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We have studied the electronic structure of two Chevrel-phase compounds, Mo6Se7.5 and Sn1.2Mo6Se7.5, by
combining photoemission spectroscopy and band-structure calculations. Core-level spectra taken with x-ray
photoemission spectroscopy show systematic core-level shifts, which do not obey a simple rigid-band model.
The inverse photoemission spectra imply the existence of an energy gap located;1 eV above the Fermi level,
which is a characteristic feature of the electronic structure of the Chevrel compounds. Quantitative compari-
sons between the photoemission spectra and the band-structure calculations have been made. While good
agreement between theory and experiment in a wide energy range was obtained as already reported in previous
studies, we found that the high density of states near the Fermi level predicted theoretically due to the Van
Hove singularity is considerably reduced in the experimental spectra taken with higher energy resolution than
in previous reports. Possible explanations for this observation are proposed.
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I. INTRODUCTION

The Chevrel-phase compounds, which were extensiv
studied in the 1970s as one of the largest families
superconductors,1–3 have recently attracted renewed intere
as candidates for thermoelectric materials.4,5 Their general
formula isAxMo6X8, whereX is a chalcogen atom, namely
S, Se, or Te andA is an alkali metal, alkaline earth, simp
metal, transition metal, noble metal, or rare earth.2 Dozens of
compounds with this formula are known, a large portion
which show superconductivity. Crystallographically, th
have a rather remarkable structure consisting of Mo6X8 clus-
ters. In this sense, the Chevrel system is a forerunne
cluster-based superconductors like the fullerenes. Such
terials tend to have rather exotic electronic structures, wh
gives us a unique opportunity to search for compounds w
unusual properties.

A number of theoretical band-structure calculations ha
been reported for the Chevrel-phase compounds.6–10 Two
characteristic features should be remarked. The first is
high density of states~DOS! near the Fermi level (EF)
mainly due to flatbands of Mo 4d character, which would
favor a high superconducting transition temperature acc
ing to standard BCS theory. In fact, the Fermi level is loca
close to a Van Hove singularity~VHS!.8 In addition, the
flatbands mean a low Fermi velocity, which leads to a sh
coherence length and hence a high critical magnetic fi
(HC2).3 Second, there exists an energy-gap-like struct
about 1 eV aboveEF . This arises from a splitting betwee
the bonding and antibonding states of the Mo 4d manifold
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and its position relative toEF depends on the number o
electrons in the cluster. It is this feature as well as
cluster-based crystal structure that gives some researc
the hope that thermoelectric materials may exist among
Chevrel-phase compounds.4,5

Experimentally, photoemission spectroscopy~PES! is
one of the most useful methods to investigate the electro
structures, and it has already been applied to this sys
several times. Following the early work by Ihara an
Kimura,11 many studies have been reported includi
x-ray photoemission spectroscopy~XPS!, ultraviolet photo-
emission spectroscopy~UPS!,12–17 and x-ray emission spec
troscopy.12 Although the measured valence-band spec
were compared with band-structure calculations and g
agreement was obtained between experiment and theory12,13

experiments have not been performed using high eno
resolution to access the electronic structure nearEF . Infor-
mation about the unoccupied states that could be obtaine
inverse photoemission spectroscopy~IPES! is also lacking.

In this paper, we report on a study of the electron
structure of two Chevrel-phase compounds Mo6Se7.5 and
Sn1.2Mo6Se7.5, combining the results of PES, IPES, an
band-structure calculations. First, the experimental res
for the core-level, valence-band, and conduction-band sp
tra will be shown. The valence-band spectra were taken w
much higher resolution than in previous reports. Second,
ter the results of the band-structure calculations for Mo6Se8
and SnMo6Se8 are reported, a quantitative comparison b
tween the experimental PES and IPES spectra and the t
retical spectra derived from the band-structure calculati
©2001 The American Physical Society09-1



r

at
at
h
w

a
d
ra
he
in
th
he
te

be
he
b

c
.
s
r
e

g
ea

ng
r-

en
e
e

po
e

rm

-

e
-
se
, t

ping
was
use

al

ing
f
ail
el.

ne-
as-

etric
on-
s

n-

ars
aly-

ed
e
le I

K. KOBAYASHI et al. PHYSICAL REVIEW B 63 195109
will be made. We finally discuss to what extent the theo
explains the experimental results.

