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Valence-band structure of the skutterudite compounds CoAs CoSh;, and RhSh; studied
by x-ray photoelectron spectroscopy
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The valence-band structure of CoA€0Sh, and RhShwith a skutterudite-type crystal structure has been
investigated by x-ray photoelectron spectroscopy. The photoemission spectra are compared with recent
density-of-states calculations. Our photoemission spectra results and theoretical results are in good agreement
for the energy positions in the metdlstates and the pnicoggnstates, but relatively large differences are
found for the positions in the pnicogerstates. Based on our photoemission spectra, the electronic bonding
states and the chemical trends are explained qualitatively in terms of a simple tight-binding model. The double
localized and itinerant nature of the methlstates is also discussed in relation to the properties of the
skutterudites. The metalderived density of states feature is clearly observed at about 1.2-, 1.4-, and 2.4-eV
binding energies for CoSpb CoAs;, and RhSh respectively. From the point of view of the crystal-field
effects, it can be considered that tiicharacter band originates predominantly from therbitals with T
symmetry, whiled orbitals withE, symmetry hybridize strongly with thp orbitals forming the conduction
band. Since thé,, states are considered to be almost completely filled, corresponding to the ze®=gpin
state {A,, tgg), most of skutterudites exhibit diamagnetic properties. On the other hand, the slight chemical
shifts of the core levels as compared with the pure elements indicate a small charge transfer from metal to
pnicogen atoms in the skutterudites, leading to hybridization between thstiles and pnicogemstatesp-d
hybridization causes not only a substantial screening of atomic Coulomb interactions at metal sites, but also a
strong covalent bonding in these materials. Concerning a particular point of the band structure in skutterudites,
our photoemission spectra near the valence-band edge show clear experimental evidence of a small density of
states around the Fermi level due to a single band crossing the pseudogap.

[. INTRODUCTION D34 symmetry sharing each corner with only one neighbor-
ing octahedron.

Some compounds with a skutterudite-type crystal struc- Dudkin™ proposed an electronic bonding model to quali-
ture (the body-centered-cubic structure; space grom@B)  tatively explain the semiconducting and diamagnetic proper-
and with the general formulX;, whereM =Co, Rh, Ir  ties of these compounds. The authors of Ref. 17 performed
and X=P, As, Sh, have been identified as candidates foPand-structure calculations on a prototype skutterudite by an
advanced thermoelectric materidfé. Most of the com- €xtended Hokel tight-binding (EHTB) method. They

pounds in this family have good semiconducting propertiesPOinteéd out that presence of, rings in the skutterudite

especially extremely high hole mobilityanging from 2000 structure is of great importance in determining the nature of
to 8000 crAV st at room temperatupé—® and diamag- the electronic bands around the Fermi level, and therefore

netic propertie4:>°~11 Among the skutterudite compounds, the transport properties. Singh and Picketeported self-

. . . consistent band-structure calculations for §,SB0oAs;, and
CoSh recently received special attention because of the relacosg using an extended general potential linearized
tively high thermoelectric figure of merit for use in thermo- ' ) ; : :
electric applications at high temperatufdd=*1t is indis- augmented-plane-wau&APW) method. Their calculations

. . show that a single band crosses a pseudogap around the
pensable to know the band structiegectronic bondingfor o i jevel, touches the conduction band minimum atfthe

understanding the interesting properties of these materialf).omt in CoAs, and IrSh, and almost touches it in Co$b
which depend strongly on the crystal structure. As shown ifrp ;s IrSh and CoAs are predicted to be zero-gap semicon-
Fig. 1, a skutterudite-type crystal structure is characterize@uctors; CoSbhas a very narrow direct gap of 50 meV. For
by the formation of four-membered pnicogen ringg X that  skutterudite antimonides, the single band crosses over to a
are located in the centers of cubes formed by metajinear behavior extremely close to the band edge. These re-
atoms!>*® For every four metal cubes, there is one emptysults are in substantial agreement with those obtained by
cube, without arX, ring. TheX, rings are arranged in mu- recent band calculations using different methods and
tually orthogonal linear arrays that run parallel to each crysapproximations®=2* Furthermore, they pointed out that this
tallographic direction. Each pnicogen is located in a distortedinique electronic structure yields interesting transport ef-
tetrahedral environment formed by two pnicogens and twdects, for example, doping dependencies of the hole mobility
transition metals. Furthermore, the skutterudite structure caand Seebeck coefficient different from ordinary semiconduc-
be described as consisting of distortdKg octahedrglocal  tors with parabolic bands. The detailed analyses of the trans-
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tions. From a systematic study of the photoemission spectra,
electronic bonding and chemical trends are discussed based
on a simple tight-binding model. We also discuss the relation
of the important features of the band struct(ttee nature of

