PHYSICAL REVIEW B 74, 125102 (2006)

X-ray photoelectron spectroscopy study of the skutterudites LaFe,Sb,,,
CeFe Sby,, CoSb;, and CoP;

Andrew P. Grosvenor,* Ronald G. Cavell, and Arthur Mar
Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2, Canada
(Received 14 April 2006; published 11 September 2006)

The electronic structure of the skutterudites CoSbs, CoP3, LaFe,Sby,, and CeFe,Sb;, has been investigated
with x-ray photoelectron spectroscopy. The binding energies in the pnicogen and transition metal 2p spectra are
shifted to reflect changes in the bonding character of these compounds. The asymmetric line shapes in the
metal 2p spectra signal electronic delocalization. A plasmon loss satellite peak occurs in the Co 2p spectra of
CoSb; and CoP;. The intensity of this peak in these and other Co-containing compounds increases with greater
occupancy of the Co 3d band. The presence of trivalent rare earth was confirmed from the La and Ce 3d
spectra, both of which contain shake-up satellite peaks. A second satellite peak, attributable to two-core-hole
processes, also appears in the La 3d spectrum of LaFe,Sb;, but not in LaFe,P,, indicating the involvement of
La-Sb covalent bonding and the population of La 4f conduction states in the former. This peak is absent in the
Ce 3d spectrum of CeFe,Sb,, because a 4f! state is located below the Fermi edge. Fitting of the valence band
spectra for all four compounds led to the formulations (Co**)(Pn'~); and (R3*)(Fe?*),(Sb'");,, with the
electron deficiency in the rare-earth containing compounds being represented by a hole in the valence band.
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I. INTRODUCTION

The skutterudites represent an extensive class of com-
pounds that originally referred to binary transition-metal
pnictides M Pn; (M=Co,Rh,Ir; Pn=P,As,Sb) that adopt the
same structure as the mineral CoAss.!""? Jeitschko and Braun
later extended them to include the ternary rare-earth-filled
derivatives RM,Pn,, (R=rare earth, M=Fe,Ru,Os; Pn
=P, As, Sb).>" In their cubic crystal structure, corner-sharing
M-centered octahedra are tilted to form nearly square Pny
rings and large dodecahedral voids that are filled by R atoms
in the ternary derivatives (Fig. 1). These compounds, espe-
cially the antimonides, are most widely acclaimed for their
promise as improved thermoelectric materials, which require
the incongruous alliance of good electrical conductivity and
poor thermal conductivity.®” Unfilled variants, such as
CoSbs, were initially targeted as candidates, but attention has
shifted to the filled variants, such as La(Fe;Co)Sb,,, because
of the realization that the thermal conductivity could be re-
duced further by addition of R.3

These compounds are interesting in their own right given
the wealth of unusual transport and magnetic properties
displayed.” In early bonding considerations, the binaries
M Pns were predicted to be diamagnetic semiconductors, in
accordance with a formulation involving low-spin octahedral
M3 (tzg(’ego) and closed-shell Pn!~ species each engaged in
two 2 center —2 electron (2c—2¢~) Pn-Pn bonds.>!° Experi-
mental and theoretical studies generally indicated the exis-
tence of a very narrow to zero band gap, but these conclu-
sions were not always definitive.'®?° For CoP5, a band gap
was suggested from electrical and optical measurements,'®
but there is disagreement among calculations.'3!>1® For
CoSbs, there seems to be consensus that it behaves as a
narrow gap semiconductor.!%!2141820 The simple bonding
arguments can be extended to the ternary skutterudites such
as RFe4P,,. Because they have fewer valence electrons com-
pared to the previous binaries to achieve a closed-shell con-
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figuration, these ternaries were suggested to be hole doped
and to contain mixed-valent Fe atoms, in accordance with
the formulation R**[Fe,P,,]*~.3 However, the presence of ex-
clusively low-spin Fe’* in RFe,Pn,, (including CeFe,Sb,)
has since been supported by magnetic measurements, Moss-
bauer spectroscopy, theoretical calculations, and recently, an
XPS study.!'21-23 Most RM,Pn,, compounds are metallic
but a few are small band gap semiconductors.’1115.24-33
Notably, the semiconducting behavior of CeFe, P, was ini-
tially attributed to the presence of Ce**, rendering the
[Fe,P,]*~ framework isoelectronic to binaries such as
CoP;.3 However, a trivalent cerium state (4f!) has since been
implicated by numerous investigations of CeFe,Pn , includ-
ing CeFe,Sb;, which is discussed in this report.?326.28,29,34-36

‘We have recently applied high-resolution x-ray photoelec-
tron spectroscopy to resolve some of the ambiguities about
the electronic structure of these skutterudites, beginning with
the rare-earth-filled phosphides LaFe,P;, and CeFe,P,,.>
The interpretation of XPS spectra of intermetallic com-
pounds, especially those containing heavier elements such as
the rare earths, is still not well developed. Although these
phosphides do not represent practical candidates for thermo-
electric materials, they were chosen for the initial study to
establish a point of reference for assigning valence states. In
the more relevant antimonides RFe,Sb,, electronegativity
differences are smaller and the interpretation of XPS spectra
was anticipated to be considerably more challenging.

