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The electronic structure near the Fermi level of binary skutterudite antimonides and optical properties are
studied by theab initio density functional calculation method. Lattice parameters of their compounds are
determined by the calculation of the total energy by taking into account the spin-orbit interaction. The calcu-
lated band structure shows that lattice parameters strongly affect the band gap and the ordering of electronic
states atG. CoSb3 is a narrow gap semiconductor with the band gapEg=118 meV. Both RhSb3 and IrSb3 are
zero-gap semiconductors, where in RhSb3 a conduction band and a valence band overlap slightly nearG. Band
structures near the gap on binary skutterudite antimonides can be represented by the four band model consist-
ing of the two-band nonparabolic Kane model plus two parabolic bands. By using the band model the ther-
moelectric power for CoSb3 is calculated. The obtained electronic structure and the wave function are used to
calculate and discuss interband optical absorption spectra and the x-ray absorption and emission near edge
structure spectra. The calculated x-ray absorptionsemissiond near edge structure spectra are in good agreement
with recent experimental data. Also the valence band density of states is shown to describe the experimental
x-ray photoelectron spectra well.
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I. INTRODUCTION

Research of good thermoelectric materials has been done
for a few decades. As these materials are used at various
temperature ranges from low to high temperatures, it is nec-
essary to find materials that have large thermoelectric figure
of merit ZT=Ta2s / ske+kld by covering a wide temperature
range, wherea is a thermoelectric power,s is an electric
conductivity, ke and kl are an electronic part and a lattice
part of thermal conductivities, respectively. In past research
several state-of-the-art thermoelectric materials were discov-
ered. For example, one of the well known thermoelectric
materials Bi2Te3 shows largeZ near room temperatures, and
PbTe is a good thermoelectric material in a middle tempera-
ture region. But it is desirable to find higherZT materials for
cooling devices and energy generating devices. Recently to
make a breakthrough for high performance thermoelectric
materials, various new type materials are investigated; com-
plex crystal structure systems,1 strong correlation system as
Kondo insulators,2–4 layered structure materials and meso-
scopic structure systems like superlattices.5,6

The difficulty in the realization of a high performance
thermoelectric material is that it has contradictory condi-
tions; largea, large s, and low k. In a simple metal,s is
large, buta is small, andke is large. On the other hand, in an
insulator,a is large, buts is low, andkl is large. Thus most
candidates of high performance thermoelectric materials are
semiconductors. In general semiconductors show largea be-
cause of an energy gap at the Fermi level, and with increas-
ing carrier densitya decreases exponentially, whiles in-
creases from zero. Thus the power factorPs=a2sd has a
maximum at a certain value of the carrier density and it is
necessary to control the carrier density and other physical

parameters to realize a large value ofP. Recently a concept
of “a phonon glass and an electron crystal”sPGECd is intro-
duced by Slack to realize high performance thermoelectric
materials.7 Skutterudites have obtained much attention for
the point of view of PGEC. One of the typical skutterudite
compounds CoSb3 have largeP in a temperature region 600–
800 K and are expected to work as the thermoelectric devices
for power generation.8

Skutterudite compounds have a complex crystal structure
including 32 atoms in a conventional unit cell. Nonetheless
electronic structures of many skutterudite compounds have
been calculated, as the crystal structure is cubic-based and
does not have ambiguity for atomic sites.9–18Singh and Pick-
ett calculated the band structure of CoSb3, CoAs3, and IrSb3
using a full potential linear augmented plane wavesFLAPWd
method and pointed out that CoSb3 is a direct gap semicon-
ductor with 50 meV and CoAs3 and IrSb3 are gapless semi-
conductors in which the valence band touches the conduction
bands atG.12 The valence band which is singlet just below
the Fermi level is proportional tok in the widek-space re-
gion centered atG. Sofo and Mahan also calculated the band
structure of CoSb3 by a FLAPW method.13 They optimized
the lattice constant and atomic positions of Sb by minimizing
the total energy, and showed that the band gap was 170 meV,
which is about three times larger than the result of Singh-
Pickett. They also pointed out that thek-linear valence band
can be described by the Kane’s nonparabolic band model.13

In these previous calculations the spin-orbitsSOd interaction
has been neglected except IrSb3, because the effect to the
overall band structure is small.