the transition-metald states and the single band in the
pseudogap regigrto the basic properties of the skutterudite
compounds.

Il. EXPERIMENT

Bulk single crystals of CoSpbwere grown from Sb-rich
melts (Co:Sb=7:93 atomic ratip by the gradient freeze
technique using C(09.998% and Sh(99.9999% as starting
materials. Details about the crystal growth and the character-
ization can be found elsewheté’ Polycrystalline CoAg
CoSh, and RhSh bulk samples were prepared by powder
metallurgy techniques to investigate the chemical trends in
the electronic structure. Powders of G89.998%, Rh
(99.99%, As (99.999%, and Sb(99.9999% were used as
starting materials. Mixtures of the constituent elements with
a slightly pnicogen-rich molar ratio were annealelid-
state reactiop then sintered by the spark plasma sintering
method. The density of polycrystalline samples was about
96-98 % of the theoretical density. The crystal structure of
the samples was checked by x-ray-diffraction measurements.
The composition and homogeneity of the samples were
checked by an electron-probe microanalysis. Hall measure-
ments were performed at room temperature using a van der
Pauw technique. The crystallographic and electrical proper-
ties are summarized in Table | for the single and polycrys-
talline samples under investigation.

X-ray photoelectron spectroscopy measurements were

FIG. 1. (a) Skutterudite-type CryStal StrUCthRefS. 15 and 1ﬁ performed using a Shimazu AXIS-HS System Consisting of
and (b) the first Brillouin zone for the body-centered-cubic struc- 5 ultrahigh-vacuum chambé base pressure: 18Pg and
ture. Full and open c_ircles represent transition metand pnico- a load-lock system. The cleaved surface was prepared for
genX atoms, respectively. CoSh single crystal, and mirrorlike polished surfaces for

polycrystalline samples. Samples were loaded into the UHV
port properties verified the key predictions of the band-analyzer chamber, then cleaned by argon-ion sputtering until
structure  calculation§®8* Recently, Rakoto and no traces of contaminatiofmainly core lines of carbon and
co-workeré*=%® determined the band parametdtie band oxygen were observed within XPS sensitivity. The XPS
gap, the effective mass, the spin-orbit splitting, Jetof  spectra were taken by using the nonmonochromatized
CoSly by Shubnikov—de Haas oscillation measurementsMgK« line (photon energy 1253.6 e\Vand a 180° hemi-
However, there are few experimental determinations of thepherical analyzer in the constant-resolution m@uiess en-
band structure by proper spectroscopic mettféds. ergy 40 eV for the core-level and valence-band spectra and

In this study, for an understanding of the unique proper-80 eV for wide-scan spectraThe energy resolutiortfull
ties of the skutterudite compounds, we have investigated theidth at half maximumwas 1.0 eV for Ag &, core level
valence-band electronic structures of CgA€oSk, and in the analyzer mode with the pass energy of 40 eV. To
RhSh by x-ray photoelectron spectroscopyPS), which is  compare electronic structures in skutterudite compounds
an ideal experimental tool to determine the electronic strucwith those in ordinary semiconductors with parabolic bands,
ture, in particular the density of states, of semiconductorsphotoemission spectra were also measured fat08i and
Our results are compared with recent band-structure calculasaAg100) wafers.

TABLE I. Some properties of CoAs CoShk, and RhSb samples at room temperature.

