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ThalliumL,-edge x-ray absorption and iron-57 and tin-119ddloauer spectral measurements have
been carried out to probe the electronic structure of the three sites in the filled skutterudite
TI,Co4-yFg,Shy; and TLCo,Shy, ,Sn, compounds with a range &f y, andz values. The thallium

L, -edge x-ray absorption spectra are independent, §f andz and are well reproduced by full
multiple scattering calculations with a cluster with a radius of 8.5 A centered on thallium. The
iron-57 Mcssbauer 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 Misbauer 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.2@2 American Institute

of Physics. [DOI: 10.1063/1.1525069

I. INTRODUCTION charge neutrality. As a consequence, two series of thallium
filled skutterudites, TICo,_Fg,Shy, and TL,Co,Shy, ,Sn,,

The interesting and varied physical properties of thehave been prepared and characteriZeBxceptionally large
filled skutterudite family of compounds have, over the pastatomic mean-square displacements have been observed for
ten years, prompted both theoreticdland experimenta®  the thallium filling atoms and their “rattling” helps produce
work.  Among these  physical properties, the the large thermal resistivity observed for these filled skut-
semiconducting "*° behavior and the low-thermal terudites. Whereas the macroscopic properties of these two
conductivity®"1%~3particularly of the rare-earth filled skut- series of compounds have been carefully meastiréakir
terudites, make them potential thermoelectric materials withmicroscopic properties have not been investigated in detail.
many technological and commercial applications. The usefuHence, with the goal of elucidating the electronic structure of
electronic and dynamic properties of the filled skutteruditesthallium, iron, and tin, we have carried out a thallium
whose structure is based on that of CgSis the result of the L -edge x-ray absorption study of these two series of com-
bonding of the atoms within this open framework structure.pounds and an iron-57 and tin-119 Babauer spectral study
Thus, any improvement in their technologically importantof Tl,Co,_,Fg,Shy, and T, Co,Shy, ,Sn,, respectively.
properties will proceed from a better understanding of the
electronic structure of the different atoms within the filled Il. EXPERIMENT

. . — 6 i ) )
skutterudites. Our previous studiés™®of Ce,Co,,Fg Shy, The samples studied herein are the same as those previ-
and YhCo,Shy, ,Sn, by both x-ray absorption and iron-57 oysly synthesized The thalliumL-edge x-ray absorption
and tin-119 Mssbauer spectroscopy, have characterized thgear-edge structuANES) spectra were obtained at 295 K
e|eCtr0niC ground'state Configuration Of the rare'earth ator@n beam”ne 4-3 at the Stanford Synchrotron Radiation
and the electronic structure of the iron and tin atoms. Laboratory, Stanford, California. The measurements were

More recently, the filling of the voids in the skutterudite carried out in transmission mode with a Si(11d=90°
structure with thalliuft’ has been achieved. Because thal-double-crystal monochromator using ion chambers filled
lium has a formal valence ot 1, iron or tin must replace with a mixture of nitrogen and helium and placed both in
some of the cobalt or antimony, respectively, to maintainfront and behind the sample. Harmonic contamination was
minimized by detuning the monochromator. The spectra
2Electronic mail: glong@umr.edu were recorded between 12.60 and 12.64 keV with a step of
PElectronic mail: fgrandjean@ulg.ac.be 10 eV and between 12.64 and 12.80 keV with a step of 0.35
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eV. TheK-edge absorption spectrum of a thin lead foil was 22 r

used for energy calibration. The absorbance of the XANES -

spectra have been normalized at the highest absorption peak. 20 - T'C°4Sb11sn
The iron-57 Masbauer spectra of JiCo;FeSh, and i

TlysCos sF6y sShy, were measured at 90 and 295 K on a 1.8 |- $ Tl .Co.Sb

constant-acceleration spectrometer which was calibrated at - f 0.17747 12

room temperature withw-iron foil. The iron-57 Mmsbauer 16

spectra were obtained with a room-temperature cobalt-57 -

rhodium matrix source and the isomer shifts are reported 14 |

relative to room-temperature-iron foil. The absorber thick- § -

nesses were-30 mg/cnt and the samples were dispersed in =~ 8 1.2 |-

boron nitride. The spectra were fit as discussed in Sec. IV § 4 ' ' '

and the resulting isomer shifts, quadrupole splittings, and S 10t

linewidths are acc_l_Jrate ttr0.005 mm/s. I i ] T, 8C03FeSb 12
The tin-119 Maesbauer spectra of J4Co,Sby; sSny s, é 08 - '