Our group also calculated the electronic structure of
CoSb3 with the inclusion of the SO interaction and the the-
oretical determination of the lattice constant and the Sb
positions.14–16 It was shown that the band edge states of
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conduction and valence bands can be described by a pair of
the Kane’s nonparabolic band and two parabolic bands.14

Also the x-ray spectra and the thermoelectric property were
discussed.15,16 Takegahara and Harima calculated the elec-
tronic structure of some binary skutterudite compounds by a
FLAPW method, in which the SO interaction was taken
into account and experimental lattice parameters were used,
and they obtained the following band gap values:
3 meVsCoSb3d , 136 meVsIrP3d , 156 meVsIrAs3d , 75 meV
sIrSb3d.17 The difference in magnitude of the band gap of
CoSb3, calculated theoretically, is related to the difference of
lattice parameters. This is because the band gap is much too
sensitive for the lattice parameter as pointed out by Singh
and Pickett. The calculated electronic density of states were
compared with experimental results by x-ray photoelectron
spectroscopysXPSd and reasonable agreement has been
obtained.19,20

In this paper we present the comprehensive study of the
electronic structure and optical spectra in skutterudite anti-
monides, i.e., we calculate the electronic structure and lattice
parameters including the SO interaction in skutterudite anti-
monides to study band structures near the Fermi level which
is characterizing the thermoelectric properties. We show that
band parameters are obtained by using a simplified nonpara-
bolic and parabolic bands model. Also the calculated energy
and wave function are used to discuss the optical spectra.
Especially it will be shown that calculated near edge x-ray
absorption and emission spectra agree very well with the
experiment recently appeared.

II. COMPUTATIONAL DETAILS

Skutterudite structure is a body-centered-cubicsbccd
structure withIm3̄sTh

5d and has a large void enclosed by tran-
sitional metalsTMd atomssTM: Co, Rh, Ird and Sb atoms;
the conventional unit cell is shown in Fig. 1. Closed circles
denote TM atoms that are in 8c sites composed of the simple
lattice. Open circles denote Sb atoms that are in 24g sites and
then four Sb atoms constitute an Sb4 ring in which an Sb-Sb
bond adjacent to a void is shorter than another Sb-Sb bond.
The 24g site is characterized by two parametersu andv, that
are expressed bys0,u,vd.

The lattice parametersu, v and the lattice constanta are
determined by minimizing the total energy. In the calculation
the FLAPW method with the generalized gradient approxi-
mationsGGAd is used.21 The electronic structure calculation
is carried out by using theWIEN2K package.22 The SO inter-
action for valence electrons is dealt with a second order
variational method and core states are computed by using
Dirac equations numerically. An exchange-correlation energy
is given by the expression of Perdew, Burke, and Ernzerhof
with the GGA.23 The cutoff to the order of spherical harmon-
ics that are a basis of a wave function in an atomic sphere is
taken asL,10, a cutoff energy of plane waves which are
used in the interstitial region is 16.7 Ry. Thek-space sum-
mation used to calculate the total energy and the Fermi en-
ergy is carried out by the tetrahedron method.24 The k sam-
pling in the irreducible wedge is 24 points in the calculation
to obtain lattice parameters, then the irreducible wedge is

1/24 of the first Brillouin zone. In the calculation of the
density of states of valence electrons and interband optical
spectra and the x-ray absorptionsemissiond near edge struc-
ture fXANES sXENESdg spectra, 61k-sampling points are
taken in the wedge and the lattice parameters calculated
theoretically are used. A radius of the muffin-tin sphere for
each atom is as follows: 2.2sCod, 2.2 sRhd, 2.2 sIrd, and 2.4
sSbd in a.u. These muffin-tin spheres are not in contact with
each other and size of these spheres is selected within the
following condition: lattice parameters are able to adjust
without sphere overlapping.

An optical spectroscopy is an effective property to study
electronic states of occupied and unoccupied bands and
bonding natures. In the present calculation of optical spectra,
one body-type treatment is used by the calculated electronic
state energy and wave function, then many body-type effects,
e.g., effects of final states interaction are not considered.
Then the interband optical absorption spectra is given by

Iabs
I svd =

4pv
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o
n8k8
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o
nk
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zkn8k8u« ·punklz2
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Also, the expressions of a XANES and a XENES spectra are
given as

Iabs
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c
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and

FIG. 1. Conventional unit cell of skutterudite structure. A closed
circle denotes a transition metal atom: Co, Rh, Ir and an open circle
for antimony.