Sample Lattice constana  Conductivity Hall carrier Hall mobility

Material  No. Form R) type concentratiom (cm™3) (cm?V ts™d
CoAs; P73  Polycrystal 8.205 p 7.9x 10" 3858
CoSk, 40B19 Single crystal 9.035 p 5.7x10%® 1691
CoSh P68  Polycrystal 9.036 p 2.7x10% 1823
RhSy P69  Polycrystal 9.233 p 2.9x10% 6469
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ferences in the spin-orbit splitting of the core levels between
CoAs; and CoShand between CoStand RhShwere found
very small(less than 0.05 e)/ From a systematic investiga-
tion of the photoemission spectra in IlI-V and II-VI com-
pounds, Leyet al?® reported that the change in the spin-orbit

) ) . splitting of core levels is caused by the coupling of the spin-
Figure 2 shows wide-scan x-ray photoemission spectra fogpit interaction with the crystal-field interaction. Thus our
data suggest that the effect of crystal fields on the spin-orbit

FIG. 2. Wide-scan photoemission spectra for CASoSh,
and RhSh polycrystals, and a CoSlsingle crystal.

Ill. RESULTS AND DISCUSSION

CoAs;, CoSh, and RhSh polycrystals, and CoSbsingle
crystal. The photoemission spectrum for a Cppblycrystal

is almost identical with that for a Cogkingle crystal, indi-
cating that the crystallographic quality of the polycrystal is
as high as that of the single crystal. To obtain information
concerning the bonding states of these compounds, we took
into account the energy positions of selected core levels. Fig-
ure 3 shows the photoemission spectra of @g,2and 20,

core levels for pure Co, CoAsind CoSh polycrystals, and a
CoShy single crystal. Figure 4 shows the photoemission
spectra of Sh 85, and 35, core levels for pure Sb, Cogb

and RhSh polycrystals, and a Co$bsingle crystal. The
binding energy values of the core levels for Co and Sb met-
als are almost equal to the reported valu&o 2ps,
=7779eV, Co P,,=792.95eV, Sb 8;,=528.05¢eV, and

Sb 3d;,=537.40eV.28 In comparison to the standards of
Co and Sb metals, the photoemission lines in the G@ad

Sb 3d core-level spectra for Cogbshifted to somewhat
lower binding energiegbout—0.2 eV). However, the bind-

ing energies of the core levels in CoAand RhSh were
slightly higher(about 0.1-0.2 e)/than the standard values

in the constituent metaf8. The chemical shifts of the core
levels can be qualitatively explained in terms of the differ-
ences in the electronegativity between constituent atoms
(e.g., the electronegativity in Pauling’s model:
Co=Sh<As<Rh). Thus the small core-level shifts suggest a

Intensity (arb. units)

Intensity (arb. units)
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FIG. 3. Co 23, and 2oy, core-level spectra for Co, CoAs
and CoSh polycrystals, and a CoSlsingle crystal.
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small charge transfer between transition metal and pnicogen FIG. 4. Sb 3l and 3, core-level spectra for Sh, Co$kand
atoms in these skutterudite compounds. In addition, the difRhSh polycrystals, and a CoS$isingle crystal.
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FIG. 6. A tight-binding energy-level scheme for CaShn
which only important bonding states are shown and nonbonding
states are neglected, on the basis of extendezkéluight-binding
calculations(Refs. 17, 19, and 20
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for the single crystal. Thus we neglect the effects of grain
size on the photoemission spectra of the valence band. The
observed valence-band structures can be roughly divided into
two separate binding-energy regions: the first one ranging
from approximately 15 to 8 eV, the other from 8 eV to the
top of the valence band. As indicated By B, C, andD in
T S Y A S U A A Fig. 5, the important features in the valence-band spectra
25 20 15 10 5 0 -5 agree qualitatively with those in the density of states calcu-
. lation for CoSh. Since there results also agree in the main
Bmdmg energy (eV) features qualitatively well with those obtained from EHTB

: 7,19,20 : : :
FIG. 5. X-ray photoemission spectra of the valence band forcalculatlonsl, we discuss the bonding states in these

