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Bonding in skutterudites: Combined experimental and theoretical characterization of CoS
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We report on the bonding in skutterudites using the GoStample. The theoretical electronic structure is
calculated in both density-functional theory and empirical tight-binding frameworks. It is shown to be in good
agreement with x-ray photoemission and photoabsorption experiments, and?i@ith Mcssbauer spectros-
copy. It is then used to demonstrate tkiatthe Sk rings are not the main structural features to analyze the
highest valence-band behavidgii,) the structure must be described in terms of corner-connected;Qu$i
hedra, which are tilted to form the Sb rings.
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Skutterudites correspond to a large family of compoundsined and compared to the theoretical projected conduction
of formula MP5, whereM is a transition meta(lr, Co, or  DOS. In the final sectiofSec. \}, we focus our attention on
Rh) andP is a pnictide(P, As, or Sh. During recent years, the antimony atom contribution to the electronic structure. It
they have been extensively studied as potential good thermds first described by means 6f'Sh Mssbauer spectroscopy.
electric materials. This property is mainly attributed to theirThen, electronic density maps show their contribution to the
good electrical conduction and poor thermal conductiorbonding.
characteristics (“electron-crystals and phonon-glasses”
concept). This was attributed to two atomic structure par-

ticularities. (i) Large voids authori.ze the introductio_n of | COMPOUND DESCRIPTION
heavy atomgrare-earth elementsthis has been associated
with a reduction in thermal conductivityii) Pnictide rings A. Crystal structure

have been shown to characterize the electronic states around 1o CoSh structuré is based on a bec lattigeell con-
the forbidden band gap and to be essential in the Iatt'ceétanta:9.0305 A with four formula units per cell. The

dynamics analysis. .
: L . nit-cell symmetry corresponds to the space grbm@. Co
Due to these potential applications, there is a great deal ol% y y P P gromg

interest in understanding their electronic structure. Gasb atoms lie in the & position (2.7,4) and Sb atoms in the 24
generally chosen as a reference matéfialput, to our Position (Oy=0.3351,z=0.1602). The main interactomic
knowledge, there exists no direct experimental characterizadistances are reported in Table I.
tion of its electronic structure. Two kinds of description may be made. As will be seen in
The aim of this work is to go further in understanding thethe final sectio{Sec. V), the first one is geometrically easy
CoSh electronic structure and bonding. This aim is achievedo describe as the second one takes bonding into account.
by combining experimental and theoretical results. AmongGeometrically, the skutterudite structureig. 1(a)] may be
the experimental techniques used to study band structuregiewed as a simple cubic sublattice of Co atoms of basic cell
x-ray photoemission(XPS) and absorption(XAS) spec- with a dimensiona/2. Six four-membered “rings” of Sb
troscopies play a predominant part since they are particularldtoms are inserted in the cubes along (h80), (010, or
well suited for probing the valence- and conduction-band001) crystallographic directions, two cubes remaining va-
densities. XPS and XAS spectra are recorded. As they havgant. The CoShstructure Fig. 1(b)] may also be considered
to be compared to total and projected densities of stategs formed by corner-sharing CoSbctahedra that are tilted

which are not available in previous calculations, we havgn order that Sb atoms form the Shings, which may be
performed electronic-structure calculations by use of densityapproximated to squares.

functional (DFT) and tight-binding(TB) theories. Lastly,

1215h Mossbauer spectra have been recorded in order to pro- _ o _
TABLE |. Crystallographic data: Bonding distances in CgSh

vide much insight into the antimony electronic structure. . A
We first recall(Sec. ) the CoSh crystal structure and
sample _synthe3|s. In Sec. I, the tec_hnlques used for X-ray diffraction Relaxed positions
electronic-structure calculations are described and results are
presented and compared to previous ones. Section Ill deals Sb-Sb 2.978 2.939
with the valence-band analysis. The XPS spectrum is ana- 2.893 2.807
lyzed with the help of theoretical densities of sta(BOS) Co-Sb 2.519 2.470
and photoionization cross sections. The conduction-band co-co 4517 4.424

analysis is presented in Sec. IV. The XAS spectra are com
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cused on the highest occupied band atlthgoint. It displays

a quasilinear dispersion. Although the Cg3iand structure
was drawn, no density of states is reported. The work of Sofo
and Mahaf also reports an LAPW calculation but it was

