
JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 12 15 DECEMBER 2002
Electronic structure of thallium filled skutterudites studied by x-ray
absorption and Mo ¨ ssbauer spectroscopy
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Raphaël P. Hermann and Fernande Grandjeanb)

Department of Physics, B5, University of Lie`ge, B-4000 Sart-Tilman, Belgium

~Received 6 September 2002; accepted 6 October 2002!

ThalliumL III -edge x-ray absorption and iron-57 and tin-119 Mo¨ssbauer spectral measurements have
been carried out to probe the electronic structure of the three sites in the filled skutterudite
TlxCo42yFeySb12 and TlxCo4Sb122zSnz compounds with a range ofx, y, andz values. The thallium
L III -edge x-ray absorption spectra are independent ofx, y, andz and are well reproduced by full
multiple scattering calculations with a cluster with a radius of 8.5 Å centered on thallium. The
iron-57 Mössbauer spectra consist of two doublets and the major component is assigned to iron on
the cobalt sublattice in view of its hyperfine parameters. The origin of the minor component is
uncertain and is tentatively assigned to either iron with thallium vacancies as next nearest neighbors
or to iron in the voids. The tin-119 Mo¨ssbauer spectral hyperfine parameters clearly indicate that tin
substitutes for antimony in the skutterudite structure. Further, the tin electronic configuration is very
similar to that of antimony and is insensitive to the thallium content. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1525069#
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I. INTRODUCTION

The interesting and varied physical properties of
filled skutterudite family of compounds have, over the p
ten years, prompted both theoretical1–4 and experimental5–8

work. Among these physical properties, th
semiconducting5–7,9,10 behavior and the low-therma
conductivity,6,7,10–13particularly of the rare-earth filled skut
terudites, make them potential thermoelectric materials w
many technological and commercial applications. The us
electronic and dynamic properties of the filled skutterudit
whose structure is based on that of CoSb3 , is the result of the
bonding of the atoms within this open framework structu
Thus, any improvement in their technologically importa
properties will proceed from a better understanding of
electronic structure of the different atoms within the fille
skutterudites. Our previous studies14–16of CexCo42yFeySb12

and YbxCo4Sb122zSnz by both x-ray absorption and iron-5
and tin-119 Mo¨ssbauer spectroscopy, have characterized
electronic ground-state configuration of the rare-earth a
and the electronic structure of the iron and tin atoms.

More recently, the filling of the voids in the skutterudi
structure with thallium17 has been achieved. Because th
lium has a formal valence of11, iron or tin must replace
some of the cobalt or antimony, respectively, to maint

a!Electronic mail: glong@umr.edu
b!Electronic mail: fgrandjean@ulg.ac.be
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charge neutrality. As a consequence, two series of thall
filled skutterudites, TlxCo42yFeySb12 and TlxCo4Sb122zSnz ,
have been prepared and characterized.17 Exceptionally large
atomic mean-square displacements have been observe
the thallium filling atoms and their ‘‘rattling’’ helps produc
the large thermal resistivity observed for these filled sk
terudites. Whereas the macroscopic properties of these
series of compounds have been carefully measured,17 their
microscopic properties have not been investigated in de
Hence, with the goal of elucidating the electronic structure
thallium, iron, and tin, we have carried out a thalliu
L III -edge x-ray absorption study of these two series of co
pounds and an iron-57 and tin-119 Mo¨ssbauer spectral stud
of TlxCo42yFeySb12 and TlxCo4Sb122zSnz , respectively.

II. EXPERIMENT

The samples studied herein are the same as those p
ously synthesized.17 The thalliumL III -edge x-ray absorption
near-edge structure~XANES! spectra were obtained at 295
on beamline 4-3 at the Stanford Synchrotron Radiat
Laboratory, Stanford, California. The measurements w
carried out in transmission mode with a Si~111! f590°
double-crystal monochromator using ion chambers fil
with a mixture of nitrogen and helium and placed both
front and behind the sample. Harmonic contamination w
minimized by detuning the monochromator. The spec
were recorded between 12.60 and 12.64 keV with a step
10 eV and between 12.64 and 12.80 keV with a step of 0
6 © 2002 American Institute of Physics
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eV. TheK-edge absorption spectrum of a thin lead foil w
used for energy calibration. The absorbance of the XAN
spectra have been normalized at the highest absorption p

