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Electronic structure and optical properties of binary skutterudite antimonides
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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 al’. CoSk is a narrow gap semiconductor with the band ggp 118 meV. Both RhSpand IrSl are
zero-gap semiconductors, where in Rh&kconduction band and a valence band overlap slightly AeBand
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 CoSfas 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 absorpf@mission 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 parameters to realize a large valueRofRecently a concept
of “a phonon glass and an electron cryst&?GEQ is intro-

Research of good thermoelectric materials has been dorf!ced by Slack to realize high performance thermoelectric
for a few decades. As these materials are used at varioggaterials’ Skutterudites have obtained much attention for
temperature ranges from low to high temperatures, it is neche point of view of PGEC. One of the typical skutterudite
essary to find materials that have large thermoelectric figuréompounds CoSfhave largeP in a temperature region 600~
of merit ZT=Ta2a/ (xk.+ k) by covering a wide temperature 800 K and are expected to work as the thermoelectric devices
range, wherex is a thermoelectric powes is an electric  [Of POWer generatiofi.
conductivity, k. and x, are an electronic part and a lattice Skqtterudlte compounds have. a complex crystal structure
part of thermal conductivities, respectively. In past researci’cluding 32 atoms in a conventional unit cell. Nonetheless
several state-of-the-art thermoelectric materials were discowRl€ctronic structures of many skutterudite compounds have
ered. For example, one of the well known thermoelectric€en calculated, as the crystal structure is cubic-based and
materials BjTe; shows largeZ near room temperatures, and does not have ambiguity for atomic sife$8 Singh and Pick-
PbTe is a good thermoelectric material in a middle tempera€tt calculated the band structure of CgSB0As;, and IrSh
ture region. But it is desirable to find highBT materials for ~USing & full potential linear augmented plane wéveAPW)
cooling devices and energy generating devices. Recently tethod and pointed out that CoSls a direct gap semicon-
make a breakthrough for high performance thermoelectriductor with 50 meV and CoAsand IrSh are gapless semi--
materials, various new type materials are investigated: confonductors in which the valence band touches the conduction

X . ! 12 . . . .
plex crystal structure systeristrong correlation system as bands ati’.*> The valence band which is singlet just below
Kondo insulator€ layered structure materials and meso-the Fermi level is proportional tk in the widek-space re-
scopic structure systems like superlattiéés gion centered af'. Sofo and Mahan also calculated the band

The difficulty in the realization of a high performance Structure of CoSpby a FLAPW method They optimized
thermoelectric material is that it has contradictory condi-the lattice constant and atomic positions of Sb by minimizing
tions; largea, large o, and low . In a simple metalg is the total energy, and showed that the band gap was 170 meV,

large, bute is small, andk, is large. On the other hand, in an which is about three times larger than the result of Singh-
insulator, is large, buto is low, andx is large. Thus most Pickett. They also pointed out that tkdinear valence band

candidates of high performance thermoelectric materials arga" be described by the Kane’s nonparabolic band middel.
semiconductors. In general semiconductors show larbe- In these previous calculations the spin-oilS0) interaction

cause of an energy gap at the Fermi level, and with increaélas been neglected except lsShecause the effect to the

. . . . G overall band structure is small.
ing carrier densitya decreases exponentially, white in-

creases from zero. Thus the power facR=a?0) has a Our group also calculated the electronic structure of
' P o CoSh; with the inclusion of the SO interaction and the the-

maximum at a certain value of the carrier density and it iSyatical determination of the lattice constant and the Sb

necessary to control the carrier density and other phySiC%ositions%“—lG It was shown that the band edge states of
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conduction and valence bands can be described by a pair ¢
the Kane's nonparabolic band and two parabolic bahds.
Also the x-ray spectra and the thermoelectric property were
discussed®6 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 usec
and they obtained the following band gap values:
3 meV(CoSh), 136 meV(IrP3), 156 meV(IrAs3), 75 meV
(IrShy).1” The difference in magnitude of the band gap of
CoSh, calculated theoretically, is related to the difference of
lattice parameters. This is because the band gap is much to
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
spectroscopy(XPS and reasonable agreement has been
obtained:?2°