N

\
u
—

As we will calculate electron density maps and will need
the projected DOS, we also have to calculate the GeSir-
tronic structure. For our purpose, we use two techniques. The

(a) first one is carried out within the density-functional-theory
(DFT) framework"’” using the local-density approximation
(LDA), a plane-wave basis, and ultrasoft pseudopotentials. It
is implemented in the Cerius2 environméonsTep code.®
This calculation is performed at the relaxed positiQveria-
tion in the lattice constant of 2% fax, and 0.3% and 1%,
respectively, fory andz of the 24y Sb crystallographic sije
The casTePresults will further enable us to draw the charge-
density maps(Sec. V). The second approach is the semi-
empirical tight-binding methodTB), in which parameters
are fitted in order to reproduce the main characteristics of the
ab initio band structur@. The minimal basis used in TB is
reduced to § and 5 orbitals for antimony atoms andd3
ones for cobalt atoms &are shown to have no influence on
the description of the valence and low conduction bands
The TB results will then allow us to relate regions of the
DOS to atomic levels, which is required to compare calcu-

(b) lated DOS and XPS x-ray-absorption near-edge spectroscopy
(XANES) spectra(Sec. Il and Sec. V.

¥

— n performed at the relaxed positiorihose sumitted to zero
L | A force). The forbidden band-gap value is different from those
obtained by Singh and Pickett. This was related to the dif-
i' ference in antimony positions and thus to thg 8bgs. This
\'|V work shows a density of statd®0OS) but no longer pro-
‘ jected ones.
/

FIG. 1. CoSh atomic structure viewed d8) cubic cobaltblack Due to the well-known problem of underestimation of the
atoms units in which antimonywhite atoms rings are inserted or  gap by the LDA, it is difficult to predict a value for the band
(b) CoSly octahedral units. gap. Nevertheless, the gap is increased when the atomic po-

sitions are relaxedfrom 0.195 to 0.330 e\ But this does
B. Sample synthesis not mean a particular sensitivity to Sb rings as all distances

The compounds were prepared by heating stoichiometri@® varied during the relaxatiosee Table I Our band
quantities of antimony powdefpurity 99.5%, Aldrich and structure also s_hows unusual behawor near the Fermi level
cobalt powder (purity 99.995%, Aldrich in evacuated, described by Singhand Sofd* Using the two-band Kane
sealed quartz tubes. The binary sample was heated at 50 ° C/iPde!
and maintained for one week at 750 °C and then crushed, 212
reannealed for an additional week at 700°C, and finally h7k
cooled to room temperature at 10°C/h. The material was 2m*
carefully handled throughout the preparation process to pre- . .
vent unexpected contamination: it was handled in an argoriwherefi is the reduced Planck constaktis the wave vec-

filled glove box. The purity of the sample was determinedtor. m* is the effective mass; is the energy band, andlis
from x-ray powder analysis. a constant terin we fit our LDA results and obtain an effec-

tive massm* =0.08n, and A=0.25 as Sofo obtainech*
=0.07my while fixing A to 0.22 eV. The DOS from our
calculations and those of Sofo are compared in Fig. 2. There
Let us briefly summarize here the previous calculations ofs an overall agreement between them. Let us detail this.
the skutterudite electronic structure. A chemical picture wasConcerning the valence band, two main structukesnd B
first given by Junget al? They pointed out that the highest that are similar in width are noticed. Nevertheless, some dis-
occupied band of LafP;, has mainly aP(3p) character. crepancies appear B substructures(i) All results show a
They analyze this in terms d?P, atomic squares. Thab  main peakBd that is higher in energy in the TB resulti)
initio calculation performed by Singh and PicRafised the ~ One may assume a substructBe between—4 and—6 eV.
experimental crystal structure and an extended-potential lindii) Another substructureB2 clearly exists in the first-
earized augmented-plane-wave methbdPW). They fo-  principles calculations aroune3 eV. Due to XPS experi-
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Il. ELECTRONIC-STRUCTURE CALCULATION
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FIG. 2. CoSh calculated density of states obtainéd) in FIG. 3. CoSh projected density of states obtained in the tight-

