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The ceriumL,-edge x-ray absorption near-edge spectra of thg=€e,Cq,Sh;, compounds have been
obtained at 295 K and unambiguously indicate that cerium is in festectronic ground state for all values
of 0.22<x=<0.98 and 0.&y=<3.5. This stable trivalent state of cerium is in agreement with the proposed
(CeFeSb;,),_,(OC0,Shy»),, solid solution structure, in which the cerium atoms are always surrounded by
twelve antimony first neighbors and six iron second neighbors, the observed magnetic properties,8bgeFe
and Cg d~/e;CoSh,, and the electronic structure of CgBé,, obtained from band-structure calculations.

I. INTRODUCTION ries of compounds and we discuss the results in the frame-
work of their electronic structure.
The valence of cerium in the filled skutterudite Cekg
compounds, wher¥ is P, As, or Sb, has been the subject of
many discussions and much recent speculation. A cerium Il. EXPERIMENT

valence of four in CeF#;, and of three in CeRSb;, has , . . )
been postulatédfrom their unit-cell volumes. A trivalent The samples studied herein are identical to those

state for cerium in CeR8by, was also predictédrom band- prepare_a and studie@® previously. The pov_vder absorbers
structure calculations. In contrast, a cerium valence of 3.74 dtad thicknesses of~15 mg/cnf. The cerium L -edge
4.2 K was deducédfrom electrical Conductivity measure- XANES SpeCtra were obtained at 295 K on the D21 station at
ments. The concept of the cerium valence in these comtURE. The ring was operating at 1.85 GeV and a stored
pounds requires some explanat?ohn no case is the cerium current of 200 mA. Detailed preliminary measurements indi-
atom oxidized to the ceriuftil) or ceriun({lV) oxidation cated that better XANES spectra were obtained in transmis-
state in these intermetallic compounds. Rather, the concepion mode than in fluorescence detection mode. Thus the
of the cerium valence refers to the electronic ground state aiheasurements were carried out in transmission mode with a
the cerium atom; the # and 4f' ground states are usually Si(311) double-crystal monochromator using ion chambers
referred to as tetravalent and trivalent cerium, respectively.filled with a mixture of nitrogen and helium, both in front

In order to better understand and predict the technologiand behind the sample. Harmonic contamination was re-
cally important thermoelectric propertfesf the filled skut-  jected by using a total reflection mirror with a cut off at 9
terudite compounds, it is necessary to obtain a good descrifkeV. The resolution calculated from the width of the two
tion of their electronic structure and, particularly, of the slits located in front of the monochromator and in front of
electronic configuration of cerium in these materials. X-raythe first ion chamber is estimated to be 1.4 eV. The spectra
absorption spectroscopy at the ceriliy) edge is a unique were recorded with a step of 2 eV below 5710 eV and of 0.2
techniqué for obtaining this information, because it is ele- eV between 5710 and 5760 eV. Because of the extensive
ment and electronic transition specific. Recently, the ceriunscattering produced by the presence of large amounts of an-
L, -edge x-ray absorption near-edge structure spectrurtimony in the absorbers, the jump in absorption at the cerium
(XANES spectrum of CeRuP;, at room temperature has L, edge is smaller than desirable and the quality of the
been reportel,and the results indicate that cerium is pre-XANES spectra is somewhat lower than usually
dominately trivalent, i.e., cerium is in thef4 electronic  obtained!%'! with other cerium-containing intermetallic
ground state in this filled skutterudite. We present herein @ompounds. Th&-edge absorption spectrum of a thin me-
ceriumL-edge XANES study of the GEe,_,Cq,Shy, se- tallic foil of chromium was used for energy calibration.
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FIG. 1. The 295 K ceriuml;-edge XANES spectra of
CefFe,_,Co,Shy,, with x=0.93, 0.71, 0.47, 0.22 and their fits as
described in the text.