In this paper we present the comprehensive study of the
electronic structure and optical spectra in skutterudite anti- ®:TM
monides, i.e., we calculate the electronic structure and lattice
parameters including the SO interaction in skutterudite anti- F|G. 1. Conventional unit cell of skutterudite structure. A closed
monides to study band structures near the Fermi level whichbircle denotes a transition metal atom: Co, Rh, Ir and an open circle
is characterizing the thermoelectric properties. We show thabr antimony.
band parameters are obtained by using a simplified nonpara-
bolic and parabolic bands model. Also the calculated energy ;24 of the first Brillouin zone. In the calculation of the

and wave function are used to discuss the optical spectrigensity of states of valence electrons and interband optical
Espema]ly it will be.sh_own that calculated near edgel X-T&¥pectra and the x-ray absorpti@mission near edge struc-
absorption and emission spectra agree very well with the,e [XANES (XENES)] spectra, 61-sampling points are

experiment recently appeared. taken in the wedge and the lattice parameters calculated
theoretically are used. A radius of the muffin-tin sphere for
Il. COMPUTATIONAL DETAILS each atom is as follows: 2&o0), 2.2 (Rh), 2.2(Ir), and 2.4

. . (Sb) in a.u. These muffin-tin spheres are not in contact with
Skutteru.dne —Strg cture Is a body-c.entered—culﬁt[cc) each other and size of these spheres is selected within the
structure withim3(Ty) and has a large void enclosed by tran-fo|jowing condition: lattice parameters are able to adjust
sitional metal(TM) atoms(TM: Co, Rh, Iy and Sb atoms; without sphere overlapping.
the conventional unit cell is shown in Flg 1. Closed circles An Optica| Spectroscopy is an effective property to Study
denote TM atoms that are irc&ites composed of the simple electronic states of occupied and unoccupied bands and
lattice. Open circles denote Sb atoms that are mstes and  ponding natures. In the present calculation of optical spectra,
then four Sb atoms constitute an,3ng in which an Sb-Sb  gne body-type treatment is used by the calculated electronic
bond adjacent to a void is shorter than another Sbh-Sb bon@{ate energy and wave function, then many body_type ef‘fectS,
The 24y site is characterized by two parameterandv, that e g, effects of final states interaction are not considered.

are expressed b{0,u,v). Then the interband optical absorption spectra is given by
The lattice parametens, v and the lattice constarat are
determined by minimizing the total energy. In the calculation A, UOCC-0CC
I I 1 I- T
the FLAPW method with the generalized gradient approxi |£bs(w) _ >SS ('K’ |& - plnk)[2

mation(GGA) is used?! The electronic structure calculation
is carried out by using the/EN2k package?? The SO inter-
action for valence electrons is dealt with a second order XF(enkr = &nk = fiw) der - (1)
variational method and core states are computed by using

Dirac equations numerically. An exchange-correlation energy|so, the expressions of a XANES and a XENES spectra are
is given by the expression of Perdew, Burke, and Emzerhofjyen as

with the GGAZ3 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. Thespace sum-
mation used to calculate the total energy and the Fermi en-
ergy is carried out by the tetrahedron metibdhe k sam- (2)
pling in the irreducible wedge is 24 points in the calculation

to obtain lattice parameters, then the irreducible wedge iand

n'k’ nk

unocc.