Here we present detailed interpretations of the XPS spec-
tra of LaFe,Sb;,, CeFe,Sb;,, CoSb;, and CoP;. Both high-
resolution core-line spectra and valence band spectra are ex-
amined with an aim to determine atomic charges and to
understand how the nature of bonding differs between the
phosphides and antimonides. Although XPS measurements
of CoSb; have been recently reported,!” no remarks were
offered on the distinctive satellite structure that appears in its
Co 2p;), spectrum. We suggest an explanation for this fea-
ture and we demonstrate how it can be related to the popu-
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lation of Co states within the valence band across a series of
Co-containing compounds. With the aid of calculated band
structures, we attempt to fit the valence band spectra of these
antimonide skutterudites through a procedure that we have
previously developed for transition-metal phosphides,?33’
showing that the experimental analysis of the electronic
structure of intermetallic compounds with small electronega-
tivity differences can be performed.

II. EXPERIMENTAL SECTION

A. Synthesis

Starting materials were powders of La (99.9%, Alfa-
Aesar), Ce (99.9%, Cerac), Fe (99.9%, Cerac), Co (99.999%,
Spex), Sb (99.999%, Alfa-Aesar), and P (99.995%, Cerac).
Stoichiometric mixtures of the elements were placed in
fused-silica tubes that were carbon coated through pyrolysis
of acetone. This treatment helps minimize adventitious reac-
tions of the active metals with the silica tube. Sample purity
was assessed from powder x-ray diffraction (XRD) patterns
collected on an Inel diffractometer equipped with a CPS 120
detector.

Samples of LaFe,Sb;, and CeFe,Sb;, were prepared ac-
cording to an optimized heating program reported
previously.” The tubes were heated to 600 °C over 10 h and
held there for 3 h, heated to 1050 °C over 12 h and held
there for >40 h, and quenched in water. Further annealing at
700 °C for >30 h resulted in high-purity products, with only
trace amounts of FeSb,. Samples of CoSb; and CoP; were
prepared in the presence of a few grains of iodine. The tubes
were heated to 750 °C over 30 h and held at this temperature
for 1 week, and then quenched in water. Only trace amounts
of unreacted pnicogen were detected in the products. Al-
though air stable, all compounds were stored in a glove box
under Ar to preserve pristine surfaces for XPS analysis.

B. XPS analysis

All measurements were performed on a Kratos AXIS 165
spectrometer with a monochromatic Al Ka x-ray source and
a base pressure in the analytical chamber of 107°~1077 Pa.
The angle between the x-ray source and the hemispherical
analyzer was 54.7°. The resolution function of this instru-
ment has been determined to be 0.4—0.5 eV on the basis of
analysis of the Co and Fe Fermi edges.

Samples of LaFe,Sb;,, CeFe,Sby,, CoSbs, and CoP; were
ground under Ar and pressed onto In foil before being trans-
ferred to the instrument under Ar to reduce surface oxidation.
They were sputter cleaned for nearly 1 h with an Ar* ion
beam (4 kV, 10 mA) to remove surface contaminants (e.g.,
C, O, I). Spectra collected throughout the sputter-cleaning
process showed no changes except for reduction of the
amount of surface oxide, confirming that the sputtering pro-
cess did not appreciably alter the composition of the studied
compounds. For example, the Co:Sb ratio in CoSbs deter-
mined by analysis of survey spectra was 1:2.5 before sput-
tering and 1:3.1 after sputtering was complete. High-
resolution spectra (La, Ce 3d; Fe 2p; Co 2p; Sb 3d; P 2p;
valence band) were then collected with energy envelopes
ranging from 60 to 20 eV, a step size of 0.05 eV, a pass
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FIG. 1. Filled skutterudite-type structure of ternary rare-earth
transition-metal pnictides RM,Pn,, with the body-centered cubic
unit cell outlined in dashed lines. The large gray spheres are R
atoms, the small solid spheres are M atoms, and the medium
lightly-shaded spheres are Pn atoms. (a) The framework of
M-centered octahedra is emphasized. (b) An alternative representa-
tion highlights the cubic arrangement of M atoms enclosing the R
atoms (centered in a dodecahedral cage) and Pny rings.