II. EXPERIMENT

A. Sample preparation

Polycrystalline samples of Mo6Se7.5 and Sn1.2Mo6Se7.5
were prepared as follows. For Mo6Se7.5, a mixture of Mo
and Se with the desired ratio was sealed in an evacu
silica tube, and was then heated from 200 °C to 900 °C
rate of 100 °C/h, followed by annealing at 900 °C for 12
The product was ground and pressed into a pellet, and
then annealed at 1200 °C for three days. For Sn1.2Mo6Se7.5,
a mixture of the desired ratio of Sn, Mo and Se powders w
heated in an evacuated silica tube at 200 °C for 12 h an
250 °C for 12 h, and was then heated up to 800 °C at a
of 100 °C/h, followed by annealing at 800 °C for 24 h. T
product was pressed into a pellet and was annealed aga
1000 °C for a week. X-ray diffraction patterns of bo
samples were successfully indexed on the basis of the C
rel structure. The hexagonal lattice parameters were de
mined to bea59.568 Å and 9.521 Å andc511.180 Å and
11.838 Å for Mo6Se7.5 and Sn1.2Mo6Se7.5, respectively. The
SnxMo6Se8 phases were stabilized when the atomic ratio
tween Mo and Se was slightly nonstoichiometric. While t
x-ray diffraction does not show any extra phase caused
the nonstoichiometry, it is not known whether Se deficien
or excess Mo is responsible for this nonstoichiometry18

Judging from the results for the sulfide Chevrel-pha
compounds,19 however, the former is more likely rathe
than the latter. Transitions to superconducting states w
found to occur at 5–8 K for Mo6Se7.5 and 2–8 K for
Sn1.2Mo6Se7.5, consistent with previous reports.

B. Photoemission measurements

The XPS measurements were done using the MgKa line
(hn51253.6 eV) and photoelectrons were collected usin
PHI double-pass cylindrical-mirror analyzer. The UPS m
surements were made using the HeI and HeII resonance
lines (hn521.2 eV and 40.8 eV, respectively! and a VSW
hemispherical analyzer. The IPES or Bremsstrahlu
isochromat spectroscopy~BIS! measurements were pe
formed by detecting photons ofhn51486.6 eV using a
quartz monochromator. The XPS and BIS measurem
were made at liquid-nitrogen temperature, and the UPS m
surements at;28 K. We did the energy calibration and th
estimation of the instrumental resolution by using Au eva
rated on the surface of the samples after each measurem
They were performed for XPS by defining Au 4f 7/2
584.0 eV, and for UPS and BIS by measuring the Fe
edge. The total resolution was;1 eV,;35 meV,;80 meV,
and;1 eV for XPS, HeI UPS, HeII UPS, and BIS, respec
tively.

The samples were scrapedin situ with a diamond file for
every measurement. During the XPS measurements, th
tensity of the O 1s core-level signal, which indicates con
taminations on the sample surfaces, did not increase for
eral hours, once it had been almost removed. Therefore
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measurements of XPS and BIS were undertaken by scra
the samples every several hours. However, scraping
done more frequently for the UPS measurements beca
UPS is more surface sensitive than XPS and BIS.

III. EXPERIMENTAL RESULTS

A. Core-level spectra

Figures 1~a!, 1~b!, 1~c!, and 1~d! show the Mo 3p, Mo
3d, Se 3p, and Se 3d core-level spectra of Mo6Se7.5 and
Sn1.2Mo6Se7.5 obtained by XPS, respectively. The horizont
axis ~E! measures the energy relative toEF and the binding
energy (EB) is given by2E. Two observations are worth
mentioning. First, systematic core-level shifts occur in go
from Mo6Se7.5 to Sn1.2Mo6Se7.5. Second, the line shape o
the Mo core level looks more asymmetric with a longer t
toward higher binding energy than that of the Se core lev
This is a feature common to both compounds.