Ill. RESULTS AND DISCUSSION

The cerium L,-edge XANES spectra of
CeFe, Ca,Sb;, are shown in Fig. 1 forx=0.93, 0.71,
0.47, and 0.22 and thevalues given in Table I. The spectra
obtained forx=0.98, 0.82, 0.60, and 0.35, are not shown

herein but are very similar. All the spectra have been ana#(E)=Bo+BiE+ £
lyzed in the fashion discussed below. It is obvious that all the
spectra are characterized by a main absorption peak at

~5725 eV and a minor broader absorption peak-&735

eV. Further, these spectra are very similar to that obsérved

for CeRuyP;,. Hence, a simple visual inspection indicates a

TABLE I. Cerium L,,-edge XANES energies, and core-hole
lifetimes.T" in eV, and the cerium valence for (Fes,_,Co,Shy,.

X y Ey E, A r Ce valence
0.22 35 57217 57255 258 3.40 3.00
0.35 3.0 57214 57253 276 3.62 3.02
0.47 25 57217 57253 270 3.74 3.02
0.60 20 57218 57252 280 3.84 3.04
0.71 15 57222 57250 271 4.06 3.04
0.82 1.0 57223 5725.0 279 412 3.06
0.93 0.5 57221 57251 286 4.00 3.07
0.98 0.0 57221 57254 262 3.94 3.03

PORTS PRB 62

predominately trivalent state, i.e., &*%4electronic ground
state for cerium in Cgre, ,Co,Shy,.

A more detailed analysis of the spectra shown in Fig. 1
and a search for any trend with composition requires a more
sophisticated fit of the absorption profile and several differ-
ent models for fitting the ceriurh,,-edge XANES spectra
have been reportétf°-*>The common points between these
models are the following. The continuum absorption is rep-
resented by an arctangent function superimposed on a linear
background and the absorption lines corresponding to the
2p3p—5d transitions are represented by Lorentzian lines.
Hence, the ceriunk,-edge XANES spectrum of CeAla
typical trivalent cerium compound, is well fitt¥dby equa-
tion.

E—(E;+ )
/2

1
w(E)=By+B,E+1{0.5+ ;arctaré

A(T'/2)?
(E—E,)%+(T/2)?’

@

whereB, andB; are the linear background parametéis,s

the energy at which thef®,— 5d transition occursl’ is the
core-hole lifetime for the transitionA is the area of the
Lorentzian peak, and is the shift between the onset of the
continuum and bound-state transitions. For the spectrum of
CeAl,, éis positive.

The ceriumL,,-edge XANES spectra of intermediate-
valent cerium compounds sh&W? > two Lorentzian ab-
sorption peaks separated by the replicate splitting of 9 to 10
eV, and they have been analyZ&lf with two arctangent
functions and two Lorentzian peaks representing the con-
tinuum absorption and the p3,—5d transitions for the
trivalent and tetravalent cerium states, respectively. In the
case of the CeRgTiH, compoundg? it should be noted that
the fit shown is poor and the parameg&s negative for both
valence states, in disagreement with the analysis of Croft
et al!! for CeAl,. In this model the cerium XANES spectra
have been fitted with the equation

E—(E + )
T2

1|05t 2
m . ;arcta

A, 05 1 E—(E,+0)
ALTA, | 0ot Farcan 5
(T'12)2A, (T'12)2A,

2

T E_E)Tr 122 T (E-E)Zr (T2

whereE,; and E, are the energies at which thep2,—5d
transitions occur for the trivalent and the tetravalent cerium,
respectivelyI' is the core hole lifetime for the transitioA;
and A, are the areas of the Lorentzian peaks, @id the
energy shift between the onset of the continuum and the
bound state. All our attempts to fit the spectra in Fig. 1 with
Eq. (2) lead to a poor fit of the main peak and we conclude,
in agreement with Leet al.® that the peak at-5725 eV is
not a simple Lorentzian peak.