KOGA et al. PHYSICAL REVIEW B 71, 155119s2005d

155119-2



Iemi
X svd = 4p"v2o
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wherekC fu« ·puCil describe the dipole optical transition ma-
trix element between the initial stateCi and the final stateC f
and« andp are a polarization vector and a dipole operator,
respectively.«nk and«c are energies of the conduction or the
valence electron characterized byn, k and of the core elec-
tron with nclcmc, respectively. The spectra are given the
broadening factor by the line shape functionFsvd with a
Lorentzian broadening parameterG, written as

Fsvd =
1

2p

G

v2 + G2 . s4d

III. RESULTS AND DISCUSSION

A. Electronic structure and the four-band model

Table I shows calculated lattice parameters, lattice
constants, and positional parameters at a Sb atom, and a
bulk modulus. Experimentally obtained lattice constants
are 9.0385 ÅsCoSb3d , 9.2320 ÅsRhSb3d, and 9.2503 Å
sIrSb3d, respectively.25,26 The theoretical values are about
1–2% larger than the experimental values. For a bulk modu-
lus the difference between the theoretical value and the ex-
perimental one is about 5% in IrSb3.

27 Those theoretical re-
sults are in good agreement with the experiments.

Figure 2 shows band structure and total, partial densities
of states of skutterudite antimonides. The partial density of
statessPDOSd for each element is a sum of a PDOS over all
muffin-tin spheres of the same element, respectively. Each
orbital component:s, p, d and the sum of them is shown by
a thin solid line, a short broken line, a long broken line, and
a thick solid line, respectively. The origin of energy is the
Fermi energy, i.e., the highest occupied state energy. In Fig.
2 we see that the band edge states, governing the band gap,
yield only a very small DOS. In spite of the small density of

states these states govern the thermoelectric power as will be
seen in a later section. On the other hand the higher and
lower electronic states, being distant from band edge, give
the large density of states. The energy gap between these
states yields the pseudogap and mainly determines optical
properties, which will also be shown later. We can see in Fig.
2 that a structure of those DOSs resemble each other. As
some authors pointed out,9,28,29the leading structure is char-
acterized by the bonding nature of Sb4 rings and thed orbital
of TM sCo, Rh, Ird; the lowest energy part consists of bond-
ing Sb:s orbitals, the second part is bonding Sb:p and TM:d
st2g-liked orbitals and the third part: the conduction bands are
nonbonding Sb:p and TM:d seg-liked orbitals. Thed states
of a TM are splitting intot2g-like states andeg-like states
because the TM is at a center of a distorted Sb octahedron.
The t2g-like states have a large peak in the second part and
the hybridization with Sb:p states is small. DOS of theeg
states are seen at the low energy edge of the third part and
the low energy side of thet2g states in Fig. 2. Those two
satellite states beside the maind statesst2g-like statesd hy-
bridize with Sb:p states strongly. A TM in skutterudite anti-
monides is nonmagnetic and is a low spin state. Our calcu-
lation shows that a TM has about 7d electrons in a muffin-
tin sphere; six electrons are fillingt2g states and one electron
occupies the hybridizedeg states.

Figure 3 shows the band structure and DOS of skutteru-
dite antimonides for the band edge states. A broken line de-
notes the energy level of the highest occupied state. It is
shown that CoSb3 is a narrow gap semiconductor with a
direct gap atG. The detailed structure is the following: there
is one band near the top of the valence bands and three bands
near the bottom of the conduction bands; atG there are the
singlet occupied state and the doublet and the singlet unoc-
cupied states. The singlet occupied state hase1/2

u symmetry,
which is au without the SO interaction. The doublet and the
singlet unoccupied states havee3/2

g ande1/2
g symmetries, and

these states happen to degenerate each other without the SO
interaction and have thetg symmetry. For RhSb3 and IrSb3
they are zero gap semiconductors with slightly overlapping
or touching bands near theG. As the energy level of theau

TABLE I. Experimental and theoretical lattice constants, positional parameters, and bulk modulas for
binary skutterudite antimonides.

a sÅd u v B sGPad

CoSb3
Expt. 9.0385a 0.33537a 0.15788a

Theory fthis work sGGAdg 9.144 0.3330 0.1592 85

RhSb3
Expt. 9.2322b 0.3420b 0.1517b

Theory fthis work sGGAdg 9.401 0.3391 0.1550 92

IrSb3

Expt. 9.2533b 0.3407b 0.1538b 112.4c

Theory fthis worksGGAdg 9.445 0.3404 0.1537 107

aReference 25.
bReference 26.
cReference 27.

ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES… PHYSICAL REVIEW B 71, 155119s2005d

155119-3



state is higher than that of thetg, the triplet states are occu-
pied partially without the SO interaction. In RhSb3 the order-
ing of those states ise3/2

g , e1/2
g , ande1/2

u from the lower energy
side. In IrSb3 the situation is more complicated: due to the
large SO splitting of thetg state, the higher energy statee1/2

u

comes to be between thee3/2
g and thee1/2

g , and thus the or-
dering is the following:e3/2

g , e1/2
u , ande1/2

g . The e1/2
u state is

mainly characterized byp orbitals of Sb and TM elements
sCo, Rh, and Ird, then thed-orbital component of the TM
element is not included due to the crystal symmetry. Thee3/2

g

and thee1/2
g states are mainly characterized by thedeg orbital

of the TM atom; the distribution of thed orbital is the fol-
lowing: 0.6 sCoSb3d , 0.5 sRhSb3d , 0.5 sIrSb3d.

The SO splitting energy betweene3/2
g and e1/2

g at G is
23 meVsCoSb3d , 43 meVsRhSb3d, and 142 meVsIrSb3d,
respectively. It shows that the SO splitting is small in CoSb3
and RhSb3. But the SO interaction is not negligible to dis-
cuss transport properties for these materials. Our GGA result
indicates the band gap of CoSb3 is 118 meV with the SO
interaction. In the case of neglecting the SO interaction the
magnitude of the band gap becomes 173 meV together with
the relaxation of lattice parameters. This result is similar to
the Sofo-Mahan’s result which is 170 meV by the GGA with-
out the SO. The band structure of IrSb3 is in accord with the
results of Singh and Pickett in a wide energy range. But the
detailed structure near the Fermi level is different, e.g., the

SO splitting energy for the triplet state is 118 meV, but the
Singh-Pickett’s one shows it at about 40 meV.12

Band edge states of the conduction and valence bands in
skutterudite antimonide can be fitted well by the four bands
model consisting of the two parabolic bands plus a pair of
the nonparabolic Kane band model,30 given as

«ik = «i
0 +

"2k2

2mi
si = 1,2d, s5d

"2k2

2mv
= «kS«k

D
− 1D . s6d

Here D is the energy difference between the nonparabolic
bands atG and mv is the effective mass.m1 and m2 are
effective mass of the lowest and the second lowest conduc-
tion bands, respectively. In Fig. 3 a dotted line denotes the
calculated energy by using the four-band model. In Table II
band parameters including a band gapEgs=«i

0d and a SO
splitting energyDSO at the triplet states on CoSb3, RhSb3,
and IrSb3 are summarized.

B. Thermoelectric power

The thermoelectric powera for p-type CoSb3 has been
calculated by Singh-Pickett and Sofo-Mahan with single-

FIG. 2. Band structure, total and partial density of states of skutterudite antimonides:sad CoSb3, sbd RhSb3, andscd IrSb3. The origin of
energy denotes the top of the occupied states.
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valence band models, and they demonstrated a temperature
dependence below room temperatures.12,13By neglecting en-
ergy dependence for the carrier relaxation time,a is given as

a =
1

eT

o
nk
S ] fs«nkd

]«nk
Dvnk

2 s«nk − md

o
nk
S ] fs«nkd

]«nk
Dvnk

2

, s7d

wherevnk =]«nk /]"k and fs«d is the Fermi distribution func-
tion. Thena is obtained by only the band structure proper-
ties. The present calculation is performed with the four-band
model under the assumption of the finite concentration of
holes, whose value is chosen so that calculation of the ther-
moelectric power reproduces the experimental value at 100
K. Figure 4 shows the result of temperature dependence for
a by using the present four-band model withEg=118 meV.
The figure includes also the results of the single-valence
band models by Singh-Pickett and Sofo-Mahan. The single
valence band models yield the monotonous increase in the
thermoelectric power with increasing temperatures. However
at higher temperatures the consideration of the conduction
band, such as in the four-band model, becomes important.
This is because the system becomes in the intrinsic region,
i.e., electron excitation from the valence band to the conduc-
tion band becomes effective and this causes the cancellation
of the electron and hole contributions to the thermoelectric
power. The starting of the intrinsic region depends on the
band gapEg. It is well known that the density functional
method yields the smaller band gap in many cases. Thus we
have performed another calculation with the larger band gap
Eg=148 meV by shifting the conduction bands. The result,
yielding better agreement with the experiment, is also shown
in Fig. 4. The experimental data shows a bending near 170 K
whose behavior can be described by the four-band model.31