energy of 20 eV, a sweep time of 180 s, and an analysis spot
size of 700 X400 wm. Because these compounds are electri-
cally conducting, charge neutralization was not required dur-
ing the spectroscopic measurements and charge correction
was not applied in the data analysis. The C 1s binding energy
from adventitious C was equal to the accepted value of
284.8 eV throughout, indicating that charging was not a fac-
tor. All results were analyzed with use of the CasaXPS soft-
ware package.’® To fit these high-resolution spectra, a
Shirley-type function was used to remove the background,
which arises largely from inelastic electron scattering. The
extracted spectra were then fitted with a combined Gaussian
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(70%) and Lorentzian (30%) line profile to account for spec-
trometer and life-time broadening, respectively. The Sb 3d
spectra of the RFe,Sb;, compounds indicated the presence of
a small amount of Sb oxide that was not removed by Ar*
sputtering, and the Pn spectra of CoPnj indicated the pres-
ence of a small amount of oxidized Sb or unreacted P.

C. Band structure calculations

To examine the bonding and distribution of states within
the valence band, an extended Hiickel tight-binding band
structure calculation was performed for CoP; with 125 &
points in the irreducible portion of the Brillouin zone with
use of the EHMACC suite of programs.***’ The atomic pa-
rameters [valence shell ionization potentials H;; (€V) and or-
bital exponents {;] were as follows. For Co 4s, H;=-7.8,
{;=2.0; for Co 4p, H;=-3.8, {;=2.0; for Co 3d, H;=-9.7,
£;1=5.55, ¢;=0.558, {»=1.9; ¢,=0.668; for P 3s, H;
=-18.6, {;=1.84; for P 3p, H;=—14.0, {;=1.45. This calcu-
lation closely reproduces a previously reported one, but we
extract the partial density of states curves to demonstrate the
procedure for fitting the experimental valence band spectra.'

III. RESULTS AND DISCUSSION
A. High-resolution Sb 3d and P 2p spectra

Figure 2 shows the Sb 3d spectra for LaFe,Sb,,
CeFe4Sby,, and CoSb;, and the P 2p spectrum for CoPj.
Although the most fundamental use of XPS spectra is to
correlate binding energies with oxidation states, its applica-
tion to intermetallic compounds has not been widespread and
greater difficulties are faced in trying to find reference com-
pounds for comparison. The error for XPS binding energies
is typically £0.1 eV.

In CoPj, the P 2p;), binding energy of 129.3 eV is mark-
edly lower than that in elemental phosphorus (130.0 eV),*!
and on a scale recently developed for a series of transition-
metal monophosphides MP,? it corresponds to the presence
of anionic phosphorus with an approximate charge of —1.0.
From charge neutrality, this implies a charge of +3.0 on the
Co atoms. Although these charges agree fortuitously with the
simple ionic model proposed earlier, care must be exercised
in interpreting these charges too literally, as cautioned
elsewhere.?®

In the antimonides, the Sb 3ds, binding energies of
528.0 eV for both LaFe,Sb;, and CeFe Sb;, and 528.1 eV
for CoSb; are only slightly lower than that in elemental an-
timony (528.2 eV).*! A comparison to binding energies in
other Sb-containing compounds*' suggests Sb charges of
—0.4 in LaFe,Sb;, and CeFe,Sb;,, and —0.1 in CoSb;. Again,
from charge neutrality, this implies charges of +0.4 for the Fe
atoms in LaFe,Sb,, and CeFe,Sb;, (assuming R**), and +0.3
for the Co atoms in CoSbs. These observations reflect the
greater covalent character of the bonding that would be ex-
pected from reduced electronegativity differences in the
antimonides.*? If we start from an ionic picture containing
Sb'~ and then allow covalent bonding to occur, donation of
electron density from filled Sb orbitals to empty metal orbit-
als tends to increase shielding of the metal nuclear charge
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FIG. 2. High-resolution Sb 3d spectra of (a) LaFe4Sby,, (b)
CeFe,Sby,, (c) CoSbs, and (d) P 2p spectrum of CoP3. The small
satellite peak located above the Sb 3ds,, core line is attributed to the
presence of a small amount of Sb oxide not removed during sput-
tering. A small concentration of unreacted P centered near 130.6 eV
was also observed in the P 2p spectrum from CoPs;.
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and decrease shielding of the Sb nuclear charge, which re-
sults in an Sb 3ds,, binding energy that is only slightly less
than that of elemental Sb.

