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We report on sample preparation, annealing ee ts, ele tron mi roprobe analysis in the series Cey Fe4 x Cox X12 whi h shows that a phase
separation o urs for substituted samples annealed at 650Æ C. The valen e
state of Ce in homogeneous single phase samples has been studied using
X-ray absorption spe tros opy (XAS). Ce ions are trivalent in the series.
PACS numbers: 74.25.Fy, 61.10.Ht, 64.75.+g, 61.10.i
1. Introdu tion

One of the most interesting ideas in the area of thermoele tri materials is to sear h for a solid that ondu ts heat like a glass but keeps good
ele tri al properties found in rystals [1℄. The idea is to he k for semi ondu ting materials having a rystalline stru ture with large ages in whi h
one weakly bound atom an be inserted and rattles independently of other
atoms. In insulating materials, su h lo alised rattlers an strongly redu e
the thermal ondu tivity. Semi ondu ting or semimetalli ompounds with
su h property an be found, for instan e, in materials derived from skutterudite CoAs3 [2℄. After the synthesis of LaFe4 P12 [3℄, the rst ternary lled
skutterudite, many isotypes with the formula RM4 X12 have been dis overed
with R being a large ele tropositive metal (Ba, Ca, Sr, La to Sm, U, Th, . . . );
M a d-metal; X=P, As, Sb . . . Interestingly, in Ry M4 X12 , ele tri al ondu tivity an be adjusted from insulating to metalli through semi ondu ting
(generally better for the gure of merit ZT) by varying the lling fa tor y
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and/or playing on the valen e state of the R- or M-element. When going
from CoAs3 to CeFe4 Sb12 , keeping the valen e ele tron ount onstant implies that Ce would be tetravalent (so, the semi ondu ting behaviour an be
maintained) or at least in a non trivalent state. In fa t, CeFe4 Sb12 has been
su essively lassied as a normal trivalent material [4℄, or a heavy fermion
system [5℄, or an intermediate valen e material at low temperature from
magneti sus eptibility results [6,7℄, or a trivalent Ce ompound with strong
hybridisation ee ts at low temperature [8℄, or a moderate heavy fermion
system [9℄. L3 absorption edge (XAS) spe tra seem to show 2 peaks [10℄. In
view of these ontradi tory results and the known tenden y of white lines
at the L3 edge to broaden with lo al omposition hanges ( [11℄) we de ided
to re-examine this question.
2. Experimental and results

All the ompounds (for x = 0; 1; 2; 3 and 4) were prepared by standard ar melting on a water ooled opper hearth under Ar pressure. The
skutterudite phase does not form during this pro ess but is obtained after
annealing of the materials, see details in [12℄. As the perite ti temperature
of CoSb3 is 873Æ C [13℄ and that of Lny Fe4 x Cox Sb12 (Ln= La, Ce, Th) is
in between 750 and 850Æ C for x = 1 [8℄ we hoose to anneal at lower temperatures: 650Æ C and 700Æ C. X ray dira tion (XRD), Rietveld analysis,
Ele tron Probe Mi roAnalysis (EPMA) analysis and XAS experiments (at
the Fren h syn hrotron of LURE) are also des ribed in [12℄. The de onvolution of the XAS spe tra has been made using the sum of two terms, an ar
tangent and a Lorentzian, for ea h valen e state [14℄. A de onvolution with
two Lorentzians for one valen e state, assumed to a ount for the splitting
of the nal 5d state by rystal eld ee ts [10℄ has also been performed.
All Cey Fe4 x Cox Sb12 samples annealed at 650Æ C and ontaining both Fe
and Co show two skutterudite phases in the XRD pattern  with slightly different latti e parameter values, see Fig. 1), whereas those with full Fe or Co
ontents are single phase. On the ontrary, after annealing Ce0:5 Fe2 Co2 Sb12
at 700Æ C the samples show only one skutterudite phase, independently of
the annealing time (1 or 10 days). In gure 1, are reported on the left y axis
and on the right y axis, the nal ompositions dedu ed from EPMA and the
latti e parameters (dotted lines are guides for eyes). As shown in this gure,
the nal ompositions of Fe- and Co- ontaining samples annealed at 650Æ C
also reveal two slightly dierent lo al ompositions, whereas those annealed
at 700Æ C are single phase in agreement with XRD results. We, of ourse,
measure the valen e properties by XAS only on single phase materials.

611

New Results on the Skutterudite . . .

4

9.14

CeyFe4-xCoxSb12

9.10

Phase 1
Phase 2
single phase

Phase 1
Phase 2
single phase

2

9.08

a (Å)

EPMA Co content

9.12
3

9.06

1

9.04
0

9.02
0

1

2

3

4

Nominal Co content

Fig. 1. EPMA ompositions and latti e parameter in CeFe4

x

Cox Sb12 .

In the bottom part of gure 2 are shown twi e the experimental absorption edges  at 300 K  of Ce in CeFe2 Co2 Sb12 versus energy. The
top spe trum (verti ally shifted by +2 a.u.) shows the de onvolution into
one ar tangent and one Lorentzian and their total. The bottom part of
the gure shows the same spe trum with two Lorentzian ontributions separated by 2.5 eV. In the top part of gure 2 is shown the intensity I0 of
the beam before the absorption pro ess versus energy. Both ts with 1 or 2
Lorentzians involve omparable values of the half width of the Lorentzians
(around 3 eV) whi h are onsistent with the 2p hole lifetime in rare earth
and give a similar good t. The small shoulder on the right side of the main
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Fig. 2. I0 (top urve) and L3 absorption edge experimental spe tra and de onvolution in Ce0:5 Fe2 Co2 Sb12 .
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peak (at around 5728 eV) ould have been taken as due to the ee t of the
splitting of the 5d band, however, at the same energy, the intensity of the
beam shows the well known phenomena of a glit h (a hara teristi of the
used mono hromator, here the Si 311 of the station D21 of LURE, as in [10℄
whi h o urs at a xed energy  see the left verti al dotted line through the
two urves). A se ond glit h at a slightly higher energy is indi ated by the
right verti al dotted line and gives also a shoulder of the same magnitude
in the experimental urve. We onsequently do not believe that the peak
de onvolution needs two Lorentzian ontributions.
In on lusion, the Ce is trivalent in this ompound, as it is in the single
phase Cey M4 Sb12 (M = Fe, Co annealed at 650Æ C) and there is no lear
ee t of the splitting of the 5d-nal state (in eg t2g subbands). This agrees
with our on eption that in the skutterudites the Ce atom is weakly bound
to the other atoms and thus rystal eld ee ts are weak.
We a knowledge the Fran oAustrian ex hange program Amadeus
20012202.
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