To be more quantitative on those points, we made a li
shape analysis by means of least-squares fitting. It is
sumed that each core-level peak has Mahan’s asymm
line-shape reflecting the effect of core-hole screening by c
duction electrons in metals.20 The degree of asymmetry i
characterized by the singularity indexa given by

a52(
l

~2l 11!S d l

p D 2

5(
l

ql
2

2~2l 11!
, ~1!

whereql is the charge of the conduction electrons with a
gular momentuml which screens the core hole andd l is the
phase shift, satisfying Friedel’s sum rule( lql51. The line

FIG. 1. Mo 3p ~a!, Mo 3d ~b!, Se 3p ~c!, and Se 3d ~d! core-
level spectra of Sn1.2Mo6Se7.5 and Mo6Se7.5 indicated by closed and
open circles, respectively. In~a!, ~c!, and ~d!, the results of the
line-shape fitting are also shown by solid curves with vertical b
indicating the peak positions obtained through the line-shape an
sis. Only in~b! are the positions of the intensity maxima indicat
with vertical bars since the Mo 3d spectra contain signals from th
Se 3s core level. The peak positions obtained are listed in Tab
below.
9-2
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ELECTRONIC STRUCTURE OF THE CHEVREL-PHASE . . . PHYSICAL REVIEW B 63 195109
shape is convoluted with a Gaussian and a Lorentzian fu
tion which represent the instrumental resolution and
core-hole lifetime broadening, respectively. An integ
background20 is also assumed. The line-shape analysis w
successfully made except for the Mo 3d core-level spectra
which contain a weak Se 3s core-level peak atE;
2229 eV. The results are shown for the Mo 3p, Se 3p, and
Se 3d core-level spectra of both compounds in Figs. 1~a!,
1~c!, and 1~d! by solid curves. The fit parameters are sho
in Table I.

First, it is found from Table I that the singularity indice
of the Mo core levels are larger than those of the Se c
levels, in qualitative agreement with the results for the s
fide Chevrel-phase compound.13 This observation indicate
that the contribution from the Mo 4d electrons is dominant a
EF rather than that from Se 4p, which is qualitatively con-
sistent with the band-structure calculations. Second, we
found that each core level in Mo6Se7.5 is located at a binding
energy that is 0.1–0.2 eV higher than that in Sn1.2Mo6Se7.5.
As for the trend of the core-level shifts, it has been repor
that the shifts have weak linear correlation with the intercl
ter Mo-Mo distance and the rhombohedral lattice param
of Chevrel systems judging from the core-level and Mos
absorption spectra of variousAxMo6X8 compounds (A5Pb,
Ni, Cu, and so on andX5S, Se, and Te!.16 Our results fol-
low the same trend in thatEB increases as the Mo-Mo dis
tance increases. Since the total number of electrons in
cluster increases when Sn is added to Mo6Se7.5, the rigid-
band model predicts that each core-level binding ene
should increase in going from Mo6Se7.5 to Sn1.2Mo6Se7.5.
The observed core-level shifts are therefore opposite to th
expected from the rigid-band model, assuming that Sn is
electron donor and that the Fermi level would be raised
Sn doping. Thus, our results imply that the valence-ba
structure itself changes and the system behaves unlik
rigid-band model when Sn is added interstitially
Mo6Se7.5.

B. Valence-band photoemission spectra

The valence-band XPS and UPS spectra of Mo6Se7.5 and
Sn1.2Mo6Se7.5 in the entire valence band and in the vicini
of EF are shown in Figs. 2~a! and 2~b!, respectively. They
were normalized to the area of the whole valence ba
which spreads betweenE;28 eV and 0 eV after back

TABLE I. Core-level peak positionE and singularity indexa
obtained by the line-shape analysis. For the Mo 3d core level only,
the peak positions determined by their intensity maxima are lis
DE denotes the spin-orbit splitting between 3p3/2 and 3p1/2 or be-
tween 3d5/2 and 3d3/2.