B. High-resolution Fe and Co 2p spectra

Figure 3 shows the Fe 2p spectra for LaFe,Sb;, and
CeFe,Sby,, and the Co 2p spectra for CoSbs and CoP5. The
observation of only one set of 2p3, and 2p;), signals indi-
cates a single valence state, and the sharpness of these peaks
along with the absence of multiplet splitting indicates a low-
spin state for the metal atoms. This is consistent with pro-
posals for the presence of only low-spin Fe?* or Co**
(t2g6eg0). The asymmetry of both the 2ps, and 2p;,, peaks in
these spectra is an interesting feature that we have previously
observed for LaFe P, and CeFe,P,.2* According to a pro-
cess described by Doniach and Sunji¢, the asymmetric tail
arises from the scattering of valence electrons between a
continuum of states below and above the Fermi edge.*® Typi-
cally this process is observed in metals where metal-metal
bonding occurs, but other sources of delocalization, such as
that between the metal and pnicogen atoms, which appear in
these compounds, can also give rise to the asymmetric line
shape.

The Fe 2p5,, binding enegies of 706.7 eV for LaFe,Sb,
and 706.8 eV for CeFe,Sb;, are lower than in the phosphide
analogues LaFe P, and CeFe,P, (707.2 eV) and are essen-
tially the same as that in Fe metal (706.8 eV).*! The Co 2p5,
binding energies of 778.1 eV for CoSb; and 778.5 eV for
CoP; can be compared to that in Co metal (778.1 eV).3"#!
These comparisons illustrate the greater covalent character in
the antimonides than in the phosphides, but the shifts in
metal binding energy appear to be less sensitive to a change
in the bonding character than in the pnicogen binding energy
(Sec. IIT A). Nevertheless, the trends in the binding energy
correlations with charge remain self-consistent whether the
metal or pnicogen atoms are examined; for example, the
greater positive Co charge found in CoP; compared to CoSbs
can be inferred from either the Co or Pn binding energies.

A curious observation first noted by Anno et al.'7 in the
XPS spectra for binary skutterudites (CoSb;, CoAs;) is that
the energy separation between the metal 2p,, and 2ps)
peaks seems to be remarkably similar to that of the metal
(Co), as is the case here. Normally, the energy separation
between spin-orbit doublets can be assumed to be propor-
tional to Z (atomic number) and 1/7° (r=radius).** Although
the splittings in the Fe 2p (13 eV) and Co 2p peaks (15 eV)
differ through the effect of Z, further differences arising from
changes in charge, and thus r, do not seem to be manifested.
This may be the result of delocalization of the valence elec-
trons on the metal, which is also the cause of the asymmetric
line shape. An alternative explanation suggests that the split-
ting in the core levels can be enhanced through coupling
with stronger crystal field effects on the metal 3d band.*> The
observed splittings are also similar to those in clean metal
surfaces (Fe, 13.2 eV; Co, 14.9 eV). It appears that these
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FIG. 3. High-resolution Fe 2p spectra of (a) LaFe,Sb;, and (b)
CeFe,Sbyy; and Co 2p spectra of (c) CoSbs and (d) CoP3. The
insets in (c) and (d) show the satellite peaks observed above the Co
2ps, peaks for CoSbs and CoPs.

crystal field interactions are small to a degree that they do
not separate the 2p doublets any more than in the elemental
metals.
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C. Co 2p satellite structure

Distinct satellite peaks at higher binding energy than the
core lines are observed in the Co 2p spectra of CoSbs and
CoP3, being especially visible for the 2p5,, signal, as shown
in the insets of Figs. 3(c) and 3(d). These satellites have also
been observed previously in the spectra of Co metal and CoP,
and after additional REELS analysis on Co metal, an expla-
nation involving plasmon loss instead of a two-core-hole
theory was proposed.’’ Below we reconsider each of the
models to account for the satellite structure in CoSb; and
CoP3, and demonstrate that useful chemical information can
be extracted from its analysis.