The theory seems to overestimate the cancellation effects in
a at higher temperatures. The calculation can be improved
by taking account ofs1d impurity levels ands2d scattering
mechanisms for carriers which brings the energy dependence
to the relaxation time. These effects should be studied in the
future.

C. Optical properties

1. Interband optical absorption spectra

In this section we discuss theoretically calculated inter-
band optical absorption spectra on skutterudite antimonides.
The interband absorption spectra are shown in Fig. 5 that are
computed by substituting the calculated electron energy and
the wave functions intos1d. In these figures the calculated
interband joint density of statessJDOSd are also shown to
clarify the effect of symmetric selection properties of the
dipole optical transition matrix elements. As seen in Fig. 5,
the optical spectra have the similar energy dependence with
the corresponding joint density of states. But for RhSb3 and
IrSb3 there is the difference for spectral shape between the
optical spectra and JDOS around 2.5 eV. The dominant com-
ponent of the absorption spectra, if the dipole optical transi-
tion matrix element is taken into account, are caused by the
transition from thed component to thep component in
RhsIrd and thep component to thes component in Sb, and
vice versa. The PDOS of thed orbitals has the large peak at

FIG. 3. Band structure and density of states of band edge states
in skutterudite antimonides:sad CoSb3, sbd RhSb3, and scd IrSb3.
Dotted lines in the band structure denote the dispersion calculated
by the band model which consists of a pair of the nonparabolic
bands and two parabolic bands. Broken lines denote the top of the
occupied states.
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−2.5 eV as seen in Fig. 2. On the other hand, the shape of
JDOS reflects that of the total DOS which is flatter than the
PDOS in the same energy region. The difference between the
shape of the PDOS and of the total DOS brings the differ-
ence between the optical spectra and the JDOS.

By focusing on the lower energy side in Fig. 5, the edge-
like structure is marked by arrows. The energy of the edge is
given the pseudogap energysEpgd for skutterudite semicon-
ductors. As shown in Fig. 2, the true gap energy is much
smaller than the edge energy. Since the highest valence band
is a single band and proportional tok, the magnitude of
JDOS above the band gap is small within the pseudogap
region compared with that above the pseudogap as seen in
the comparison of Figs. 2 and 3. This is reflected in much
smaller interband absorption intensity in the region com-
pared with that above the pseudogap. In the calculation of
the optical absorption spectra the value of the broadening
parameterG is taken as 0.1 eV. Then the Lorentzian tail
covers the contribution of the highest valence band in the
pseudogap region, and makes the smaller effect of the true
band gap disappear. From Figs. 2 and 5 we know the mag-
nitude of Epg=0.7 eVsCoSb3d , 0.8 eVsRhSb3d , 1.2 eV
sIrSb3d. Slacket al. have measured the reflectivity of IrSb3

and estimated the band gapEg=1.4 eV, which corresponds
to the pseudogap energy. It is in good agreement with the
theoretical magnitude. The band structure near the

pseudogap is characterized by the splitting between the
deg-like and thedt2g-like orbitals of Co group elements. The
higher lying valence band with small dispersion at about
−1 eV hasdt2g-like character. On the other hand, the lower-
lying conduction band at about 0.5 eV is characterized by the
deg-like orbital. In future the interband optical absorption
experiment may clarify the pseudogaplike behavior.