47w
l)a(bs(w) = c Ek |<nk|£ ’ p|nc|cmc>|2|:(8nk — &~ fiw),
n
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TABLE |. Experimental and theoretical lattice constants, positional parameters, and bulk modulas for
binary skutterudite antimonides.

a(h) u v B (GPa
CoSh
Expt. 9.0388 0.33537 0.15788
Theory[this work (GGA)] 9.144 0.3330 0.1592 85
RhSh
Expt. 9.232% 0.342% 0.1517
Theory[this work (GGA)] 9.401 0.3391 0.1550 92
IrSh;
Expt. 9.2538 0.3407 0.1538% 112.4
Theory[this worKGGA)] 9.445 0.3404 0.1537 107
aReference 25.
bReference 26.
‘Reference 27.
oce. states these states govern the thermoelectric power as will be
1X (@) = 4mhiw? D, [(ndcmy & - pInk)|PF (g — &ng + fiw) , seen in a later section. On the other hand the higher and
nk lower electronic states, being distant from band edge, give

(3) the large density of states. The energy gap between these
) , i . states vyields the pseudogap and mainly determines optical
where(Wi|e-p|W;) describe the dipole optical transition ma- properties, which will also be shown later. We can see in Fig.
trix element between the initial sta¥ig; and the final statd’s 2 that a structure of those DOSs resemble each other. As
ande andp are a polarization vector and a dipole operator,some authors pointed ofi£82%the leading structure is char-
respectivelysy ande. are energies of the conduction or the acterized by the bonding nature of Sings and thed orbital
valence electron characterized byk and of the core elec- of TM (Co, Rh, Iy; the lowest energy part consists of bond-
tron with nclom, respectively. The spectra are given theing Shs orbitals, the second part is bonding $and TM:d
broadening factor by the line shape functibiiw) with a (¢, -like) orbitals and the third part: the conduction bands are
Lorentzian broadening parametér written as nonbonding Shp and TM:d (e,like) orbitals. Thed states
1 1 of a TM are splitting intot,g-like states ancey-like states
Flo)=—"—5. (4) because the TM is at a center of a distorted Sb octahedron.
27w+ T The ty4-like states have a large peak in the second part and
the hybridization with Shp states is small. DOS of the,
states are seen at the low energy edge of the third part and
[ll. RESULTS AND DISCUSSION the low energy side of thé,, states in Fig. 2. Those two
satellite states beside the mainstates(t,y-like state$ hy-
bridize with Sbp states strongly. A TM in skutterudite anti-
Table | shows calculated lattice parameters, latticemonides is nonmagnetic and is a low spin state. Our calcu-
constants, and positional parameters at a Sb atom, andlgion shows that a TM has aboutd7electrons in a muffin-
bulk modulus. Experimentally obtained lattice constantsin sphere; six electrons are fillirtg, states and one electron
are 9.0385 A(CoSh), 9.2320 A(RhShk), and 9.2503 A occupies the hybridized,; states.
(IrShy), respectively>26 The theoretical values are about  Figure 3 shows the band structure and DOS of skutteru-
1-2% larger than the experimental values. For a bulk modueite antimonides for the band edge states. A broken line de-
lus the difference between the theoretical value and the exaotes the energy level of the highest occupied state. It is
perimental one is about 5% in Ir§¥ Those theoretical re- shown that CoShpis a narrow gap semiconductor with a
sults are in good agreement with the experiments. direct gap af’. The detailed structure is the following: there
Figure 2 shows band structure and total, partial densities one band near the top of the valence bands and three bands
of states of skutterudite antimonides. The partial density ohear the bottom of the conduction bands]'athere are the
states(PDOS9 for each element is a sum of a PDOS over allsinglet occupied state and the doublet and the singlet unoc-
muffin-tin spheres of the same element, respectively. Eacbupied states. The singlet occupied state ¢éfassymmetry,
orbital components, p, d and the sum of them is shown by which is a, without the SO interaction. The doublet and the
a thin solid line, a short broken line, a long broken line, andsinglet unoccupied states hag¥d, ande€j,, symmetries, and
a thick solid line, respectively. The origin of energy is the these states happen to degenerate each other without the SO
Fermi energy, i.e., the highest occupied state energy. In Fidnteraction and have thg symmetry. For RhSpand IrSh
2 we see that the band edge states, governing the band gabey are zero gap semiconductors with slightly overlapping
yield only a very small DOS. In spite of the small density of or touching bands near tHé As the energy level of the,