CoAs, CoSh, and RhSh polycrystals, and the density of states materials on the basis of a simple tight-binding energy

calculation for CoSh(Ref. 21). The photoemission spectra for Co scheme_, as7 lsghzg""” in Fig. 6. Accordmg_ to the EHTB
and Sb metals are also shown as references. calculations:”'%?% the lower-energy region in the valence

band is due basically to the-bonding orbitals of the pnico-

. . gen X, rings with a large contribution of the pnicogen
splitting is small in skutterudite compounds. When the tran-gpital. The higher-energy region is formed mainly by both
sition metals Co and Rh in the octahedral crystalline fie|d5nonbonding and bonding-type molecular orbitals of thx,
formed by pnicogens have a high ionic charge nuntber,  ings. The conduction band is due mainly to antiboding mo-
trivalent states C and RH*, ionic formulaM®*X; ), one  |ecular orbitals of thex, rings, of bothar-type (lower-energy
can expect large chemical shifts of the photoemission lines ihang and o-type (higher-energy bandmolecular orbitalsd
the core-level spectra and a strong crystal-field effect. Foprbitals with theT,, symmetry of the transition metal form a
example, large chemical shift about 3 eV to higher bindingrelatively narrow band below the top of the valence band. On
energy is observed for Cop3, core level of a typical com-  the other hand, the metal orbitals with E; symmetry hy-
plex [Ca(NH3)e]**,? in which Co is well known to be pridize strongly with thep orbitals forming the lower part of
trivalent zero spin state (Cb, S=0:t§g) due to large crys- the conduction band. One of the interesting features in the
talline field splitting. Therefore, it is suggested that the smallband structure is that a single bafttie top of the valence
chemical shifts and the suppression of the crystal-field effecband at thel” point in the pseudogap region is formed by the
in skutterudite compounds can be explained in terms of ther-type antibonding orbital of th&, rings. Note that these
screening effect. This screening effect is probably due to ther-type antibonding orbitals cannot combine with therbit-
hybridization of transition-metadl orbitals with pnicogerp als of the metal atom, but they can combine witlorbitals
orbitals (covalent bonding between pnicogens and transitiorbecause of the local symmetry.
metal$ and/or strong pnicogen-pnicogen covalent bonding The photoemission structur€andD, characteristics of
in the X, rings. EHTB calculations show thattype bonding  the s-derived bands, were clearly observed at about 9.4 and
of the X, rings and the coupling of thk, rings through the 11.8 eV for CoSh and rather broad structures centered at
interaction betweep orbitals of pnicogens andandp or-  10.8 eV for RhSh The s-derived structures observed for
bitals of transition metals play an important role in electronicCoSk, agree well with those for pure Sb, but are different
bonding of skutterudite compounds!? from those for the band calculation in the energy positions,

Figure 5 shows the x-ray photoemission spectra of thgerhaps because of the problem of approximations in the
valence band for CoAs CoSh, and RhShpolycrystals, and  band calculations. Thesederived structures shift to higher
the valence-band density of states calculation for GoSbbinding energy when the pnicogen sites change from Sb to
made by Sofo and Mahan.As is the case for the core-level As. This energy shift of the-derived bands can be explained
spectra, the valence-band photoemission spectra for £oShualitatively in terms of the tight-binding model, as expected
polycrystals with different grain sizes were the same as thafrom chemical trends.
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Strong photoemission peaks were clearly observed ghounds. To obtain detailed information, we need to further
about 1.2- and 1.4-eV binding energies for CgSind investigate thed states of transition metals in skutterudite
CoAs;, respectively, in good agreement with the peak posi£ompounds by X-ray absorption spectroscopy, resonant pho-
tion observed for metal Co. For Rh$the main peak ap- toemission spectroscopy, etc. Furthermore, we need to ana-
peared at about 2.4-eV binding energy. The agreement in tH¥2€ the energy levels by taking into account the effects of
valence-band structure between photoemission spectra aﬁ hybridization ofd orbitals, e.g., the configuration inter-

the density of stat lculation i it din the bindi action(Cl). The nature of 8 states of transition metals was
€ densily of states calculation IS quiteé good In the bindin xtensively investigated in the semimagnetic semiconductors

energy range of 0-6 eV. In addition, the projection of theg,,-h as Cd_Mn,Te, and the CI theory can give a unified
density of states for the metal atoms clearly shows that thgescription of the double localized and itinerant nature of the
strong peak of thed-derived states appears in a binding- 3d states in the materiafé:**On the other hand, the hybrid-
energy range of about 1-3 €¥:*°Therefore, the main peak ization of metald states with pnicogep states(the itinerant