Tly.95C04Shy 1 255y 75, and TICQ@Sh;;Sn were measured at ‘g - :

83 K on a constant-acceleration spectrometer which was cali- 06 ¢t°*°*" §

brated at room temperature witlxiron foil. The tin-119 I §

spectra were obtained with a room-temperature tinr119 0.4 |

CaSnQ@ matrix source and the isomer shifts are reported [ oo

relative to room-temperature CaSnOThe absorber thick- 02 F

nesses were 70 mg/énand the samples were dispersed in B

boron nitride. The spectra were fit with a symmetric quadru- 00 $-o oo

pole doublet and the resulting isomer shifts, quadrupole split- I

tings, and linewidths are accurate 1@.02 mm/s. I S N S S

12600 12650 12700 12750 12800

energy (eV)
Il. THALLIUM L,-EDGE XANES SPECTRAL RESULTS
FIG. 1. The thalliumL,,-edge XANES spectra obtained at 295 K for the
The 295 K thalliumL ;;-edge XANES spectra for several indicated compounds. The different spectra have been shifted vertically by

of the T[)(C(_)47y|:eySb12 and TLCo,Shy,_,Sn, compounds an arbitrary amount for better presentation.

are shown in Fig. 1. To our knowledge, there are no reported

XANES or extended x-ray absorption fine structure studies

of thallium metal or thallium compounds at the thallituyy

edge. Hence, no comparison of our results with previously In order to confirm this interpretation, full multiple scat-
published thallium spectra is possible. tering calculations of the thalliunh,,-edge XANES spec-

It is obvious from Fig. 1 that there are virtually no dif- trum for the hypothetical TIC&h,, compound, with a cubic
ferences between the XANES spectra of the differenunit-cell a-lattice parameter of 9.109 A and antimony posi-
TI,Co,_ FgShi, and TLCo,Shi, ,Sn, compounds. This tional parameters of=0.3368 andz=0.1593, have been
similarity can be understood in terms of the near-neighborcarried®°out with thererr8.10 code. No attempt was made
environment of thallium in the filled skutterudite structure.to model any of the disorder resulting from the distribution
Indeed, for all the T)Co,_,Fe,Sb;, compounds, independent of iron and cobalt atoms, in the first case, or antimony and
of x andy, the first neighbors of thallium are the 12 antimonytin atoms, in the second case. The calculated spectra obtained
atoms at~3.5 A. In Tly ;Co,Shy, and Th,4C0o,Sh;, the sec-  for clusters of various radii centered on thallium are shown
ond neighbors are eight cobalt atoms at4 A. In in Fig. 2(a). The general shape of the calculated spectrum
Tlp.sCos sF&y 5Shy, and Th Co;FeSh,, on average, one and with the three peaks at12 665, 12680, and 12710 eV is
two cobalt atoms, respectively, are replaced by iron atoms; eeproduced with a cluster containing only 12 antimony first-
replacement which does not dramatically change the amplireighbor atoms, but the energies of the peaks are not accu-
tude and phase of the backscattered photoelectron wave eately reproduced. More specifically, the calculated energy of
compared to scattering by cobalt. For all compounds, thé¢he first peak is at a higher energy than the observed energy.
subsequent shells of neighbors contain 24 and 12 antimoniyndeed, a large cluster of 8.5 A radius is necessary to repro-
atoms at~6 and 8.5 A and, on average, 0.8 and 1.66 thal-duce the first peak in the rising edge at the observed energy.
lium atoms at~8 A. In the TLCo,Sb;,_,Sn, compounds, a A comparison of the experimental spectrum of
small fraction of at most 1/12 of the antimony neighboring Tl gCo;FeSh, with the calculated spectrum for a cluster of
atoms are replaced by tin atoms, atoms which again do n@.5 A radius in hypothetical TIC®b,, is shown in Fig. 2(b).
substantially change the amplitude and phase of the back-he major peaks in the experimental spectrum are well re-
scattered photoelectron wave. Hence, the shape of tharoduced in the calculated spectrum with the exception of
XANES spectra is produced by the scattering of the photothe calculated peak at 12690 eV, a peak which is not ob-
electron wave by antimony and cobalt atoms, the positions aferved experimentally. However the intensity of this peak
which vary according to the crystallographic parametérs. increases for the cluster of 8 A, a cluster that includes thal-
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FIG. 2. (a) The thalliumL,,-edge XANES spectra calculated for the hypo- 99.81-
thetical TICqSh,, compound by using theer/8.10 code for the clusters i
with the indicated radii. The different spectra have been shifted vertically by 99.4-
an arbitrary amount for a better displajp) The experimental thallium -
L,,-edge XANES spectrum of JkCo;FeSh, and the spectrum calculated 900k
for TICo,Shy, by using thererr8.10 code and a cluster of 8.5 A radius i ¥
centered on thallium. oYX Y AUAININ SV NIV WS B W

