perform first-principles calculations of the lattice 
dynamics and the electron-phonon interaction in CuIrzS4, particularly for those associated 
with the phonons at the L point. Finally, we note that inclusion of the spin-orbit interaction 
might cause some change in the electronic structures of CuIr$S4 because the spin-orbit 
interaction becomes important, particularly in the materials including heavy elements. Thus 
full-relativistic band calculations including the spin-orbit interaction are desired to clarify 
the origin of the metal-insulator transition in CUI&. 

In conclusion, the main results of the present study of the electronic structure in CuMzS4 
(M = CO, Rh, Ir) can be summarized as follows. 

(i) The electronic states near EF consist mainly of M nde (n = 3 for CO, 4 for Rh, 5 
for Ir) and S 3p orbitals. No remarkable Fermi surface nesting effect is found. The nature 
of hybridization between the M nds and S 3p orbitals is dpz bonding. On the other hand, 
the strong hybridization between the M ndy and S 3p orbitals is caused by dpu bonding, 
and the dy-p bonding and antibonding bands are formed. The total DOS at EF increases 
from CuIrzS4 to CuRhzS4 to CUCL@~. In all three materials the Cu 3d component at EF 
is very small, and the components of the M nd and the S 3p orbitals are comparable at EF. 
A large splitting between the M ndy and the M nds bands is attributed mainly to the effect 
of dy-p hybridization due to strong dpu bonding. 

(ii) The Cu 3d orbitals form relatively narrow bands. Judging from the number of Cu 3d 
electrons in the MT sphere, the c u  ions are expected to exist as CUI+ rather than Cu2+, i.e. 
the Cu ions in CuMzS4 would not have magnetic moments. The CO 3d component at EF in 
CuCozS4 is 29statcs Ryd-' per CO atom, which may be large enough to cause the magnetic 
instability in CuCozS4. As a result, the antiferromagnetism of CuCqS4 is expected to arise 
from the CO atoms. 
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