Plasmon loss occurs when a photoelectron, after being
ejected from an atom, is inelastically scattered by valence
electrons of other atoms located close to its path as it travels
to the surface of the solid. This interaction causes the valence
electrons to oscillate, with the energy required to begin this
oscillation being removed from the photoelectron.*® Because
the photoelectron has a lower kinetic energy, it is manifested
as a satellite peak in the XPS spectrum with an apparently
higher binding energy than the main core line. As in Co
metal, the appearance of two satellite peaks [Figs. 3(c) and
3(d)] can then be assigned to bulk (higher binding energy)
and surface plasmon loss (lower binding energy).?’ It should
be noted that plasmon loss has also been observed to occur in
Ni, Cr, and Fe.*’~* The Ni and Cr analysis was carried out
using EELS,**8 whereas plasmon loss in Fe was observed
by analysis of the 1s XPS core line using a high energy Cu K
x-ray source.*’ The Fe 2p;,, peaks for RFe,Sb,, presented in
Figs. 3(a) and 3(b) do not show the presence of a plasmon
loss peak, likely because the loss structure is overlapped by
the Fe 2p,,, peak.*’

The two-core-hole theory was first introduced by Kotani
and Toyozawa to account for the low intensity, high binding
energy satellite peaks present in La 3d spectra®® and later to
those in Co and Ni as well.>'3 This theory suggests that,
after photoionization, the core hole present within an atom
can influence the conduction states, causing them to be
pulled below the Fermi edge (Eg). If the state pulled below
Er is empty, then a poorly screened final state is produced
containing two holes: one within the core level and one
within the valence band, the latter accounting for the ob-
served satellite peak. If the state pulled below Ey contains an
electron, then a well screened final state is produced in which
excess energy is surrendered to the outgoing electron, giving
it a higher kinetic energy (and an apparently lower binding
energy).” This final state appears as the strong core line
[2ps or 2py, in the case of the Co spectra in Figs. 3(c) and
3(d)].

In the spectra of CoP; or CoSbs, the main 2ps,, satellite
peak is separated from the core line by ~5 eV, as is the case
for CoP or Co metal. In the two-core-hole theory, the amount
of energy given to the photoelectron by the filled conduction
state as it is lowered below Eg should depend on the energy
gap between the valence and conduction bands. The satellite
location for Co and CoP, which are metals,>* should then be
different from that for CoP; and CoSbs, which are small
band gap semiconductors.® On the other hand, in the plasmon
loss model, the valence electrons of the Co atoms are all
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FIG. 4. Correlation between Co charge and relative intensity of
the Co 2p satellite in Co, CoSbs, CoP, and CoP3. The data for Co
and CoP are from Ref. 37.

located close to Er and would require similar amounts of
energy to initiate plasmon oscillation, regardless of the com-
pound. Thus, the invariance of the satellite location observed
experimentally argues strongly for the plasmon loss model.

Both models predict that the intensity of the satellite peak
will depend on the occupancy of the metal valence states. In
the plasmon loss model, the cross-section for plasmon oscil-
lation events will increase if there are more valence elec-
trons. In the two-core-hole theory, the cross-section for the
production of a two-core-hole state will also increase with
more valence electrons; this poorly screened state, which ac-
counts for the satellite peak, is stabilized as the occupancy of
the valence states increases.

The relationship between satellite intensity and electron
population can be verified. Earlier we inferred charges on the
Co atoms in CoP; and CoSb; from the pnicogen core-line
binding energies. Figure 4 shows a plot of the Co charges in
these and other solids versus the ratio of the total satellite
intensity (/genie) OVer the core-line intensity (/ e.tine) in the
Co 2p spectra. The plot confirms that the presence of more
valence electrons (lower positive charge) on the Co atoms
correlates with a greater satellite intensity (higher
Lentite/ Teoretine)- 1t illustrates convincingly how covalency
acts to arrive at true charges that are much less extreme than
those based on oxidation state formalisms, and how delocal-
ization of bonding electrons within the valence band be-
comes a significant factor on progressing to CoSbs given the
similarity of its satellite intensity to Co metal.

D. High-resolution rare-earth 3d spectra

Figure 5 shows the La 3d spectrum for LaFe,Sb;, and the
Ce 3d spectrum for CeFe,Sb,,. Judged by their similarity to
other reference spectra, including the phosphides LaFe P,
and CeFe,P,,,>® they are consistent with the presence of
trivalent R, a banal expectation for La compounds, but not so
obvious for Ce compounds. The valence of cerium in skut-
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terudites has been a source of debate,?*3*33 but comparison
with previously recorded spectra of CeF; and CeF, [Figs.
5(c) and 5(d)]¥ shows conclusively that it is +3 in
CeFe,Sb,, indicating the presence of a 4f' state within the
valence band.