Mo6Se7.5 Sn1.2Mo6Se7.5

Core level E ~eV! DE ~eV! a E ~eV! DE ~eV! a

Mo 3p3/2 2393.87 17.52 ;0.18 2393.67 17.52 ;0.18
Mo 3d5/2 2228.03 3.13 2227.88 3.14
Se 3p3/2 2160.38 5.77 ,0.02 2160.27 5.77 ,0.01
Se 3d5/2 253.91 0.91 ;0.05 253.78 0.88 ;0.07
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grounds of integral type20 and Henrich type21 had been sub-
tracted for the XPS and UPS spectra, respectively.

Roughly speaking, three structures are identified in
spectra of both compounds. For the moment, these struct
are referred to asA ~from 0 to ;22 eV!, B(;23 eV), and
C ~from ;24 to ;27 eV! as indicated in the figure. Be
cause the Sn 5s core level is observed atE;214 eV, we
have to take into account only Mo 4d and Se 4p. The con-
tribution of Mo 5s and Sn 5sp to the valence-band spectra
negligible because of their small numbers of electrons
these compounds and their relatively small cross section22

Based on the fact that the relative cross section of Se 4p to
Mo 4d is largest athn51253.6 eV~XPS! and smallest at
40.8 eV~HeII UPS!, we can considerA to be of mainly Mo
4d character, showing up as a distinct peak in the HeI and
HeII UPS spectra. In a similar way, structuresB and C are
attributed to Se 4p character because they appear as str
broad features in XPS. In the XPS spectra, it is hard to d
criminate betweenB andC because of the low energy reso
lution. The above assignment is qualitatively consistent w
the band-structure calculations~see Fig. 4 below!: Mo 4d
character is dominant in the rather narrow energy range f
E50 to ;22 eV and Se 4p character appears as a bro
band fromE;23 to ;27 eV. Quantitative comparison wil
be made below.

d.

FIG. 2. Valence-band photoemission spectra of Mo6Se7.5 and
Sn1.2Mo6Se7.5 in the entire valence band~a! and in the vicinity of
EF ~b!. The photon energies used for the measurements arehn
521.2 eV~HeI UPS!, 40.8 eV~HeII UPS!, and 1253.6 eV~XPS!.
All the spectra were normalized to the area betweenE528 eV and
0 eV after backgrounds of integral type and of Henrich type w
subtracted for the XPS and UPS spectra, respectively.
9-3
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K. KOBAYASHI et al. PHYSICAL REVIEW B 63 195109
The intensity betweenE520.3 and 21.2 eV of
Sn1.2Mo6Se7.5 is higher than that of Mo6Se7.5, which holds
true for all three spectra as seen in Fig. 2~b!. Here, it may be
tempting to consider that the Mo 4d band of Mo6Se7.5 is
shifted by;0.3 eV to higher binding energy compared wi
that of Sn1.2Mo6Se7.5, corresponding to the core-level shif
We should, however, emphasize again that the rigid-b
model predicts the opposite. Indeed, the line shape aro
EF is qualitatively different for the two compounds, whic
clearly means that a simple rigid-band model is not ap
cable to the Chevrel system and that the insertion of
atoms between the clusters certainly changes the electr
structure aroundEF . Alternatively, the shift can be partly
attributed to the narrowing of the Mo 4d band due to the
increase in the distance between the Mo6Se8 clusters. Gen-
erally, when theX atom in the Mo6X8 cluster goes from S to
Se, the lattice parameters increase due to the larger at
radius of Se. In a similar way, by inserting large atoms su
as Sn and Pb, the distance between the clusters increa3

This results in the decrease of the Mo 4d bandwidth, and in
turn lowers the position ofEF relative to the other core an
valence levels because the Fermi level is located close to
top of the Mo 4d band in the bonding states. Actually,
slight decrease of the Mo 4d band width from Mo6Se8 to
SnMo6Se8 is also predicted in the band-structure calculatio
as reported below.