2. X-ray absorption and emission near edge spectra

Calculated x-ray absorption and emission near edge spec-
tra of IrSb3 are shown in Fig. 6 as a typical example. These
of the XANES and the XENES spectra are calculated from
s2d and s3d, respectively. The XENES spectra are shown at
the low energy side and the XANES spectra are shown at the
high energy side. The resolution of the XANES and XENES
seems to vary from the values below 1 eV to a few eV,
depending on the related transition and experimental situa-
tions. Then we have used three different broadening param-

TABLE II. Band parameters: band gapEg, SO splitting energy of the triplet statesDSO, energy splitting
D and band massesmv in the Kane nonparabolic band model,«i

0 andmi are the energy atG and the mass of
the ith lowest parabolic conduction band on binary skutterudite antimonides.

Eg smeVd DSO smeVd D smeVd mv /m0 «1
0 smeVd m1/m0 «2

0 smeVd m2/m0

CoSb3 118 23 141 0.048 118 0.39 118 0.30

RhSb3 0 43 346 0.15 0 0.34 43 0.34

IrSb3 0 142 142 0.065 0 0.40 118 0.39

FIG. 4. Thermoelectric power inp-type CoSb3 as a function of
temperature. The solid and the broken solid lines are the theoretical
results for the four-band model with the band gapEg=118 meV and
148 meV, respectively. The broken line is the Sofo-Mahan’s theo-
retical one with the single Kane valence band modelsRef. 13d. The
dotted line is the Singh-Pickett’s theoretical one with the single
k-linear valence band modelsRef. 12d. Closed triangles are the ex-
perimental results by Arushanovet al. sRef. 31d.

FIG. 5. Theoretically calculated interband optical absorption
spectra and joint density of states in skutterudite antimonides:sad
CoSb3, sbd RhSb3, andscd IrSb3. Broadening parameterG is taken
to be 0.1 eV.
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eters to demonstrate the broadening parameter dependence
on the x-ray spectra; solid lines areG=0.5 eV, broken lines
are G=1.5 eV, dotted lines areG=3 eV. The origin of the
energy is of the highest occupied state. The core edge struc-
ture spectra are originated by the following optical transi-
tions between core states and related character states
in valence or conduction states:sad Ir series:
K 1s core↔6p component, LIII 2p3/2 core↔6s+5d one,
MV 3d5/2 core↔6p one, NIII 4p3/2 corelike state↔6s+5d
one, NVII 4f7/2 corelike state↔5d one, OIII 5p3/2 corelike
state↔6s+5d one. sbd Sb series: K 1s core↔5p one,
LIII 2p3/2 core↔5s+4d one, MV 3d5/2 core↔5p one.

In the Ir, LIII edge spectras andd components originated
from an Ir atom in valence or conduction states are included.
In Ir, LIII andOIII , the main contribution is brought by the 5d
component from the Ir atom. For the spectra in Ir,NVII reflect
only the 5d component and the spectra in those cases are
much similar to this case. This proportion between the con-
tribution of the 5d component and of the 6s component re-
flects in that of partial DOS seen in Fig. 2scd. Contrary to
those cases, for the spectral shapes of Ir,NIII is different than
that of NVII. The difference is caused by the contribution of
the 6s component. Since in theNIII case the magnitude of the
dipole element between 4p corelike orbitals and 6s compo-
nent is about 4 times larger than that with 5d component, the
emission and the absorption spectra reflecting in the 6s com-
ponent appear at −5 eVsemissiond and 5 eV sabsorptiond
clearly. In Sb both the emission and absorption spectra have
two peaks, the lower energy side peak is brought froms
component, and another peak is brought from thed compo-
nent.

It is noted that other core edge structure spectra can be
seen from the nine figures in Fig. 6: for example IrLI spectra
s2s core↔6p componentd is almost the same as IrK spectra
s1s core↔6p componentd. We have also calculated x-ray
spectra of CoSb3 and RhSb3. The calculated spectra for
K , LIII , MV core states are almost the same as to those of
IrSb3. Thus Fig. 6 can be used for the study of the XANES
and XENES spectra in all skutterudite antimonides.