At higher binding energy to the main 3ds,, core line (A),
these spectra reveal satellite peaks (B) that have previously
been accounted for by a ligand-to-metal charge-transfer
shake-up process.?® After an atom is excited and the photo-
electron ejected, the relaxation of the electrons in the atom as
a result of their response to the presence of a core hole can
precipitate a secondary process in which a valence electron
on the ligand is also excited to empty conduction states lo-
calized on the rare earth.”® The energy required to promote
an electron from the ligand valence state to the empty con-
duction states on the rare earth is therefore not available to
the photoelectron, causing it to appear in the spectrum with a
higher binding energy (lower kinetic energy) than the core
line. The empty 4f states are estimated to be 4—6 eV above
the Fermi edge.’® The satellite peaks shown in Fig. 5 are near
this energy (2—4 eV), providing further support for the
shake-up process. The cross-section for this process in-
creases with greater overlap between ligand and rare-earth
states, and with lower electronegativity of the ligand, allow-
ing valence electrons to relax more readily from the ligand to
the rare earth.’” This is particularly evident in comparing the
Ce 3d spectra, where the satellite intensity is more intense
for CeFe,Sb,, than for CeFe,P,,.2?

Surprisingly, the opposite is true in the La 3d spectra of
LaFe,Sb;, and LaFe,P,,, but it is not immediately obvious
why. Moreover, in addition to the shake-up satellite peak (B),
there is another satellite peak (C) at lower binding energy to
the main 3ds,, core line [Fig. 5(a)] in LaFe,Sb;, that was not
observed in LaFe,P;,. Here, the two-core-hole model de-
scribed earlier (Sec. III C) can be invoked as a plausible
explanation for this additional satellite. The assumption of
partial covalent character of the La-Sb bonds may allow for
the presence of electrons in the La 4f states. If, after produc-
tion of a core hole, a La conduction state containing an elec-
tron is pulled below Ep, then the La atom has a well screened
final state in which this electron relinquishes its energy to the
photoelectron. The photoelectron has an increased kinetic en-
ergy and appears below the core-line peak (A) on the binding
energy scale. A similar satellite structure has been observed
in the La 3d spectrum of LaSb and was also attributed to a
two-core hole like process arising from partial filling of La
4f states.”®

The separation from the core line to this new satellite
peak (C) is ~2 eV, the same as that to the shake-up peak
(B), which is reasonable because both peaks arise from
movement of electrons across the band gap. The two-core-
hole theory also offers the possibility for an empty La con-
duction state to be pulled below Eg, forming a poorly
screened final state containing two holes (one within the core
and one within the valence levels).>® This final state leads to
the generation of a photoelectron having a higher binding
energy than the core line. Accordingly, yet another satellite
peak (D) can be found between the 3ds,, shake-up satellite
and the 3dj), states in the spectrum of LaFe,Sb, [Fig. 5(a)].
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FIG. 5. High-resolution rare-earth 3d spectra of (a) LaFe,Sb,,
and (b) CeFe,Sby,. The spectra for (c) CeF; and (d) CeF, are re-
produced from Ref. 23.
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FIG. 6. Valence band spectrum of CoP; compared with the Co
3d, P 3p, and P 3s projections of the density of states. The Fermi
edge (Ep) is indicated in each of the projections.

In contrast, the two-core-hole satellite structure is absent in
the spectrum of CeFe,Sb,, [Fig. 5(b)]. If trivalent Ce is as-
sumed, the 4f! state may already be substantially involved in
bonding states in the valence band below Ep, and as such
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would be unable to participate in two-core-hole processes.

Returning to the question of why the shake-up peak in the
La 3d spectrum is more intense in LaFe,P;, than in
LaFe,Sb;,, we offer the simplest explanation that the two-
core-hole and shake-up processes are competitive, given that
both involve either the promotion or demotion of electrons
across the band gap. With the La-P bond in LaFe,P,, prob-
ably having significant ionic character, the La 4f states do
not mix well with the P states and remain essentially empty,
so that only shake-up processes are likely to occur.

E. Valence band spectra

Although theoretical band structures determined using
more rigorous methods (e.g., DFT, LMTO) are now available
for many skutterudites,!!~16:18-20.2627.30 we reproduce here
the results of a simple calculation on CoP; that suffices to
illustrate how the experimental valence band spectra can be
fitted to component states.'® Figure 6 shows that the ob-
served valence band spectrum of CoP; matches very well to
the calculated density of states (DOS) curve. As assigned
from the projections of the DOS curve, the spectrum shows a
P 3s band at high binding energy, followed by a very broad P
3p band that ends well before Ef, and an intense narrow Co
3d band just below Eg. Analysis of overlap population curves
(not shown) indicates that Co-P bonding occurs throughout
the upper portion of the valence band whereas P-P bonding
occurs in the lower portion of the valence band.