C. BIS spectra

The BIS spectra of Sn1.2Mo6Se7.5 and Mo6Se7.5 are shown
in Fig. 3 with closed and open circles, respectively. The B
spectrum of Au near the Fermi level is also shown at the
of the figure for the sake of comparison. The main peak
E;2 eV is readily assigned to Mo 4d character, namely, the
antibonding states of the Mo 4d band, because Mo 4d has a
high density of unoccupied states and its cross sectio
larger than the other components such as Se 4p. The broad
structure atE*6 eV is of Mo 4p character. As marked in
Fig. 3, the main peak position of Sn1.2Mo6Se7.5 is shifted to
higher energy relative to that of Mo6Se7.5 by ;0.35 eV. This
shift and its direction are consistent with the PES results,
is explained in the same way as above: in going fr

FIG. 3. BIS spectra of Sn1.2Mo6Se7.5 and Mo6Se7.5. The arrows
indicate the shoulder around 1 eV aboveEF . At the top, the spec-
trum of gold is also plotted.
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Mo6Se7.5 to Sn1.2Mo6Se7.5, the narrowing of the Mo 4d
bands occurs not only in the bonding state but also in
antibonding state and the position ofEF is lowered relative
to the core levels. On the other hand, the centroid of the b
in both states should be unaffected by the narrowing in
first approximation, causing the Mo 4d peak in the unoccu-
pied state to be shifted away fromEF in the Sn1.2Mo6Se7.5
spectra.

Now, a characteristic feature in Fig. 3 is the existence o
shoulder atE;0.5 eV in the Sn1.2Mo6Se7.5 spectrum as
marked by an arrow in the figure. This shoulder implies t
existence of a dip in the unoccupied DOS. Though not
obvious as in the Sn1.2Mo6Se7.5 spectrum, there is a simila
shoulder atE;1 eV in the Mo6Se7.5 spectrum. As men-
tioned above, the band-structure calculations for ma
Chevrel-phase compounds6–10 have predicted the existenc
of an energy gap around 1 eV aboveEF . The observed
shoulder is consistent with this considering the;1 eV en-
ergy resolution of the BIS measurements@see Fig. 5~a! be-
low#. To the best of our knowledge, the above observatio
the first experimental indication of the existence of the g
aboveEF in Chevrel-phase compounds.

IV. BAND-STRUCTURE CALCULATIONS

In order to interpret the experimental results from a the
retical viewpoint, we have performed band-structure calcu
tions for both compounds. The band structure was calcula
self-consistently using the local density-functional appro
mation~LDA ! and the scalar relativistic linear muffin-tin or
bital method~LMTO! in the atomic sphere approximatio
~ASA! including the combined correction~CC!.23–25

In the ASA1CC, the one-electron potential entering th
Schrödinger equation is a superposition of overlappi
spherical potential wells with a positionR and radiisR , plus
a kinetic energy error proportional to the fourth power of t
relative overlap of the spheres. The radii of the overlapp
muffin-tin spheres are determined by the conditions that
overlapping muffin-tin potential be the best possible appro
mation to the full potential, and that the error due to sph
overlap be acceptable. For the Chevrel phases with o
structure, these conditions cannot be achieved with o
atom centered spheres so several interstitial~empty! spheres
were included to achieve good sphere packing and an ov
good representation of the potential. The radii of the atom
and interstitial spheres as well as the position of the inter
tial spheres were calculated by using an automatic proce
developed by Krieret al.26 In the present calculation we
allowed an overlap of 16% between atom centered sphe
18% between atom centered and interstitial spheres, and
between interstitial spheres.

The basis set for both compounds consisted of Mos,
5p, 4d, Se 4p, and the interstitials LMTO’s. In addition for
SnMo6Se8 we included Sn 5s,5p LMTO’s. Ses, d, Snd, and
interstitial p-d were downfolded.27 This treatment not only
reduced the size of the secular matrix but also avoided
tortions of the phase shift of the high partial waves. Su
distortions, or even ghost bands, may occur with the conv
tional LMTO method. All k-space integrations were pe
9-4
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formed by the tetrahedron method28 using 254 irreduciblek
points within the Brillouin zone.