A. Electronic structure and the four-band model
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FIG. 2. Band structure, total and partial density of states of skutterudite antimotaf&oSh;, (b) RhSk;, and(c) IrSh;. The origin of
energy denotes the top of the occupied states.

state is higher than that of thg, the triplet states are occu- SO splitting energy for the triplet state is 118 meV, but the

pied partially without the SO interaction. In RhShe order-  Singh-Pickett's one shows it at about 40 m@V.

ing of those states ig}),, €],,, ande],, from the lower energy Band edge states of the conduction and valence bands in

side. In IrSh the situation is more complicated: due to the skutterudite antimonide can be fitted well by the four bands

large SO splitting of the, state, the higher energy sta#h, = model consisting of the two parabolic bands plus a pair of

comes to be between tie,, and thee},,, and thus the or- the nonparabolic Kane band modeiiven as

dering is the following:€,,, €},,, andef,,. The e}, state is ey

mainly characterized by orbitals of Sb and TM elements ep=el+— (i=1,2), (5)

(Co, Rh, and Iy, then thed-orbital component of the TM

element is not included due to the crystal symmetry. &he

and theef,, states are mainly characterized by theg orbital e (e

of the TM atom; the distribution of thd orbital is the fol- om. AT 1).

lowing: 0.6 (CoShky), 0.5(RhSk), 0.5 (IrShy). _ _ _
The SO splitting energy betweesf, and €9, at I" is Here A is the energy difference between the nonparabolic

23 meV(CoSh), 43 meV(RhSh), and 142 meMIrShy), bands_ atl’ and m, is the effective massm; and m, are

respectively. It shows that the SO splitting is small in CpSb effective mass of the lowest and the second lowest conduc-

and RhSh. But the SO interaction is not negligible to dis- tion bands, respectively. In Fi@ a dotted line denotes the

cuss transport properties for these materials. Our GGA resufidlculated energy by using the four-band rr})odel_ In Table II

indicates the band gap of CoSts 118 meV with the SO band parameters including a band gagi=s;) and a SO

interaction. In the case of neglecting the SO interaction théplitting energyAsq at the triplet states on CogbRhSh,

magnitude of the band gap becomes 173 meV together witBnd IrSh are summarized.

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 IeSb in accord with the

results of Singh and Pickett in a wide energy range. But the The thermoelectric powes for p-type CoSh has been

detailed structure near the Fermi level is different, e.g., thealculated by Singh-Pickett and Sofo-Mahan with single-

(6)

B. Thermoelectric power
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wherev, =de, / dhk andf(e) 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 wigj=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 gapE,. 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
Ey,=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 mddel.
The theory seems to overestimate the cancellation effects in
a at higher temperatures. The calculation can be improved
by taking account of1) impurity levels and(2) 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 intdql). In these figures the calculated
interband joint density of statddDO9 are also shown to

FIG. 3. Band structure and density of states of band edge statesarify the effect of symmetric selection properties of the

in skutterudite antimonidega) CoSh, (b) RhSh;, and (c) IrShs.

dipole optical transition matrix elements. As seen in Fig. 5,

Dotted lines in the band structure denote the dispersion calculateghe optical spectra have the similar energy dependence with
by the band model which consists of a pair of the nonparaboliGhe corresponding joint density of states. But for Rh&hd
bands and two parabolic bands. Broken lines denote the top of thFer3 there is the difference for spectral shape between the

occupied states.

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

valence band models, and they demonstrated a temperaturansition from thed component to thep component in

dependence below room temperatues.By neglecting en-
ergy dependence for the carrier relaxation timés given as

Rh(Ir) and thep component to thes component in Sh, and
vice versa. The PDOS of thetorbitals has the large peak at

155119-5
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TABLE Il. Band parameters: band gdf, SO splitting energy of the triplet statés, energy splitting
A and band masses, in the Kane nonparabolic band mode,-‘?, andm; are the energy df and the mass of
theith lowest parabolic conduction band on binary skutterudite antimonides.