LAPW, (b) with cASTEP code, and(c) in the tight-binding frame- ~ Pinding framework.

work with our fitted parameters.
tance angle of the analyzer has been set to 14° and the angle

mental resolution and the approximation described in thé)et_:_/\;]eeg(;hse surface plakr‘le ?;%the analyzzr axis is 75° .
next section, one may expect from XPS to well reproduce the. € spectrum should be compare to a recomposi-
A and B width and theB1, B2, andBd position relative to tion N(E) .Of th? valence-band DOS taking photoionization
the valence-band top. With regard to the conduction band:"SS sections into account through the formula

methods are not devoted to describe states on a large energy

range. P_articularly, the TB one is known_ to only give a good N(E)= 2 n(E)oy, 2
description of the bottom of the conduction baidie to the '

use of a minimal basis setOne expects from XANES Spec- hare the sum stands over the projected contributioi&)

tra to confirm the bottom of the conduction band and give, g the projected DOS of characterand o; is the corre-
information on higher-energy states.

0 lectronic structure is i d twith sponding cross sections of atoms in the crystal. As it is not
Ur CASTEPEIectronic structure 1 in good agreement Wity gim of this paper to calculate the crystallmmg they are
the previous ones and can be used to go further in the anal

sis of bonding. The TB fit is sufficiently good to make use of%pproxmated to those of free atorfisThis generally allows

th di iected DOS t leul the influence of ther, to be correctly reproduced and to have
ne corresponding projecte 0 compare our calculay ., act estimate df(E). The resultingN(E) is compared
tions to experimental results and to analyze the various co

tributions to the electronic structure To the XPS §pectrum in Fig. 4. StructurAsgnd B are well

' reproduced in shape and width. Even detailed p&ksB1,
andB2 are reproduced. The correct positionBd, which is
1. VALENCE-BAND CHARACTERIZATION also noted in our TB calculations, indicates a good descrip-

i tion of the highest valence states.
We first analyze the valence band of CgSbhhe pro-

jected DOS obtained in the TB framework are represented in
Fig. 3. They clearly show that structufeis mainly due to
Sh(s) states and structurB is due to interactions between In the case of x-ray-absorption spectroscopy, emphasis
Sb(p) and Cofl) states. Théd peak is due to Cal) states lies on the accessibility of the dipole selected transitions to
and the highest valence bands have mainly arppbfiarac-  the s, p, andd orbitals from a suitable inner level. For ex-
ter. ample, the transitions from an innprevel scan thes andd

XPS spectra of CoSbsamples have been recorded on asymmetry orbitals in the conduction band. It is thus particu-
model 5600 spectrometer from Physical Electronics using #arly well suited to get insight into the partial densities of
monochromatic AlKa x-ray source and a pass energy of unoccupied states. We have performed the x-ray-absorption
11.75 eV. In these conditions, the energy resolution as meaear-edge spectroscopy at the LURE laborai@ysay on
sured from the full width at half-maximutFWHM) on the  the DCI storage ring. The accessible energies between 4 keV
Ag 3d5/2 line is 0.55 eV. The binding-energy scale has beerand 20 keV allow the use of transition-metéledges and
calibrated using the Au #/2 line at 84.0 eV. The accep- antimonyL edges. We present here the S SbL,,, and

IV. CONDUCTION-BAND CHARACTERIZATION
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FIG. 5. CoSh XANES spectra at the CK edge, Sh_, edge,
and SbL,, edge. Arrows indicate the first derivative peak position.
They are superposed in order to aligh first derivative peaks.
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scans the Skp) conduction stategtransition Z—5p) and