Figure 7 shows the valence band spectra for CoSbs, CoP3,
LaFe,Sb;,, and CeFe,Sb,,, fitted on the basis of the assign-
ments above, through a methodology that we have applied
elsewhere to phosphides.?>3” The CoSb; spectrum compares
well to those previously reported.!”!® In general, the valence
band in the antimonide skutterudites (CoSbs, LaFe,Sb,,
CeFe,Sb,,) is not as wide as in the corresponding phosphides
(CoP5, LaFe,P;,, CeFe,P},),”® in agreement, for example,
with calculations on CeFe,Sb,, and CeFe,P,.2° In the spec-
tra of the antimonides, the Sb 5s states occur in the lower
portion of the valence band but both Sb 5p and Fe 3d states
are clustered together in the upper portion of the valence
band. The difference between the spectra of LaFe,Sb;, and
CeFe,Sby, is difficult to detect, but if they are overlaid (Fig.
8), a higher intensity is apparent near 2 eV in the case of
CeFe,Sb;,. We interpret this feature as arising from the pres-
ence of a Ce 4f! state, at an energy similar to that found in
CeFe P, (2.5-2.8 eV) (Refs. 23 and 36) and in agreement
with density functional calculations which locate it near Eg
just below the top of the Fe 3d band.?

Table I lists the binding energies and FWHM of the com-
ponent peaks used to fit the valence band spectra. The asym-
metric lower region was fitted by two pnicogen ns peaks, and
correspondingly the upper region of the valence band was
fitted by two pnicogen np peaks, which overlap with the
transition-metal 3ds, and 3d;, spin-orbit doublet peaks
placed at the edge closest to Eg. The asymmetry of the Pn ns
peak may be caused by the presence of Pn-Pn bonds of
differing length>3 as well as the overlap of Pn-Pn and metal-
Pn states. The spectrum of CoP; shows additional intensity
in the region between the P 35 and lower binding energy P
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FIG. 7. Fitted valence band spectra of (a) CoSbs, (b) CoP3, (c)
LaFe,Sby,, and (d) CeFe,Sb;,. The identity, energies, and FWHM
of the peaks used to fit the spectra are shown in Table I. The thick
black lines represent Pn ns peaks, the thick gray lines represent Pn
np peaks, and the thin black asymmetric lines represent the
M 3dy 5,5 peaks. The Ce 4f state in CeFe,Sby, is represented by a
filled black peak centered at ~2 eV.
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|
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FIG. 8. Overlapped valence band spectra of LaFe Sby, and
CeFe,Sb,, showing the position of the Ce 4f' state.

3p peaks, requiring a third P 3p peak to properly fit this
region. In the spectrum of CeFe,Sb;,, a Ce 4f peak was
centered at ~2 eV.

The electron populations of the component states in the
fitted valence band spectra can be determined from the peak
intensities /;, corrected for different photoionization cross-
sections (o) and inelastic mean free paths (IMFP, \) (Table
II), and normalized to give a fractional electron concentra-
tion C; according to: C;=[1;/ (a\)1/[Z]_1;/ (0N )].>° Multi-
plying C; by the total number of valence electrons (24 for
CoSb;, CoPj; 95 for LaFe,Sby,; 96 for CeFe,Sby,) gives the
number of electrons in each state, from which atomic charges
can be deduced (Table III). Not only does this partitioning
process of the electron populations provide further support
for trivalent Ce in CeFe,Sby,, it also reproduces the familiar
charges predicted from simple electron counting models,
viz., the expectation of Co** and Fe”* species (d°), and an-
ionic Pn'~. These values are consistent with the results de-
termined earlier from analysis of the core-line spectra, which
tends to give charges that are less extreme but more discrimi-
nated. For example, whereas Sb charges of -0.4 for
RFe,Sb;, and —0.1 for CoSb; result from analysis of the Sb
3d core-line spectra, they are all found to be —1.0 from
analysis of the valence band spectra. The core-line analysis is
more sensitive to true differences in covalency in individual
bonds to a given atom.

TABLE I. Binding energies (eV) of component peaks in valence
band spectra of CoSbs, CoP5, LaFe,Sb,, and CeFe,Sby,. FWHM
values (eV) are indicated in parentheses.