Eq(meV) Ago(meV) A (meV) m/my e} (meV) my/mg &) (meV)  my/mg

CoShy 118 23 141 0.048 118 0.39 118 0.30
RhSk 0 43 346 0.15 0 0.34 43 0.34
IrSh; 0 142 142 0.065 0 0.40 118 0.39

—-2.5 eV as seen in Fig. 2. On the other hand, the shape gfseudogap is characterized by the splitting between the
JDOS reflects that of the total DOS which is flatter than thedgg-like and thedt,,-like orbitals of Co group elements. The
PDOS in the same energy region. The difference between thggher lying valence band with small dispersion at about
shape of the PDOS and of the total DOS brings the differ—1 eV hasdt,g-like character. On the other hand, the lower-
ence between the optical spectra and the JDOS. lying conduction band at about 0.5 eV is characterized by the
By focusing on the lower energy side in Fig. 5, the edge-dey-like orbital. In future the interband optical absorption
like structure is marked by arrows. The energy of the edge igxperiment may clarify the pseudogaplike behavior.
given the pseudogap energl,, 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 to the magnitude of Calculated x-ray ab.sorp'tlon and emission near edge spec-
JDOS above the band gap is small within the pseudoga a of IrShy are shown in Fig. 6 as a typical example. These
region compared with that above the pseudogap as seen the XANES and_the XENES spectra are calculated from
the comparison of Figs. 2 and 3. This is reflected in muc 2) and(3), respgctlvely. The XENES spectra are shown at
smaller interband absorption intensity in the region com-the low energy side and the X.ANES spectra are shown at the
pared with that above the pseudogap. In the calculation otP'gh energy side. The resolution of the XANES and XENES
the optical absorption spectra the value of the broadenin eems to vary from the values__below 1ev o a few _eV,
parameterl” is taken as 0.1 eV. Then the Lorentzian tail _ependlng on the related transition and experlme_ntal situa-
covers the contribution of the highest valence band in thé'O"S- Then we have used three different broadening param-
pseudogap region, and makes the smaller effect of the true
band gap disappear. From Figs. 2 and 5 we know the mag- [x10™]
nitude of Ey,=0.7 eV(CoSh), 0.8 eV(RhSk), 1.2 eV )cass
(IrShy). Slacket al. have measured the reflectivity of Irgh 2f °
and estimated the band gé&jg=1.4 eV, which corresponds
to the pseudogap energy. It is in good agreement with the
theoretical magnitude. The band structure near the 1r

2. X-ray absorption and emission near edge spectra

350

—— Present calc. Faur band model (with Eg=118 meV) et
— — Present calc. Four band model (with Eg=148 meV) . Ot

- - - Single Kane valence band model {Sofo-Mahan) /.»’ A A
300 ------ Single k-inear valence band mode! (Singh-Pickett) _‘ A/A A A ~

0 (b)RhSbz
2r 80

A Experiment (Arushanov of al)
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FIG. 4. Thermoelectric power ip-type CoSh as a function of
temperature. The solid and the broken solid lines are the theoretical
results for the four-band model with the band g& 118 meV and Photon Energy (eV)

148 meV, respectively. The broken line is the Sofo-Mahan's theo-

retical one with the single Kane valence band mdelf. 13. The FIG. 5. Theoretically calculated interband optical absorption
dotted line is the Singh-Pickett's theoretical one with the singlespectra and joint density of states in skutterudite antimoni@®s:
k-linear valence band modéRef. 12. Closed triangles are the ex- CoSh, (b) RhSk, and(c) IrSh;. Broadening parametdt is taken
perimental results by Arushan@t al. (Ref. 31). to be 0.1 eV.