Energy (eV) shows a structuréabeleda) of which the full width at half
maximum is measured to be 4.2 eV. It is related to the bot-
“tom of the conduction ban@ee Fig. 3. Its theoretical width
(3.6 eV) is in agreement with the experimental one when the
experimental enlargement is taken into account. Considering
Co K XANES spectra of CoSp The sample was finely the SbL,, spectrum, the Sisj and Sb(l) conduction states
ground and passed through auBa sieve in order to obtain are describedtransition 20—5s, 5d). Its a’ and b’ first
powders being homogeneous in particle size. A thin memderivative peaks also confirm the existence of the prepeak
brane was coated with this powder. The recordings were catabeleda. The electronic-structure calculatio(fsg. 3) show
ried out in the transmission mode. The beam line waghat it corresponds to Sbép states. Let us compare them
equipped with a $811) two-crystal monochromator for the here to XANES Sk, spectra recorded for various antimony
CoK edge allowing a resolution of 0.2 eV and with 19i1)  chalcogenides, in which Sb is characterized by a lone*pair.
monochromator for the Sh edges. Energy calibration was In that case, due to the valence Sg)%one pair(the corre-
carried out, respectively, from the standard spectra at the Niponding theoretical population is greater than 1.9 electrons
K edge of a high-purity Ni foil(8333 eV} and at the TiK  there is a very weak antibonding contribution of the S$)(5
edge of TiQ (prepeak at 4967.5 eV The XANES spectra states to the conduction band. Nevertheless, the §h{én-
were treated in the following way. First, the absorption back-ducting population in CoSlis calculated to be 0.23 electron,
ground was subtracted supposing a linear behavior over the&hich is greater than the maximum 0.1 electron in Sb lone-
whole energy range. Then the spectra were normalized tpair chalcogenides. As the corresponding peak is less intense
give the same absorption step amplitude in a range of puri the spectra, we think that the Si)5electrons are delo-

FIG. 4. CoSh (a) XPS spectrum after standard background sub
straction compared tdb) the theoretical recomposition from the
projected DOS.

atomic absorption. calized and spread in the conduction band; they do not par-
The XANES spectra may be split in two regions, namelyticipate in an antibonding state.
the close near-edge and the post-edge refrmm ~15 eV These XANES spectra can be superimposed on a common

to 70 eV above the threshgldThe second is generally mod- energy scale to obtain a complete picture of the conduction-
eled taking the multiple scattering of photoexcited electrondand DOS. This approach extends the identification to higher
into account. The near edge is generally analyzed in terms ofacant electronic staté3.To align spectra, a method may
electronic transitions to empty states, assuming a weak peconsist of subtracting the binding energy of the free atom
turbation due to the core-hole creation. It has been demorcore (Co K=7709 eV, ShL,;=4698 eV, and Sh.,,=4380
trated that this is negligible in metalsin CoSh, we con-  eV).!* One may see in Fig. 5 that this would lead to taking
sider that there is a sufficient number of valence electrons othe a’ peak as zero energy on Sbh spectra as ipeak
each atom to assume a good screening of the core hole. Thugpuld have a slighly negative ener@y-—1 eV) in the Co
spectra are interpreted as the ground-state electronic struspectrum. We assume that this weak energy shift bet@éen
ture of the conduction band. peaks is due to the approximative binding energies, which
The XANES spectra are reported in Fig. 5. The Ro are different in free atoms and atoms in compounds. Thus,
spectrum gives an experimental view of the @pgconduc-  we prefer here to align tha’ peaks of each spectrum. This
tion stateqtransition Is—4p). It mainly exhibits two peaks peak is taken as the origin of the energy scale. The superpo-
a and b. The existence of pea& is confirmed by the two sition of spectra is shown in Fig. 5. The coincidence of peaks
inflection points labelech’ and b’. The SbL, spectrum b’, a, andb enables a description of the conduction states in
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the following way.(i) A first peak whose major character is [T e LR AL AR SR PADP U
Sh(p). Sb(s) states participate weakly as they are spread in 420000
the conduction band. Cpj states also weakly participate.