The iron-57 Mössbauer spectra of Tl0.8Co3FeSb12 and
Tl0.5Co3.5Fe0.5Sb12 were measured at 90 and 295 K on
constant-acceleration spectrometer which was calibrate
room temperature witha-iron foil. The iron-57 Mössbauer
spectra were obtained with a room-temperature cobal
rhodium matrix source and the isomer shifts are repor
relative to room-temperaturea-iron foil. The absorber thick-
nesses were;30 mg/cm2 and the samples were dispersed
boron nitride. The spectra were fit as discussed in Sec
and the resulting isomer shifts, quadrupole splittings, a
linewidths are accurate to60.005 mm/s.

The tin-119 Mössbauer spectra of Tl0.5Co4Sb11.5Sn0.5,
Tl0.95Co4Sb11.25Sn0.75, and TlCo4Sb11Sn were measured a
83 K on a constant-acceleration spectrometer which was
brated at room temperature witha-iron foil. The tin-119
spectra were obtained with a room-temperature tin-11m
CaSnO3 matrix source and the isomer shifts are repor
relative to room-temperature CaSnO3. The absorber thick-
nesses were 70 mg/cm2 and the samples were dispersed
boron nitride. The spectra were fit with a symmetric quad
pole doublet and the resulting isomer shifts, quadrupole s
tings, and linewidths are accurate to60.02 mm/s.

III. THALLIUM L III-EDGE XANES SPECTRAL RESULTS

The 295 K thalliumL III -edge XANES spectra for severa
of the TlxCo42yFeySb12 and TlxCo4Sb122zSnz compounds
are shown in Fig. 1. To our knowledge, there are no repo
XANES or extended x-ray absorption fine structure stud
of thallium metal or thallium compounds at the thalliumL III

edge. Hence, no comparison of our results with previou
published thallium spectra is possible.

It is obvious from Fig. 1 that there are virtually no di
ferences between the XANES spectra of the differ
TlxCo42yFeySb12 and TlxCo4Sb122zSnz compounds. This
similarity can be understood in terms of the near-neigh
environment of thallium in the filled skutterudite structur
Indeed, for all the TlxCo42yFeySb12 compounds, independen
of x andy, the first neighbors of thallium are the 12 antimo
atoms at;3.5 Å. In Tl0.1Co4Sb12 and Tl0.22Co4Sb12 the sec-
ond neighbors are eight cobalt atoms at;4 Å. In
Tl0.5Co3.5Fe0.5Sb12 and Tl0.8Co3FeSb12, on average, one an
two cobalt atoms, respectively, are replaced by iron atom
replacement which does not dramatically change the am
tude and phase of the backscattered photoelectron wav
compared to scattering by cobalt. For all compounds,
subsequent shells of neighbors contain 24 and 12 antim
atoms at;6 and 8.5 Å and, on average, 0.8 and 1.66 th
lium atoms at;8 Å. In the TlxCo4Sb122zSnz compounds, a
small fraction of at most 1/12 of the antimony neighbori
atoms are replaced by tin atoms, atoms which again do
substantially change the amplitude and phase of the b
scattered photoelectron wave. Hence, the shape of
XANES spectra is produced by the scattering of the pho
electron wave by antimony and cobalt atoms, the position
which vary according to the crystallographic parameters.17
Downloaded 14 Oct 2003 to 139.165.103.23. Redistribution subject to A
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In order to confirm this interpretation, full multiple sca
tering calculations of the thalliumL III -edge XANES spec-
trum for the hypothetical TlCo4Sb12 compound, with a cubic
unit-cell a-lattice parameter of 9.109 Å and antimony pos
tional parameters ofy50.3368 andz50.1593, have been
carried18,19out with theFEFF8.10 code. No attempt was mad
to model any of the disorder resulting from the distributi
of iron and cobalt atoms, in the first case, or antimony a
tin atoms, in the second case. The calculated spectra obta
for clusters of various radii centered on thallium are sho
in Fig. 2~a!. The general shape of the calculated spectr
with the three peaks at;12 665, 12 680, and 12 710 eV i
reproduced with a cluster containing only 12 antimony fir
neighbor atoms, but the energies of the peaks are not a
rately reproduced. More specifically, the calculated energy
the first peak is at a higher energy than the observed ene
Indeed, a large cluster of 8.5 Å radius is necessary to re
duce the first peak in the rising edge at the observed ene