-3 -2 -1 0 1 2 3
velocity (mm/s)

lium neighbor sites which are not fully occupied in the actualfic. 3. The iron-57 Mesbauer spectra of JiCo,FeSh, and
compound. Tlo sCo; F&, Shy, obtained at 90 and 295 K.

IV. IRON-57 MéSSBAUER SPECTRAL RESULTS .
Tl gCosFeSh, and of ~25% observed in FlsCo; sF&) sShy»

The iron-57 M®sbauer spectra of JiCos;FeSh, and  with these probabilities.
Tly =Cos F &) sShy, obtained at 90 and 295 K are shown in Of course, in contrast with ceriuf the thallium vacan-
Fig. 3. These spectra have been fit with two symmetriccies may prefer to associate with iron or, alternatively, the
Lorentzian quadrupole doublets, whose hyperfine parametetballium atoms may prefer to form a pair around either iron
and relative areas are given in Table I. The major componerdr cobalt. In either of these cases, the thallium does not ran-
is assigned to iron on the cobalt sublattice of the filled skut-domly fill the voids and, as a consequence, the minor doublet
terudite. The identity of the minor component is less certaincould be assigned to iron on the cobalt sublattice with thal-
Its hyperfine parameters do not correspdnid either FeSp  lium vacancies as second neighbors. In addition, our unpub-
or FeSh and there are, to our knowledge, no known TIFdished spectra of F€o, _,Sh; with y between 0.05 and 0.2
alloys. Further, no TIFe impurity was detectédn either  show, at 85 K, a doublet with an isomer shift of 0.44 mm/s
sample by x ray or neutron diffraction. and a quadrupole splitting of 0.72 mm/s, values which are

Within the skutterudite lattice, there are two possible assimilar to those of the minor doublet, a similarity that would
signments of the minor component observed in Fig. 3. Firstsupport the above assignment of this doublet. Second, the
because of the partial thallium filling, the iron atoms on theminor doublet may be assigned to iron filling the voids of the
cobalt sublattice have either two, one, or zero thallium atomskutterudite lattice.
as second neighbors. InggCosFeSh,, the probabilities of The iron-57 quadrupole splitting obsent&d?*for vari-
having two, one, and zero thallium neighbors are 0.64, 0.32us filled skutterudites vary from 0.14 to 0.44 mm/s. The
and 0.04, and in lsCo; FeysShy,, the probabilities are existence of a quadrupole splitting at the iron site indicates
0.25, 0.50, and 0.25. Hence, it is difficult to correlate thethat there is a distortion from cubic symmetry at the@ys-
relative absorption area of ~15% observed in tallographic site. The filled skutterudite has a cubic structure



J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Long et al. 7239

TABLE . Iron-57 Mossbauer spectral hyperfine parameters.