is attributed to the large contributions of the transition-metalnature of thed state$ in the skutterudite compounds is

d orbitals withT,, symmetry to the density of states. On the caused by the low charge transfedue to small differences
basis of the tight-binding picture, the change in the energyn the electronegativity between the metal and pnicogen at-
position of the main peak from around 1.3 eV for Cg@hd oms..Th|sp-d hybrldlzatlon effe_ct results in not only a sub-
CoAs;, to 2.4 eV for RhSh can be explained by the differ- stantial screening of the atomic Coulomb interactithsit
ences in the ionization potential between the '[ransition-metatr1e metal sites, but also in strong covalent bonding in these

) materials. As discussed before, the core-level speiim
atoms. The shouldersienoted byB) of the main peaks are . chemical shifts of core levelstrongly support these

probably attributed to the states of theX, rings, and their  5rquments. Sladk pointed out that the covalent nature of the
positions are almost independent of the pnicogen, in contragfonds is of importance in selecting promising candidates for
to the pnicogen dependence of thderived bands. thermoelectric materials from a consideration of the average
These is also a special interest in the nature of thelectronegativity differences, which is defined by the chemi-
transition-metatl stateglocalized and itinerant charac}en cal compositions and the crystal structures of materials. Ac-
skutterudite compounds, which is a crucial problem for acording to his model, electronegativity differences in skut-
better understanding of the diamagnetic and transport progerudite compounds are smaller than those in an ordinary
erties of these materials. The crystal-field effect plays a morginary semiconductor GaAs with high carrier mobility. In
important role in semiconductors than in metals, and thdact, our lightly doped samples have an extremely high hole
strength of the electron coupling within @V subshell Mmobility ranging from 2000 to 6000 chv~*s™* at room
view, we discussl states of the transition metals in the skut- the Strong covalent nature of the bonding. n
terudite compounds. The octahedral crystalline field formeq '€ authors of Ref. 35 proposed a theory for describing
by pnicogens in the skutterudite structure causes the splittincband gaps and electronic structures of transition-metal com-

: : ounds in terms of the-d Coulomb and exchange interac-
of the metald states into th? ripletq statesflower energy tionsU and the charge transfér. According to their theory,
and the doublegy states(higher energy. From symmetry

considerationst,, States are only slightly broadened by hy skutterudite compounds belong to charge-transfer-type semi-

A - . . Y7 conductors U>A), in which the band gajt,, is propor-
bridization, butey states hybridize strongly with the pnico- . ; ; ; 90 :
genp states. Akai and Matsute® performed a band cal- tional to A; holes are light(anion valence bandand elec

. ! trons are heavyd band$; the energy scheme is shown in
cglatlon of CoSh by the fuII-p(_)tent|aI .L(;A‘PW method, and Fig. 7. Thus it is considered that the narrow band gap or zero
discussed the Co @B states in detaif’ Calculations of

) h hat th ap in skutterudite compounds is closely related to the
3d-derived components show that the energy gap betweelj | charge-transfer energthe small electronegativity

3d-derived bands witf,g-like character(below the Fermi  gigterence. In addition, the trends in the effective mass
level) _and band_s with theg-like charactefabove t_he Fermi predicted from this theory agree qualitatively with
level) is approxmgtely 1 eV for Co%l:(corre_spc_mdlng to the experimenté-681424-2&5ince the electron configuration and
pseudogap valué® This result agrees qualitatively with that e electronegativity are factors determining the parameters
obtained from the tight-binding model. In a zeroth-order ap-iy ang A, which are closely related to the electronic proper-
proximation, it may be inferred that the energy gap betweemies the consideration of these parameters is important for

d-derived bands is caused by the crystal-field effect. In thgne gptimization of skutterudite compounds as good thermo-
tight-binding model, since,y states are located inside the gjactric materials.