The calculated densities of states are shown in Figs.~a!
and 4~b! for SnMo6Se8 and Mo6Se8, respectively, and they
are consistent with previous reports on other Chevrel-ph
compounds.6–10 For example, Mo6Se8 and SnMo6Se8 are
calculated to have four and two holes betweenEF and the
top of the valence band, respectively, as was previously
ported. The DOS atEF is very high and situated near th
VHS, which explains the asymmetric line shape of the M
core-level spectra. The width of the Mo 4d band in the bond-
ing states decreases from 6.4 eV to 5.7 eV in going fr
Mo6Se8 to SnMo6Se8, which may be partly responsible fo
the aforementioned non-rigid-band-like behavior. It sho
be noted here that the role of the insertion of Sn atoms
tween the clusters is to change not only the number of e
trons but also the cluster-cluster interactions.

V. COMPARISON BETWEEN THEORY
AND EXPERIMENT

In this section, we will make a quantitative comparis
between the photoemission spectra and theoretical sp
derived from the band-structure calculations. First,
is necessary to redefine the Fermi level of the calculat
because due to the Se deficiency the Fermi level
Sn1.2Mo6Se7.5 (Mo6Se7.5) is apparently higher than that o
SnMo6Se8(Mo6Se8) by 1.4~1.0! electrons on the assumptio
that each Se vacancy gives two electrons to the valence b
The shift corresponding to this in the band-structure calcu
tion is 0.072 eV and 0.085 eV for Sn1.2Mo6Se7.5 and

FIG. 4. Calculated DOS of~a! SnMo6Se8 and~b! Mo6Se8 with
the total DOS and Mo 4d partial DOS shown by the solid line an
the shaded area, respectively.
19510
se

e-

d
e-
c-

tra
t
n,
f

nd.
-

Mo6Se7.5, respectively. To derive the theoretical photoem
sion spectra from the results shown in Fig. 4 we took in
account the contribution of Mo 4d and Se 4p only. The
partial DOS of each component has been weighted by
corresponding photoionization cross section at each pho
energy, and this weighted DOS has been broadened by
voluting with a Gaussian and a Lorentzian which repres
the instrumental resolution and the lifetime broadening,
spectively. We have assumed that the lifetime width is lin
in energyE measured fromEF , i.e., the full width at half
maximumw5auE2EFu. The coefficienta, which phenom-
enologically represents the size of the lifetime of the pho
hole with increasing binding energy, is a parameter tha
determined so that the measured spectra are well reprodu
For both compounds we have takena50.24 and 0.40 for the
photoemission and inverse-photoemission spectra, res
tively. The spectra have been normalized to their total ar

As shown in Fig. 5~a!, the agreement in a wide energ
range between theory and experiment is quite satisfactory
has already been reported.12,13 The main features observe
aroundE52 –3 eV, 2~1–2! eV, and2~3–6! eV in the BIS
and PES spectra are well reproduced in the theoretical si
lation. As shown in the figure, the energy difference betwe
the main peak in the HeII spectrum and that in the BIS
spectrum equals;4.1 eV for both compounds, while th
counterpart in the theory is;3.8 eV for Mo6Se7.5 and;3.6

FIG. 5. ~a! Comparison between theory and experiment for
HeII and BIS spectra of Sn1.2Mo6Se7.5 with solid curves and
Mo6Se7.5 with dashed curves in a wide energy range. The solid a
dashed vertical bars indicate the positions of the intensity max
of the main structures of the Sn1.2Mo6Se7.5 and Mo6Se7.5 spectra,
respectively. The energy splitting between the bonding and a
bonding states of the Mo 4d band is also shown.~b! The enlarged
plots of ~a! in the vicinity of EF .
9-5
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eV for Sn1.2Mo6Se7.5. Although the theoretical values ar
slightly smaller than the experimental ones, the values of
energy splittings, which directly reflect the electronic stru
ture of the Mo6Se8 cluster, fall in the same range for bot
theory and experiment. In the theoretical studies, it is kno
that a molecular-cluster approach is a good first approxi
tion,9 due to the localized nature of the Mo 4d electrons
within the cluster.