OO
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FIG. 6. Theoretical x-ray absorption and emission near edge structure spectra 9f(®Sl: K, Ly, My, Ny, Ny, Op. (b) Sh:
K, Ly, My. Broadening parametdt 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.

eters to demonstrate the broadening parameter dependencelt is noted that other core edge structure spectra can be
on the x-ray spectra; solid lines aFe=0.5 eV, broken lines seen from the nine figures in Fig. 6: for examplé [ispectra
areI'=1.5 eV, dotted lines ar&=3 eV. The origin of the (2s core— 6p componentis almost the same asHr spectra
energy is of the highest occupied state. The core edge stru€ls core— 6p component We have also calculated x-ray
ture spectra are originated by the following optical transi-spectra of CoSpand RhSh The calculated spectra for
tions between core states and related character statés Ly, My core states are almost the same as to those of
in valence or conduction states:(@ Ir series: IrSbs. Thus Fig. 6 can be used for the study of the XANES
K 1s core— 6p component, L, 2ps, core— 6s+5d one, and _XENES spectra in all skutt.erudite antimonid.es.
My, 3ds, core— 6p one, N, 4ps, corelike state- 6s+5d Figure 7 shows the comparison of the experimental a_nd
one, Ny 4f, corelike state-5d one, Oy, 5psj, corelike theoretical XANES and XENES spectra and related partial
state—6s+5d one. (b) Sb series: K &core—5pone, DPOSS of CoSh and RhSk (a) XANES spectra from
L 2pss» core— 5s+4d one, My, 3ds,, core— 5p one. CoK(ls—4p component Sb L.' (25— 5p Compo”em'

In the Ir, L, edge spectra andd components originated P L(2P12—58,4d componentswith a Lorentzian broad-
from an Ir atom in valence or conduction states are includecd®Mng 1.7 eV, (b) XENES spectra to Cay,(4s,3d
In Ir, L, andOy,, the main contribution is brought by thel5 Components-2ps;) with 1.7 eV. For comparison purposes
component from the Ir atom. For the spectra iy, reflect ~We have also shown the total DOSs of the valence or the
on|y the 5 Component and the Spectra in those cases ar@OﬂdUCtion band. A solid line is a theoretica”y calculated
much similar to this case. This proportion between the consPectrum, a dashed-dotted line is an experimental one, and a
tribution of the 5 component and of thesscomponent re-  dotted line is a partial DO
flects in that of partial DOS seen in Fig(c2 Contrary to The calculated energies for these core states are as
those cases, for the spectral shapes dff,is different than ~ follows:  E(Co:K)-Eg=-7.5840 keV, E(Co:L;)-E¢
that of Ny,,. The difference is caused by the contribution of =0.7573 keV ,E(Sb:L|)-E=-4.6026 keV ,E(Sb'L,)-E¢
the 6 component. Since in this,,, case the magnitude of the =-4.3055 keV on CoSp In Fig. 7 the core state energy is
dipole element betweenp4corelike orbitals and $compo-  shifted toward the low energy side to reproduce experiment-
nent is about 4 times larger than that witth ®mponent, the al results, i.e., the energy shifAwgp;=123.3 eMCo:
emission and the absorption spectra reflecting in theodn-  K), 20.4 eMCo:L;,), 94.9 eMSb:L,), 75.2 eMSb:L;) on
ponent appear at -5 e\emission and 5 eV (absorption  CoSh.
clearly. In Sb both the emission and absorption spectra have The calculated absorption spectral shapes agree well with
two peaks, the lower energy side peak is brought frem the experimental results. The calculated emission spectra are
component, and another peak is brought fromdimompo-  also good agreement with the experimental spectra, though
nent. spectral shapes of some shoulders and tails are slightly dif-
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(a) X-ray edge absorption spectra (b)  X-ray edge emission spectra
-2 0 2 4 6 8 —14 12 -10 -8 6 4 2 0 2
1.2 ; T : . —1 1. 30
CoSbs (Co K) CoSb;z {Co L)
—_ ——Theory — —— Theory
2 —-—Exp. < k2] —-—Exp. <
S o)~ oos % S gl o8 %
g £ 3 £
- 2 3 K
2 04} 3 8 04 & ) )
£ a £ a FIG. 7. Comparison of experi-
, L A S st mental and theoretical x-ray ab-
” ) ) P Cossdos | 0 . -
0 7708 7712 7716 © 764 768 772 776 780 sorption and emission near edge