(i) A second peak mainly due to Qw(-Sb(d) interaction, 410000+

which we attribute to the octahedral CeS#nvironment. Its £ 400000 8= - 1.08 (2) mm/s
energy position is similar to those in the Go&®mpound. Its § ] A= + 9.3 (2) mm/s
width is consistent with a strong angular distorsion of the % 390000 I'= 1.61 (4) mm/s
Co-Sb bonds. tg 280000 1 n=0.65
E i X’=1.21
V. ANTIMONY CONTRIBUTION Z 370000 - " relative to InSb

As previously pointed out, it seems that the electronic 360000
structure of skutterudites is generally related to thg 8iys. 1
Thus, we focus on the antimony bonding by two meadijs: 350000 e e
the ?!Sb Massbauer spectroscopy, which scans the elec- -30 25 -20 15 -10 -5 0 5 10 15 20 25
tronic local environment of antimony atom§i) our elec- Velocity (mm/s)
tronic calculations, which have been demonstrated to be in
good agreement with experimental XPS and XANES spec-
tra.

FIG. 6. *2'Sb Mssbauer spectrum of CoSb

oxidizing of the sampléimpurity of Sk,Os). Mossbauer pa-
rametersé=—1.082) mm/s relative to INSbA=+9.3(2)
mm/s,»=0.652), andl'=1.61(4) mm/s are in good agree-
Mossbauer spectroscopy enables the study of solids on anent with previous datd (6= —0.96 mm/s relative to InSb,
atomic scale. Spectra are mainly characterized by two paA=+9.0 mm/s,»=0.98, and" = 1.8 mm/g. By comparison
rameters: the isomer shifisf and the quadrupolar splitting with the natural linewidth emissionl’(=1.24 mm/$,'® the
(A). The first one corresponds to the peak position in theobserved linewidth I =1.61 mm/$ quite agrees with only

A. Mossbauer spectra

spectrum. It may be written as one crystallographic Sb environment in accordance with the
) ) crystal structure. The measured isomer shif; —1.08(2)
6= NT|¥,(0)|*=[¥40)[?], (3 mm/s relative to InSb, is in agreement with an S#)(&lec-

tronic population to be 1.77 electron in our TB model. As
compared to the reference isomer shift s¢ileis situation

"s intermediate between an active lone-pair situation and that
sidered as proportional to the Sig)electrons in the valence b

15 o . of InSh, where the Sb(& electrons are engaged in covalent
band.” The second corresponds to the peak splitting. Th'soonds. It is in agreement with our previous interpretation of

splitting is induced by thg eIectrlc—flgld grad|ent and thgs it iSihe prepeala in SbL,, XANES spectra. The large value of
related to the local environment distortion. Its analysis lets

. : ._quadrupole splitting £ = +9.3 mm/$ and the,=0.65 fac-
?rinbeutti)(l;rllldCIL(J)Fs)eat(E)Iffgzr?)r?)];)ter:jeniycrlrgﬂsetry of the electron dis tor suggest a strongly distorted environment. It corresponds

1215}, Messbauer measurements were performed in a sta to the geometrical distortion of the Sh(£&b,) tetrahedra
o  2m be! "¥ind to the chemical difference in the antimony neighlfGs
dard transmission geometry using!a'"Sn in a BaSn@

source of nominal activity 0.5 m Ci on a constant accelera- We also make use of theAsTEP electronic stucture to

; @ﬂjdy the geometrical distribution of the Sisj%electrons in

temperature to increase the fraction of the recoil-free absorr]r}{he CgSI@ compound. A charge-density map of valgncg elec-
rons in the—14 to —7 eV energy range is reported in Fig. 7.

tion and emission process. An absorber was prepared frorlril is shown that there is no lone-pair activin agreement
powder mixed with A-piezon grease(l15 mg of P Y ag

antimony/cni). The velocity scale was calibrated with the with the isomer shift because there is no electron cloud de-

standard spectrum of an iron absorber obtained using té\”IChed from the Sb nucleus in a given direction. But the

. ; : density is not sphericéin agreement with a strong quad-
5Co(Rh) source. The zero isomer shift was defined from th 150 o . I U
spectrum of InSb at 4 K6=0 mm/s, A=0 mmis, and efupole splitting. The distorsion is along the direction of Sb

I=1.655 mm/s with 5=—8.764) mm/s relative to the neighbors, due to participation in the Sh-Sb bonding.