In spite of that agreement, however, there exists a la
discrepancy just aroundEF between the experimental an
theoretical HeII spectra as shown in Fig. 5~b!: while the
intensity of the Mo6Se7.5 spectrum is larger than that of th
Sn1.2Mo6Se7.5 spectrum, which qualitatively holds true i
theory and experiment, the absolute intensity is not rep
duced at all. Indeed, the sharp peak in the theoretical s
trum originating from the VHS completely disappears in t
experimental spectrum. Although the energy resolution is
high enough to check this point for the BIS spectra, one
see a similar tendency there too. We believe that the dis
pearance of the VHS is intrinsic judging from the over
good agreement between theory and experiment in the w
energy range. Actually, there are several effects that h
been neglected in the band-structure calculations. The
markable reduction of the PES intensity nearEF indicates
that such an effect plays a significant role in the spectra
the low energy scale. Because the total spectral we
should be conserved if integrated to a sufficiently high
ergy, the significant weight nearEF that is theoretically pre-
dicted is supposed to be transferred to the region away f
EF ~at least 1–2 eV fromEF) in the experimental spectra. A
similar discrepancy between theory and experiment exist
the photoemission spectra of another cluster-based supe
ductor, K3C60.29

Several candidates that can cause the above phenom
may be listed. First, disorder due to the nonstoichiome
The Se deficiency~and the excess of Sn for Sn1.2Mo6Se7.5!
may create a random potential that reduces the coheren
the electrons, leading to the decrease of the spectral inte
nearEF . It has been reported that static disorder causes s
an effect in the PES spectrum of TaSe2.30 A PES study for
more stoichiometric single crystals of Chevrel-phase co
pounds will clarify this point. Second, we may consid
electron-phonon interactions. It has been reported that
electron-phonon coupling constant~l! in a Chevrel-phase
compound is as large as;1 ~Ref. 3!, a value that may reduc
the spectral intensity to almost half of the theoretical value31

The same explanation has been made for K3C60.32 The typi-
cal energy of phonons in the Chevrel-phase compound
however, only;10 meV ~Ref. 3!, which cannot cause a
transfer of spectral weight of the order of*1 eV. The third
candidate is the electron-electron interaction, which is p
sumably significant in the Mo6Se8 clusters containing local
ized 4d electrons. In 3d-transition-metal oxides with stron
electron correlation, for example, it has been reported
the large spectral weight aroundEF is transferred to highe
binding energy farther fromEF as an ‘‘incoherent’’ part.33,34

While not only one but a combination of these three effe
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may thoroughly explain the discrepancy between theory
experiment, the electron-electron interaction is the m
likely to be responsible among them, because a transfe
spectral weight of the order of*1 eV can be explained only
by taking this interaction into account. In fact, the signi
cance of electron correlation effects in the Mo 4d band in the
Chevrel cluster were previously pointed out by Brusettiet
al.35 Finally, it should be remarked that the vanishing of t
high DOS due to the VHS is not peculiar to this system b
has been observed in several superconductors such a
borocarbides and theA15 compounds.36 The reason for this
universal observation remains to be clarified in the future

VI. CONCLUSION

We have studied the electronic structure of two Chevr
phase compounds, Mo6Se7.5 and Sn1.2Mo6Se7.5, using PES
experiment and band-structure calculations. The XPS c
level spectra revealed systematic shifts, for which the cha
of the Mo-Mo intercluster distances may be responsib
From the fact that the valence-band spectra do not agree
the rigid-band model, we propose that the narrowing of
Mo 4d bands caused by the insertion of Sn atoms expla
the observed shift. An indication of the energy gap loca
;1 eV above the Fermi level characteristic of the Chev
system was obtained in the BIS spectra. We have also ca
lated the band structure of Mo6Se8 and SnMo6Se8 and com-
pared them with the experiment. The overall good agreem
between theory and experiment in a wide energy ra
shows that the LDA is valid for these compounds. On t
other hand, the high DOS due to the VHS was reduced in
experimental spectra. While it has been reported sev
times that band-structure calculations well reproduce the
perimental valence-band spectra,12,13 this discrepancy was
found in the present study because of higher energy res
tion than in previous work.