A comparison of the experimental spectrum
Tl0.8Co3FeSb12 with the calculated spectrum for a cluster
8.5 Å radius in hypothetical TlCo4Sb12 is shown in Fig. 2~b!.
The major peaks in the experimental spectrum are well
produced in the calculated spectrum with the exception
the calculated peak at 12 690 eV, a peak which is not
served experimentally. However the intensity of this pe
increases for the cluster of 8 Å, a cluster that includes th

FIG. 1. The thalliumL III -edge XANES spectra obtained at 295 K for th
indicated compounds. The different spectra have been shifted verticall
an arbitrary amount for better presentation.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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lium neighbor sites which are not fully occupied in the actu
compound.

IV. IRON-57 MÖSSBAUER SPECTRAL RESULTS

The iron-57 Mössbauer spectra of Tl0.8Co3FeSb12 and
Tl0.5Co3.5Fe0.5Sb12 obtained at 90 and 295 K are shown
Fig. 3. These spectra have been fit with two symme
Lorentzian quadrupole doublets, whose hyperfine parame
and relative areas are given in Table I. The major compon
is assigned to iron on the cobalt sublattice of the filled sk
terudite. The identity of the minor component is less certa
Its hyperfine parameters do not correspond20 to either FeSb2
or FeSb and there are, to our knowledge, no known T
alloys. Further, no TlFe impurity was detected17 in either
sample by x ray or neutron diffraction.

Within the skutterudite lattice, there are two possible
signments of the minor component observed in Fig. 3. Fi
because of the partial thallium filling, the iron atoms on t
cobalt sublattice have either two, one, or zero thallium ato
as second neighbors. In Tl0.8Co3FeSb12, the probabilities of
having two, one, and zero thallium neighbors are 0.64, 0
and 0.04, and in Tl0.5Co3.5Fe0.5Sb12, the probabilities are
0.25, 0.50, and 0.25. Hence, it is difficult to correlate t
relative absorption area of ;15% observed in

FIG. 2. ~a! The thalliumL III -edge XANES spectra calculated for the hyp
thetical TlCo4Sb12 compound by using theFEFF8.10 code for the clusters
with the indicated radii. The different spectra have been shifted vertically
an arbitrary amount for a better display.~b! The experimental thallium
L III -edge XANES spectrum of Tl0.8Co3FeSb12 and the spectrum calculate
for TlCo4Sb12 by using theFEFF8.10 code and a cluster of 8.5 Å radiu
centered on thallium.
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Tl0.8Co3FeSb12 and of;25% observed in Tl0.5Co3.5Fe0.5Sb12

with these probabilities.
Of course, in contrast with cerium,11 the thallium vacan-

cies may prefer to associate with iron or, alternatively,
thallium atoms may prefer to form a pair around either ir
or cobalt. In either of these cases, the thallium does not
domly fill the voids and, as a consequence, the minor dou
could be assigned to iron on the cobalt sublattice with th
lium vacancies as second neighbors. In addition, our unp
lished spectra of FeyCo12ySb3 with y between 0.05 and 0.2
show, at 85 K, a doublet with an isomer shift of 0.44 mm
and a quadrupole splitting of 0.72 mm/s, values which
similar to those of the minor doublet, a similarity that wou
support the above assignment of this doublet. Second,
minor doublet may be assigned to iron filling the voids of t
skutterudite lattice.

The iron-57 quadrupole splitting observed14,21,22for vari-
ous filled skutterudites vary from 0.14 to 0.44 mm/s. T
existence of a quadrupole splitting at the iron site indica
that there is a distortion from cubic symmetry at the 8c crys-
tallographic site. The filled skutterudite has a cubic struct

y

FIG. 3. The iron-57 Mo¨ssbauer spectra of Tl0.8Co3FeSb12 and
Tl0.5Co3.5Fe0.5Sb12 obtained at 90 and 295 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded 14 O
TABLE I. Iron-57 Mössbauer spectral hyperfine parameters.