Ba?MsSnQ, sourcd. Data were fitted using transmission in-
tegral analysis softwaremssiT.’® The Mossbauer source
fractionf and source linewidth’ were held constant at 0.62 The Sb bonding can be analyzed by means of charge-
and 1.45 mm/s, respectively. density maps obtained fromasTePresults. We first examine
The Mosshauer spectrum is shown in Fig. 6. A principal the highest occupied band. The projected D®1g. 3) have
broad asymmetric absorption is observed that ranges behown that it mainly comes from Shg} states. The corre-
tween—6 and—15 mm/s relative to the source and indicat- sponding charge-density map is reported in Fig. 8. The im-
ing an unresolved quadrupole spectrum. The weak absorortant point is that the density is not situated on thg 18ig
tion (<2%) near 0 mm/s is attributed to an accidentalor Sb-Sb bondindFig. 8@]. The charge density is topologi-

B. Bonding
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FIG. 7. CoSh charge-density map derived frooasTep of va-
lence Sb(S) electrons around antimony atoms. The isodensity
value is 0.095 electron/A

FIG. 9. CoSh charge-density map derived frooasTep of the
whole valence band. The isodensity value is 0.33 electron/A
Views are centered ofa) an Sh ring and(b) a CoSR octahedron.

cally included in the CoSpoctahedrdFig. 8b)]. Thus, even

if the main character of the DOS is Shi{p there is an
interaction with Co(8) electrons and one cannot consider
that the highest valence band is only concerned with the Sb
rings.

The whole valence-band charge density will now com-
plete our bonding description. The corresponding map is re-
ported in Fig. 9. The top view is centered on an, 8hg. Its
rectangular form leads to a stronger bonding on the short
Sb-Sbh bonds. The Sb-Sb bonding mainly comes fromAthe
part of the DOScompare to Fig. B In this view, the Co-Sb
bonds are clipped. The bottom view clearly shows the Co-Sb
bonding in the CoSpoctahedror(the front and back Co-Sh
bonds are clipped for the sake of clajitffhe Co-Sb bonds
are equivalent and mainly come from tBepart of the DOS.
The Sb-Sb and Sb-Co bonding characters are qualitatively
similar. Thus, from an electronic point of view, one cannot
describe the structure by means of rings inside a cubic cobalt
structure or by means of independent Cg8hits.

VI. CONCLUSION
FIG. 8. CoSh charge-density map derived frooasTep of the

highest valence band. The isodensity value is 0.025 electfon/A  We have calculated the Co$lelectronic structure and
Views are centered ofa) an Sh ring and(b) a CoSR octahedron.  obtained the band structure, the total and projected densities
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of states. The band structure has been shown to be in agregonsider Sb(Cgp,Sh,) tetrahedra to describe the bonding.
ment with previous ones. The valence band density of stateSoing further in the charge density map exploitation, we
has been successfully compared with the recorded X-ray pherave explained that the highest valence bandjor Sh(%)]
toemission spectra. In particular, it shows that the firSlhas not 0n|y a Sbrings character. We have also shown that
valence-band maximurcorresponding to Co(@ stategis  Sh-Sb and Co-Sb bonding characters are similar. Then we
situated nearer the valence-band top than previously exonclude that from the bonding point of view, the CgSb

pected. The conduction densities of states have been examtomic structure must be described as Go&bnnected by
ined by means of near-edge X-ray-absorption spectra. Theorners in order to form Shrings.

superposition of these absorption spectra is also in good
agreement with our electronic-structure calculation.

We have first focused bonding analysis on antimony. Its
local electronic structure has been first described bysdvio
bauer spectrocopy. Correlated with the S§)(sharge den- The authors thank Robert Cortes for his help in collecting
sity maps, it was demonstrated that it is more convenient talata of DCI experiments at LUREDrsay, France
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