Hence, after subtraction of a linear background, the ce-
rium L,,-edge XANES spectra of GEe, ,Ca,Sh;, have
been fitted with a model that uses two arctangent functions to

fit the continuum and three Lorentzian peaks, two for the
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main peak at~5725 eV and one for the minor peak at 3.07

~5735 eV, i.e., with the equation
1 E_EO 306 —
/.L(E):(A1+A2)/(A1+A2+A3) 0.5+ ;al‘cta /2
© 3.05
A (T'/2)? A,(T'/2)? S
(E-Ep?+(T/22 " (E-E,—A)2+(T12)? S 304 |
/ o L E—Ey—10 z
+A3/(A1+A,+Az)] 0.5+ ;arcta T 3 303 +
<)
Ag(T'12)? © n
+ o 2) 21 ) 3.02
(E-E{—10)°+(I'/2)
whereE, is the energy of the onset of the continuui.and 3.01 |
E,+ A are the energies at which the,—5d transitions
occur for the trivalent ceriuni is the core-hole lifetime for 3.00 — S
the transition, andA;, A,, and A; are the areas of the 0.0 0.2 0.4 0.6 0.8 1.0

Lorentzian peaks. Because the peak~d235 eV is very
weak, a replicate splitting of 10 eV has been assumed in Eq.
3. FIG. 2. The cerium valence in (fee,_,Co,Sh;, as a function
The fits with Eq.(3) are good and the resulting parametersof cerium content. It should be noted that th€.03 error bars are
are given in Table I. The predominant peak-&5725 eV is  almost the size of the vertical axis of the plot and that no true
well fitted with two Lorentzian peaks at5725 and 5728 eV. correlation between the cerium valence and the cerium content ex-
This double Lorentzian absorption is assigned to thests.
2pyAfl—4fl5d transitions in which the & orbitals are

split into 5 andtyq orbitals by the crystal field of the twelve {5 only 4 eV above the Fermi level, and hence the energies of
antimony atoms surrounding the cerium atom. élsplittmg, the unoccupied & levels probed by XANES cannot be com-
of ~2.6 eV corresponds to a D@ of 21000 cm ™, & very  pared with the band-structure calculations. The independence
reasonable value for this type of electronic environment. Theyf the cerium valence on composition agrees with the
Lorentzian peak at-5735 eV is assigned to thepgAf° proposd that the CeFe,_,Ca,Shy, compounds consist of
— 4954 transition. As indicated in Table I, the linewidih solid solutions (CeFShy,);_,(0Co,Shy,),, in which the
or the core-hole lifetime is essentially independent of Comerjum atoms are surrounded by twelve antimony first neigh-
position and is similar to that measured by Leeal” in  pors and six iron second neighbors. The effective magnetic
CeRuPy,. _ moment$® of 3.8ug and 2.6,z in CeFgSh, and
The cerium valence obtained from the aréas A,, and  cgq, Fe,CoSh, are also in agreement with the trivalent state
As is also given in Table | and is shown in Fig. 2 as agf cerium whose free ion magnetic moment is 54
function of the cerium content. The .samples_ %6+ 0.93 and The stable trivalent state of cerium in ey _,Co,Shy,
0.98 have been measured at two different times on the sam@ntrasts with the intermediate-valent statf ytterbium in
absqrber and the two valueg are both'plotted in Fig. 2. Thes?bFeLlelz. Steric arguments may be used to understand this
duplicate measurements give an estimatet@03 for the  ifference. The unit cell volume of YbgBby, is larger than
error on the cerium valence. Henf:e, we conclude that thg, 4t of CeFgSh;, and hence the void in which the ytterbium
cerium valence is 3.080.03 and cerium is in thef4 ground  410m resides is larger than that available for the cerium. In
state in all the Cge;,Cq,Shy, compounds. The slight in-  aqdition, because of the lanthanide contraction ytterbium,
crease in cerium valence with cerium content is may be dugjith a 12-coordinate metallic radius of 1.75 A, is smaller
to a trivial amount of oxidation of surface cerium atoms inthan cerium, with a 12-coordinate metallic radius of 1.81 A.
the grains. Hence, in order to better fill in the available void in the
structure, ytterbium tends to be divalent.

Cerium Content, x

IV. CONCLUSIONS

Our experimental measurements indicate that cerium is
trivalent in all the CgFe,_,Cq,Sh;, compounds and is inde-
pendent of bothx andy, an independence which is in agree-  This research was supported in part by the U.S. National
ment with theoretical predictions from band-structure calcu-Science Foundation through Grants No. DMR95-21739 and
lations of Nordstrm and Singh on CeFgSh,. No. INT-9815138 and by the European Commission for Hu-
Unfortunately, the band-structure calculations extend at mosnan Capital and Mobility, Contract No. ERBHXCT930360.
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