Compound
T

~K!
d

~mm/sa!
DEQ

~mm/s!
G

~mm/s!
Area
~%! Assignment

Tl0.8Co3FeSb12 295 0.36 0.22 0.34 84 Fe on the Co sublatti
0.18 0.66 0.27 16 uncertain

90 0.42 0.24 0.37 89 Fe on the Co sublatti
0.25 0.91 0.26 11 uncertain

Tl0.5Co3.5Fe0.5Sb12 295 0.35 0.11 0.33 75 Fe on the Co sublatti
0.13 0.60 0.26 25 uncertain

90 0.44 0.10 0.36 77 Fe on the Co sublatti
0.17 0.60 0.28 23 uncertain

aThe isomer shifts are given relative to room-temperaturea-iron foil.
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in which the distortion from a perfect square of the Sb4 ring
has been used as a measure of its degree of distortion.
correlation between the quadrupole splitting and the dis
tion of the Sb4 square is shown in Fig. 4 for the filled sku
terudites with the indicated filling atom. In Fig. 4, the disto
tion of the antimony square is given as the difference
length between two edges of the ‘‘square’’ or better the re
angle of antimony atoms and the quadrupole splitting is t
observed for the maximum filling of the skutterudite com
pound. Whereas there is a fair correlation for the skutte
dites in which the filling atom has a formal valence betwe
12 and 13, the quadrupole splitting measured f
Tl0.8Co3FeSb12 is substantially smaller than expected fro
the distortion of the antimony Sb4 square. In the case of th
CexCo42yFeySb12 compounds,14 the lattice and conduction
electron contributions to the quadrupole splitting were e
mated to be;0.16 and 0.25 mm/s, respectively. Hence, if t
lattice contribution to the quadrupole splitting
Tl0.8Co3FeSb12 is assumed to be 0.16 mm/s, then t
conduction-electron contribution is only;0.06 mm/s. The
different conduction-electron contributions may result fro
the p-type and n-type conduction mechanisms in th

FIG. 4. The correlation between the 295 K iron-57 quadrupole splitting
the filled skutterudites for the indicated filling atom and the distortion of
24g site antimony Sb4 rectangles.
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CexCo42yFeySb12 and TlxCo42yFeySb12 and
TlxCo4Sb122zSnz compounds, respectively.

The correlation between the iron-57 isomer shift and
Wigner–Seitz cell volume available to the iron atoms in t
R2Fe17 and RFe11Ti compounds and their hydrides and n
trides have proven23,24 very successful in understanding th
electronic structure of these compounds. This correlation
shown in Fig. 5 for the same filled skutterudites included
Fig. 4. The Wigner–Seitz cell volumes have be
calculated25 from crystallographic parameters from literatu
and by using the 12-coordinate metallic radii of the differe
atoms. The good linear correlation shown in Fig. 5 indica
that thes-electron density at the iron nucleus decreases a
hence, the isomer shift increases with increases in
Wigner–Seitz cell volume of the iron site. It is rather r
markable that the Tl skutterudite, for which the iron Wigne
Seitz cell volume is substantially smaller than those obser
in the other skutterudites, does indeed show a substant
smaller isomer shift. In conclusion, the variation of the is
mer shift in the filled skutterudites can be understood
terms of the influence of the site size on thes-electron den-
sity at the iron nucleus.

nFIG. 5. The correlation between the 295 K iron-57 isomer shift in the fil
skutterudites for the indicated filling atom and the iron Wigner–Seitz c
volume.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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V. TIN-119 MÖSSBAUER SPECTRAL RESULTS

The tin-119 Mössbauer spectra of TlCo4Sb11Sn,
Tl0.95Co4Sb11.25Sn0.75, and Tl0.5Co4Sb11.5Sn0.5 obtained at 83
K are shown in Fig. 6 and the corresponding hyperfine
rameters are given in Table II. A comparison of t
TlxCo4Sb122zSnz spectra with those of related tin-containin
skutterudites26 clearly indicates that the observed doub
must be assigned to tin which resides on the antimony s
lattice of the basic CoSb3 skutterudite structure. The ob
served isomer shift of ca. 2.3 mm/s is typical of tin in
intermetallic compound and, as expected for the open fra

FIG. 6. The tin-119 Mo¨ssbauer spectra of TlCo4Sb11Sn,
Tl0.95Co4Sb11.25Sn0.75, and Tl0.5Co4Sb11.5Sn0.5 obtained at 83 K.