Peak Assignment  CoSb, CoP; LaFe,Sb;, CeFe,Sby,
1 Pnns A 109 (29) 134 (2.5) 11.0(1.9) 10.9 (2.3)
2 PnnsB 94 (2.1) 115(27) 9420 9.1(23)
3 Pnnpsp A 48(3.1) 60(3.6) 4527 48(3.2)
4  Pnnpyp, B 25(25) 3.0(3.6) 23(26) 23(2.8)
5 M 3ds), 1.2(1.2) 13(1.1) 13(1.2) 1.5(1.3)
6 M 3ds;, 0.6 (0.9) 0.7(0.9 05(0.9 06 (1.1)
7 Ce 417 2.1 (2.0)
8 Pnnpy, C 9.1 (2.6)
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TABLE II. Corrections applied to peak intensities in valence
band spectra of CoP;, CoSbs, LaFe,Sby,, and CeFe,Sb,. The P
3p3 cross-sections were corrected on the basis of comparison of
experimental cross-sections determined by Brillson and Ceasar® to
those calculated by Scofield.®! All other cross-sections listed are
those calculated by Scofield.®! These cross-sections were deter-
mined for an excitation energy equal to that of Al Ke x rays.®' The
IMFP values were determined using the QUASES™ IMFP calcula-
tor and a kinetic energy of 1485 eV (Ref. 62). These values are
calculated assuming that the material only contains the element of
interest and are considered estimates when applied to materials con-
taining multiple elements in the simple calculation presented here.

IMFP

Photoionization [A]

Atom State cross-section [o] (A)

Ce 4fo 0.078 25.1

Co 3ds) 0.1082 24.0
3ds, 0.1582

Fe 3ds), 0.0694 25.9
3ds), 0.1017

p 351 0.1116 33.9
3ps, 0.0708

Sb 551 0.1085 30.4
5psn 0.0747

IV. CONCLUSION

The measured XPS spectra of LaFe,Sb;,, CeFe,Sb,,
CoSb;, and CoP5; has provided insights into their electronic
structure. High-resolution core-line spectra of the pnicogen
atoms confirmed that the decrease in electronegativity from
P to Sb produces a shift of binding energy that reflects the
lower ionicity of bonds to these atoms. Such a shift is less
apparent in the metal 2p spectra, where delocalization of
electron density tends to temper effects on the shielding of
the nuclear charge and also induces a strong peak asymme-
try. A plasmon loss satellite peak is observed in the Co 2p
spectra of these and other Co compounds whose relative in-
tensity increases as the Co 3d band occupancy increases.
This interesting relationship may serve as a broader basis for
quantifying Co charges on other Co-containing compounds.
The presence of trivalent R was confirmed in the RFe,Sb,
compounds, as was determined previously in the phosphide
analogues. The La 3d spectrum of LaFe,Sb;, contains two
types of satellite peaks, arising from ligand-to-metal charge-
transfer shake-up and from two-core-hole processes, both of
which are final state effects whereby electrons are promoted
from or demoted to states in the valence band. In contrast,
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TABLE III. Electron populations in CoSbs, CoP53, LaFe,Sby,,
and CeFe,Sby,. The La charge was assumed from analysis of the La
3d high-resolution spectrum.

State CoSbs CoP; LaFe,Sb;, CeFe,Sby,
Pnns A 1.8 0.9 34 4.9
Pn ns B 1.8 1.7 8.2 8.6
Pnnp A 6.1 4.5 22.1 26.6
Pnnp B 8.4 9.3 38.0 32.1
Pnnp C 1.3

M 3d 5.9 6.3 23.2 22.5

Ce 4f 1.3

Total number 24 24 95 96
of e~
Calculated charge +3.1 (Co), +2.7 (Co), +3 (La), +2.7 (Ce),
per atom -1.0(Sb) -09 (P) +2.2 (Fe), +2.4 (Fe),
—1.0 (Sb) —1.0 (Sb)

only a shake-up satellite peak is found in the Ce 3d spectrum
of CeFe,Sb;,; a two-core-hole process is thwarted by the
presence of a Ce 4f! state in the valence band involved in
bonding, so that no electrons are available in 4f states above
Er that can undergo this process. Neither is the two-core-
hole process active in the phosphide LaFe,P;, because
the La-P bonds are too ionic to allow conduction electrons
to populate La 4f states. Fitting of the valence band
spectra supports the formulations (Co**)(Pn'"); and
(R**)(Fe?*),(Sb'7),, (electronically balanced by a hole in the
valence band), consistent with previous electrical, magnetic
and Mossbauer measurements, and with theoretical models.
The presence of Ce®* in CeFe,Sb;, was confirmed by a 4f
peak at ~2 eV in the valence band spectrum, but this obser-
vation was more difficult to make than in the previous case
of CeFe,P;, because it is obscured by the greater mixing of
states in the more covalent antimonide.
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