T S AEq r Area
Compound (K) (mm/$) (mm/s) (mm/s) (%) Assignment
Tly gCosFeSh, 295 0.36 0.22 0.34 84 Fe on the Co sublattice
0.18 0.66 0.27 16 uncertain
90 0.42 0.24 0.37 89 Fe on the Co sublattice
0.25 0.91 0.26 11 uncertain
Tl sC05 sF€) 5Shy» 295 0.35 0.11 0.33 75 Fe on the Co sublattice
0.13 0.60 0.26 25 uncertain
90 0.44 0.10 0.36 77 Fe on the Co sublattice
0.17 0.60 0.28 23 uncertain

#The isomer shifts are given relative to room-temperatuison foil.

in which the distortion from a perfect square of the, 8ing  CgCo,_Fg,Sh, and TLCo,  Fe,Sh, and

has been used as a measure of its degree of distortion. TA&,Co,Sh;,_,Sn, compounds, respectively.

correlation between the quadrupole splitting and the distor- The correlation between the iron-57 isomer shift and the
tion of the Sk square is shown in Fig. 4 for the filled skut- Wigner—Seitz cell volume available to the iron atoms in the
terudites with the indicated filling atom. In Fig. 4, the distor- R,Fe;; and RFe;;Ti compounds and their hydrides and ni-
tion of the antimony square is given as the difference intrides have proveri?* very successful in understanding the
length between two edges of the “square” or better the rectelectronic structure of these compounds. This correlation is
angle of antimony atoms and the quadrupole splitting is thashown in Fig. 5 for the same filled skutterudites included in
observed for the maximum filling of the skutterudite com-Fig. 4. The Wigner—Seitz cell volumes have been
pound. Whereas there is a fair correlation for the skutteruealculated® from crystallographic parameters from literature
dites in which the filling atom has a formal valence betweerand by using the 12-coordinate metallic radii of the different
+2 and +3, the quadrupole splitting measured for atoms. The good linear correlation shown in Fig. 5 indicates
Tl gCosFeSh, is substantially smaller than expected from that thes-electron density at the iron nucleus decreases and,
the distortion of the antimony 3tsquare. In the case of the hence, the isomer shift increases with increases in the
CeCo,_FeSh;, compounds? the lattice and conduction- Wigner—Seitz cell volume of the iron site. It is rather re-
electron contributions to the quadrupole splitting were estiinarkable that the Tl skutterudite, for which the iron Wigner—
mated to be~0.16 and 0.25 mm/s, respectively. Hence, if theSeitz cell volume is substantially smaller than those observed
lattice contribution to the quadrupole splitting in in the other skutterudites, does indeed show a substantially
TlygCosFeSh, is assumed to be 0.16 mm/s, then thesmaller isomer shift. In conclusion, the variation of the iso-
conduction-electron contribution is onkt0.06 mm/s. The mer shift in the filled skutterudites can be understood in
different conduction-electron contributions may result fromterms of the influence of the site size on thelectron den-
the p-type and n-type conduction mechanisms in the sity at the iron nucleus.

0.50 i
[ Ce+3 Nd+3 0.41 :—
@0.40 - 0.40 :_
£ [ _ B
£ [ @ X
2030 [ 20.39 -
= B ~ i
£ [ & A
o [ 5 038 [
020 [- 3 g s
TI B
g S 037 F
g 25
5010 |- pa+2 :
- Ba 0.36
IO RS R N [

0.00 oss bt A 0
000 002 004 006 008 100 102 104 106 108  11.0
distortion of the Sby square (A) iron Wigner-Seitz cell volume (A3)

FIG. 4. The correlation between the 295 K iron-57 quadrupole splitting inFIG. 5. The correlation between the 295 K iron-57 isomer shift in the filled
the filled skutterudites for the indicated filling atom and the distortion of the skutterudites for the indicated filling atom and the iron Wigner—Seitz cell
249 site antimony Sprectangles. volume.
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FIG. 6. The tin-119 Mesbauer spectra of TIC8b;Sn,
Tlg.9sC0,Shy »55My 75, and Th=Co,Shy; sSMy 5 obtained at 83 K.