valence band, these states are considered to be almost com-gne of the important features in the electronic structure,

pletely filled, and therefore correspond to the zero sPin 5 pointed by Singh and Pickétis that a single band which
=0 state {A;, t3;), resulting in the diamagnetic properties exhibits a linear dispersion along different high-symmetry
of skutterudite compounds. According to ligand field theory,directions of the Brillouin zone exists in the pseudogap re-
the energy(Tanabe-Suganodiagram for the electron con- gion. Several authot already reported on experimental
figuration d® shows that the ground state changes from avyidence that transport propertiespfype CoSh are modi-
high-spin state T,, t3e5) to a low-spin state ¥A;, t3)  fied by this linear dispersion of the single band from those
when the crystalline field splitting T8y increases more than expected for ordinary semiconductor behavior. Thus we in-
about 2.6 e\?! Thus the energy gap between thg- and  vestigated the contribution of a single band to valence-band
eg-like character bands is considerably smaller than the crysstructures for skutterudite compounds. Figure 8 shows a
talline field splitting 1@q in the localized picture. This close-up of the photoemission spectra around the top of the
problem is one of interesting topics in the skutterudite comvalence band for CoAs CoSh, and RhShpolycrystals, and
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those for typical semiconductors Si and GaAs with parabolic
bands. In comparison with the sharp edges of the valence-
band spectra for Si and GaAs, long tailsoadening of the
edge$ are clearly seen for skutterudite compounds. Band
'y calculations show that the density of states in the pseudogap
region is reIativeI%/ small due to the small contribution of the
’ single band®2%2! Therefore, the observed feature in the

Energy

A photoemission spectra show experimental evidence of the
low density of states in the pseudogap region of the band
U structure for these materials.

IV. CONCLUSION

We have experimentally determined the valence-band
electronic structures of CoAsCoSh, and RhSh by x-ray
L photoelectron spectroscopy. The observed band structures
agree substantially with recent band-structure calculations,
except for the relatively large differences in the energy po-
sition of thes states of pnicogen rings. Based on photoemis-
sion spectra, electronic bonding states and chemical trends
. are explained qualitatively well in terms of a simple tight-
Density of states binding model. We have also discussed the relation of the
double localized and itinerant nature of transition-metal
states to the properties of skutterudite compounds. The large
contribution of the metadl orbitals to the density of states
was clearly observed at about 1.2-, 1.4-, and 2.4-eV binding
energies for CoSh CoAs;, and RhSk respectively. From
the point of view of crystal-field theory, this metalcontri-
bution can be considered to originate predominantly from the
triplet t,, states split by the octahedral crystalline field
formed by pnicogens in the skutterudite structure, while dou-
blete, states hybridize strongly with pnicogerstates form-
ing the conduction band. Sintg, states are considered to be
almost completely filled, and correspond to the zero $pin
=0 state {A;, tgg), most skutterudite compounds exhibit
diamagnetic properties. On the other hand, small chemical
shifts of the photoemission lines of core levels strongly sug-
gest that the hybridization of the metdlstates with pnico-
genp states is caused by the low charge transfer due to small
differences in the electronegativity between the metal and
pnicogen atoms. Thip-d hybridization effect plays a domi-
nant role in not only a substantial screening of atomic Cou-
lomb interactions at metal sites but also in the strong cova-
lent bonding in these materials. As pointed by Singh and
Pickett from band calculatiori§,one of the important fea-
tures of the electronic structure is a single band with a linear
dispersion in the pseudogap region. By comparing with data
for typical semiconductors Si and GaAs with the parabolic
bands, our photoemission spectra show clear experimental
evidence that the contribution of the single band to the den-
sity of states is small in the pseudogap region for these ma-
terials. Finally, inverse-photoemission studies of skutterudite
compounds will directly determine the conduction-band
structure, and the resonant photoemission spectroscopy is
needed to obtain detailed information about the meedn-
tribution to the electronic structure.

FIG. 7. An energy diagram for charge-transfer-type band struc
ture according to the theor§Ref. 35, in which thed-d Coulomb
and exchange interactions$ are larger than the charge transfer
For skutterudite compounds, theband corresponds to the single
band formed byr-type antibonding orbitals of the pnicogen rings,
and the lower and higherbands correspond to thg, ande, states
of metald orbitals, respectively.

Intensity (arb. units)
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