Figure 7 shows the comparison of the experimental and
theoretical XANES and XENES spectra and related partial
DOSs of CoSb3 and RhSb3; sad XANES spectra from
Co K s1s→4p componentd , SbLI s2s→5p componentd ,
Sb LIIs2p1/2→5s,4d componentsd with a Lorentzian broad-
ening 1.7 eV, sbd XENES spectra to CoLIII s4s,3d
components→2p3/2d with 1.7 eV. For comparison purposes
we have also shown the total DOSs of the valence or the
conduction band. A solid line is a theoretically calculated
spectrum, a dashed-dotted line is an experimental one, and a
dotted line is a partial DOS.32,33

The calculated energies for these core states are as
follows: EsCo:Kd−EF=−7.5840 keV, EsCo:LIII d−EF

=0.7573 keV,EsSb:LId−EF=−4.6026 keV,EsSb:LIId−EF

=−4.3055 keV on CoSb3. In Fig. 7 the core state energy is
shifted toward the low energy side to reproduce experiment-
al results, i.e., the energy shiftD"vshift=123.3 eVsCo:
Kd , 20.4 eVsCo:LIII d , 94.9 eVsSb:LId , 75.2 eVsSb:LIId on
CoSb3.

The calculated absorption spectral shapes agree well with
the experimental results. The calculated emission spectra are
also good agreement with the experimental spectra, though
spectral shapes of some shoulders and tails are slightly dif-

FIG. 6. Theoretical x-ray absorption and emission near edge structure spectra of IrSb3. sad Ir: K , LIII , MV, NIII , NVII , OIII . sbd Sb:
K , LIII , MV. Broadening parameterG is taken to be 0.5 eV, 1.5 eV, and 3 eV: a solid line denotes 0.5 eV, a dashed line denotes 1.5 eV, a
dotted line denotes 3 eV, respectively.
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ferent. As seen in Fig. 7 the shapes of the x-ray edge spectra
reflect the corresponding partial DOS’s rather than the total
DOS’s. This is due to the selection rule in the optical transi-
tion matrix elements.

3. X-ray photoelectron spectra

We discuss the experimental results of XPS,20,33 whose
valence band spectra can be compared with the valence band
density of states. The results of the comparison are shown in
Fig. 8. There we have shown the total density of states of
valence bands broadened by the Gaussian broadeningw
=0.7 eV for CoSb3 and RhSb3, together with dominant par-
tial densities of states without broadening. The agreement is
good. From the comparison between Figs. 7 and 8 it is seen
clearly that the XPS reflects the total density of states, while
the x-ray edge emission spectra reflects the related angular
component of partial density of states.

IV. CONCLUSION

The electronic structure of skutterudite antimonides
CoSb3, RhSb3, and IrSb3 was calculated by the FLAPW
method based on the density functional theory with GGA. In
the calculation the spin-orbit interaction was included. For
lattice parameters, the lattice constanta and the position pa-
rameter of Sbu andv were determined by the present com-
putational method. The magnitude of calculated lattice con-
stants agrees well with that of the experiment, though they

are slightly longer than the experimental ones. Our calcula-
tion shows that CoSb3 is a narrow gap semiconductor with
118 meV; IrSb3 and RhSb3 are zero gap semiconductors. In
RhSb3 the conduction band and the valence band overlap
slightly at theG point. The overlapping is caused by the SO

FIG. 7. Comparison of experi-
mental and theoretical x-ray ab-
sorption and emission near edge
structure spectra and total and par-
tial DOSs with corresponding
atomic-orbital character of CoSb3.
sad Absorption spectra from Co-
K , Sb-LI , Sb-LII core states on
CoSb3. sbd Emission spectra to a
Co-LIII core state on CoSb3. A
solid line is the theoretical calcu-
lation, a dashed-dotted line is the
experimental result, and dotted
lines are partial DOSs, respec-
tively. In theoretical calculation
the broadening parameterG is
taken to be 1.7 eV.

FIG. 8. Comparison of valence band density of states and x-ray
photoelectron spectra of CoSb3 and RhSb3. The total density of
valence-band states is broadened by the broadening parameterw
=0.7 eV for CoSb3 and RhSb3. The dominant partial densities of
states are also shown without broadening.
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splitting. Band edge states are expressed very well by the
four-band model: two free-electron-type conduction bands
and a pair of the Kane-type nonparabolic conduction and
valence bands. This four-band model is able to reproduce
thermoelectric power in CoSb3. The XANES and XENES
spectra are calculated and discussed. The good agreement
between the calculated and the experimental x-ray spectra is
held, especially for XANES in about 10 eV over the Fermi
level. Also a calculated valence band density of states is
found to reproduce the experimental XPS well. It is noted

that inclusion of the spin-orbit interaction affects much of the
band edge states and the thermoelectric power, but affects
little on the pseudogap states and the optical XANES and
XENES spectra.
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