Our results imply that the insertion of various atoms b
tween the clusters influences the electronic structure aro
EF through a change in the intercluster interaction, result
in a change beyond the simple rigid-band picture. The fl
ibility of the insertion of cations into the unique cluste
based structure is attractive and, besides the possibility
application as thermoelectric materials, there may lie ot
aspects in the Chevrel-phase and related compounds su
one-dimensional compounds made of Chevrel cluster35

Systematic theoretical and experimental studies are nee
to clarify the relationship between the inserted atoms and
electronic structures aroundEF . Such information would be
useful to finely tune the electronic properties of the Chevr
phase compounds.

ACKNOWLEDGMENTS

The authors would like to thank T. Mizokawa, K
Mamiya, and T. Konishi for their technical support and i
formative discussions. K.K. was supported by the Japan
ciety for the Promotion of Science for Young Scientists.
9-6



y

wa

d
,
hy

.

S

.M

S.
rt

-

on

lat.

. B

.T.

.

, G.

n,

.

nd

ra-

i-
ki,

ELECTRONIC STRUCTURE OF THE CHEVREL-PHASE . . . PHYSICAL REVIEW B 63 195109
*Present address: Institute for Solid State Physics, Universit
Tokyo, Kashiwa 277-8581, Japan.

†Present address: Indian Institute of Technology, Bombay Po
Mumbai 400076, India.
1Superconductivity in Ternary Compounds I, edited by O” . Fischer

and M. B. Maple, Vol. 32 ofTopics in Current Physics
~Springer, Berlin, 1982!.

2S. V. Vonsovsky, Y. A. Izymuov, and E. Z. Kurmaev,Supercon-
ductivity of Transition Metals~Springer, Berlin, 1982!, pp. 418–
431.

3O” . Fischer, Appl. Phys.16, 1 ~1978!.
4C. Roche, R. Chevrel, A. Jenny, P. Pecheur, H. Scherrer, an

Scherrer, Phys. Rev. B60, 16 442~1999!; C. Roche, P. Pecheur
G. Toussaint, A. Jenny, H. Scherrer, and S. Scherrer, J. P
Condens. Matter10, L333 ~1998!.

5R.W. Nunes, I.I. Mazin, and D.J. Singh, Phys. Rev. B59, 7969
~1999!.

6L.F. Mattheiss and C.Y. Fong, Phys. Rev. B15, 1760~1977!.
7D.W. Bullett, Phys. Rev. Lett.39, 664 ~1977!.
8O.K. Andersen, W. Klose, and H. Nohl, Phys. Rev. B17, 1209

~1978!.
9T. Jarlborg and A.J. Freeman, Phys. Rev. Lett.44, 178 ~1980!.

10H. Nohl, W. Klose, and O. K. Andersen, inSuperconductivity in
Ternary Compounds I~Ref. 1!, pp. 165–221.

11H. Ihara and K. Kimura, Jpn. J. Appl. Phys., Suppl.17, Suppl.17-
2,281~1978!.

12E.Z. Kurmaev, Yu.M. Yarmoshenko, R. Nyholm, N. Ma˚rtensson,
and T. Jarlborg, Solid State Commun.37, 647 ~1981!.

13A. Fujimori, M. Sekita, and H. Wada, Phys. Rev. B33, 6652
~1986!.

14F.C. Brown, B.A. Bunker, D.M. Ginsberg, T.J. Miller, W.M
Miller, and E.A. Stern, Phys. Rev. B34, 7698~1986!.

15S. Suga, K. Soda, T. Mori, M. Yamamoto, K. Kitazawa, and
Tanaka, J. Phys. Soc. Jpn.55, 2102~1986!.

16S. Yashonath, M.S. Hegde, P.R. Sarode, C.N.R. Rao, A
Umarji, and G.V. Subba Rao, Solid State Commun.37, 325
~1981!.

17H. Namatame, K. Soda, T. Mori, M. Fujisawa, M. Taniguchi,
Suga, K. Kitazawa, and S. Tanaka, Jpn. J. Appl. Phys., Pa
28, L266 ~1989!.

18R. Flükiger and R. Baillif, inSuperconductivity in Ternary Com
pounds I~Ref. 1!, pp. 114–141.
19510
of

i,

S.

s.:

.

.

2

19H. Wada, M. Onoda, H. Nozaki, and I. Kawada, J. Less-Comm
Met. 113, 53 ~1985!.
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