V. TIN-119 MOSSBAUER SPECTRAL RESULTS

The tin-119 Maesbauer spectra of TIG8b;;Sn,

Tly.95C04Shy 1 555y 75, and T} sC0o,Sby 1 Sy 5 Obtained at 83

Long et al.

work structure of CoS}hy its isomer shift and, hence, the
s-electron density at the tin-119 nucleus is smaller than that
observed inB-tin.

The tin-119 isomer shift follows a simple functidnof
the effective number of $and 5 electrons given by

5=-0.38+3.10n,—0.20r{—0.17nn,,,

wheredis the isomer shift referred to CaSg@ndng andn,,

are the effective number ofssand 5 electrons, respec-
tively. This equation indicates that the electronic configura-
tion of tin in the filled skutterudites is betwees%5p° and
5st1%5p3. For comparison, the antimony-121 isomer <fift
in CoSky is more negative than in InSb, in which antimony is
5s!'5p3. Hence, the § electron density at the antimony
nucleus is higher in CoSband antimony has an electronic
configuration between**5p® and %!5p® *. Electronic
band structure calculatiofisgive a 5 population of 1.77, a
value which is in good agreement with this interpretation of
the antimony isomer shift. In conclusion, the tin and anti-
mony on the 24gsite of the filled skutterudite structure have
very similar electronic configurations.

As may be observed in Fig. 6, the low symmetry at the
antimony site in the skutterudite structure leads to a substan-
tial quadrupole splitting of~1.15 mm/s for the tin substi-
tuted onto the 24gite. The antimony-121 Mgsbauer spec-
trum of unfilled skutterudite, Co3b reported by Kjekshus
et al?8 exhibited a quadrupole interaction of 9 mm/s and an
asymmetry parametes, of 1.0. From this quadrupole inter-
action and by using a ground-state nuclear quadrupole
moment® of 0.28 barn andRo=1.34 for antimony-121, an
electric-field gradient at the antimony site of 3.0
X 10?2 V/Im? is obtained. From the-1.15 mm/s quadrupole
splitting measured herein and by using a nuclear quadrupole
moment! of 0.064 barn for the tin-119nexcited state, an
electric-field gradient at the tin site of 2@&.0°2 V/m? is ob-
tained. This close to perfect agreement provides excellent
support for the assignment of this quadrupole doublet to tin
which replaces antimony in the skutterudite structure.

The similarity of the hyperfine parameters given in Table
I, indicates that the electronic properties of the rather iso-

K are shown in Fig. 6 and the corresponding hyperfine patated tin atoms are independent of the thallium and tin con-
rameters are given in Table Il. A comparison of thetents. This is reasonable because tin on the antimogysié
T1,Co,Shy,-,Sn, spectra with those of related tin-containing has only one thallium near neighbor at a distance-8f4 A
skutterudite® clearly indicates that the observed doubletin the fully filled skutterudite.

must be assigned to tin which resides on the antimony sub-

lattice of the basic CoSbskutterudite structure. The ob-

served isomer shift of ca. 2.3 mm/s is typical of tin in anVI- CONCLUSIONS

intermetallic compound and, as expected for the open frame-

The microscopic properties of the thallium, iron, and tin
atoms in the TJCo, ,FgShy, and TLCo,Sh;, ,Sn, filled
skutterudites have been probed by thallilijp-edge x-ray

TABLE II. Tin-119 Méssbauer spectral hyperfine parameters obtained at 8 2PSOrption and iron-57 and tin-119 Bkbauer spectroscopy.

K.

S AEq r Area
Compound (mm/s} (mm/s) (mm/s) (%)
TICo,Sh;:Sn 2.34 1.14 0.97 100
Tlo.0sC04Sby1 255M 75 2.34 114 0.99 100
Tlo.5dC04Sby 1 505M 50 2.33 1.17 0.95 100

&The isomer shifts are given relative to room-temperature CagSnO

The thallium L,,-edge x-ray absorption spectra are well

modeled by full multiple scattering calculations, a scattering
which occurs within a cluster of 8.5 A radius centered on the
thallium atom. The iron-57 Mssbauer spectra show two

components. The major doublet is similar to that
observed*'®in the other rare-earth filled skutterudites and is
assigned to iron on the cobalt sublattice. The origin of the
minor doublet is uncertain. On the basis of its hyperfine pa-
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