TABLE II. Tin-119 Mössbauer spectral hyperfine parameters obtained a
K.

Compound
d

~mm/s!a
DEQ

~mm/s!
G

~mm/s!
Area
~%!

TlCo4Sb11Sn 2.34 1.14 0.97 100
Tl0.95Co4Sb11.25Sn0.75 2.34 1.14 0.99 100
Tl0.50Co4Sb11.50Sn0.50 2.33 1.17 0.95 100

aThe isomer shifts are given relative to room-temperature CaSnO3 .
Downloaded 14 Oct 2003 to 139.165.103.23. Redistribution subject to A
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t
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e-

work structure of CoSb3 , its isomer shift and, hence, th
s-electron density at the tin-119 nucleus is smaller than t
observed inb-tin.

The tin-119 isomer shift follows a simple function27 of
the effective number of 5s and 5p electrons given by

d520.3813.10ns20.20ns
220.17nsnp ,

whered is the isomer shift referred to CaSnO3 andns andnp

are the effective number of 5s and 5p electrons, respec
tively. This equation indicates that the electronic configu
tion of tin in the filled skutterudites is between 5s0.95p0 and
5s1.155p3. For comparison, the antimony-121 isomer shif28

in CoSb3 is more negative than in InSb, in which antimony
5s15p3. Hence, the 5s electron density at the antimon
nucleus is higher in CoSb3 and antimony has an electron
configuration between 5s11x5p3 and 5s15p32x. Electronic
band structure calculations29 give a 5s population of 1.77, a
value which is in good agreement with this interpretation
the antimony isomer shift. In conclusion, the tin and an
mony on the 24g site of the filled skutterudite structure hav
very similar electronic configurations.

As may be observed in Fig. 6, the low symmetry at t
antimony site in the skutterudite structure leads to a subs
tial quadrupole splitting of;1.15 mm/s for the tin substi-
tuted onto the 24g site. The antimony-121 Mo¨ssbauer spec
trum of unfilled skutterudite, CoSb3 , reported by Kjekshus
et al.28 exhibited a quadrupole interaction of 9 mm/s and
asymmetry parameter,h, of 1.0. From this quadrupole inter
action and by using a ground-state nuclear quadrup
moment30 of 0.28 barn andRQ51.34 for antimony-121, an
electric-field gradient at the antimony site of 3
31022 V/m2 is obtained. From the;1.15 mm/s quadrupole
splitting measured herein and by using a nuclear quadru
moment31 of 0.064 barn for the tin-119m excited state, an
electric-field gradient at the tin site of 2.831022 V/m2 is ob-
tained. This close to perfect agreement provides excel
support for the assignment of this quadrupole doublet to
which replaces antimony in the skutterudite structure.

The similarity of the hyperfine parameters given in Tab
II, indicates that the electronic properties of the rather i
lated tin atoms are independent of the thallium and tin c
tents. This is reasonable because tin on the antimony 24g site
has only one thallium near neighbor at a distance of;3.4 Å
in the fully filled skutterudite.

VI. CONCLUSIONS

The microscopic properties of the thallium, iron, and
atoms in the TlxCo42yFeySb12 and TlxCo4Sb122zSnz filled
skutterudites have been probed by thalliumL III -edge x-ray
absorption and iron-57 and tin-119 Mo¨ssbauer spectroscopy
The thallium L III -edge x-ray absorption spectra are w
modeled by full multiple scattering calculations, a scatter
which occurs within a cluster of 8.5 Å radius centered on
thallium atom. The iron-57 Mo¨ssbauer spectra show tw
components. The major doublet is similar to th
observed14,16 in the other rare-earth filled skutterudites and
assigned to iron on the cobalt sublattice. The origin of
minor doublet is uncertain. On the basis of its hyperfine

3
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7241J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Long et al.
rameters it is tentatively assigned to either iron on the co
sublattice with thallium vacancies as next nearest neighb
or to iron in the voids. The tin-119 Mo¨ssbauer spectra sho
one doublet, which is assigned without doubt to tin on
antimony sublattice. On the basis of the isomer shift,
electronic configuration of tin in the filled skutterudites
between 5s0.95p0 and 5s1.155p3 and is similar to that of
antimony.
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