Photon Energy (eV) Photon Energy (eV)

27
CoSby (Sb L)
——Theory

o
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DOS (states/eV)
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4700 4704
Photon Energy (eV)

=2 ] 2 4 6 8
CoShs (Sb Li)

°
[
DOS (states/eV)

Intensity (arb. units)
o
~

4384
Photon Energy (eV)

4380

structure spectra and total and par-
tial DOSs with corresponding
atomic-orbital character of Cogb
(a) Absorption spectra from Co-
K, Sbi,, Sbi, core states on
CoSh. (b) Emission spectra to a
Co-L;, core state on CoSb 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 parameter is
taken to be 1.7 eV.

ferent. As seen in Fig. 7 the shapes of the x-ray edge specteae slightly longer than the experimental ones. Our calcula-
reflect the corresponding partial DOS’s rather than the totalion shows that CoSbis a narrow gap semiconductor with
DOS’s. This is due to the selection rule in the optical transi-118 meV; IrSk and RhSh are zero gap semiconductors. In
tion matrix elements. RhSh the conduction band and the valence band overlap
slightly at thel” point. The overlapping is caused by the SO

3. X-ray photoelectron spectra

We discuss the experimental results of X383 whose 2 | CoSb, Co 3d 0 _
valence band spectra can be compared with the valence band 5 | — Exo: (usmsay ot al) ]
density of states. The results of the comparison are shown in € | -+« Exp. (shiietal) ‘ 123
Fig. 8. There we have shown the total density of states of % :%
valence bands broadened by the Gaussian broademing ‘§ . L 110 2
=0.7 eV for CoSh and RhSh, together with dominant par- 2 T a
tial densities of states without broadening. The agreement is = g
good. From the comparison between Figs. 7 and 8 it is seen 15 —10 -5 0
clearly that the XPS reflects the total density of states, while % [Rnsb 25 N
the x-ray edge emission spectra reflects the related angular g | _ Present cale. . 120 3
component of partial density of states. a | o B (Kurmaevetal) 2

E === Exp. (Ishii et al.) v 115 %
;; Sb 5s / 110 )
IV. CONCLUSION 2 - ls 8
. . o - \ : e
The electronic structure of skutterudite antimonides T =5 = 0“\ 0

CoShk, RhSh, and IrSh was calculated by the FLAPW
method based on the density functional theory with GGA. In
the CalCuIat'On the Spln-OI’bIt Intel’aCtlon was InC|Uded FOI’ FIG. 8. Comparison Of Valence band density Of states and X_ray
lattice parameters, the lattice constarand the position pa- photoelectron spectra of Co$land RhSh. The total density of
rameter of Shu andv were determined by the present com- valence-band states is broadened by the broadening parameter
putational method. The magnitude of calculated lattice con=0.7 eV for CoSh and RhSk. The dominant partial densities of
stants agrees well with that of the experiment, though thegtates are also shown without broadening.

Energy (eV)
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splitting. Band edge states are expressed very well by th&hat inclusion of the spin-orbit interaction affects much of the
four-band model: two free-electron-type conduction band$and edge states and the thermoelectric power, but affects
and a pair of the Kane-type nonparabolic conduction andittle on the pseudogap states and the optical XANES and

valence bands. This four-band model is able to reproducXENES spectra.

thermoelectric power in CogbThe XANES and XENES

spectra are calculated and discussed. The good agreement

between the calculated and the experimental x-ray spectra
held, especially for XANES in about 10 eV over the Fermi
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