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Characteristic temperature dependence of the 4f occupancy in the Kondo system CeSi2
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We present a Ce-L3 x-ray absorption spectroscopic study~XAS! of CeSi2 at different temperatures. The
extracted Ce 4f occupancy shows a strong dependence upon temperature that qualitatively agrees with theo-
retical expectations based on the single-impurity Anderson model. We additionally discuss the reliability ofL3

XAS performed on nearly trivalent rare-earth compounds in comparison with other high-energy spectroscopy
techniques.
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I. INTRODUCTION

The properties of rare-earth Kondo systems reflect th
of the 4f states, characterized by strong correlation and
bridization with the band states. One of the central para
eters in the description of this class of compounds is thf
occupancy,nf , and its dependence upon temperature.1 Usu-
ally the contribution of the 4f states to the bonding is neg
ligible, but in several rare-earth compounds they poss
such a small 4f conduction band promotional energy th
their hybridization with valence states can result in
intermediate-valent phase. In nearly trivalent Ce compoun
for instance, the single 4f electron is located below th
Fermi level and its hybridization with the band states c
lead to formation of a singlet state at low temperatures.

High-energy spectroscopies such as x-ray absorpt
photoemission and resonant photoemission~abbreviated as
XAS, PES, and RPES! are very useful to obtain microscop
information on the 4f hybridization in the ground state o
Kondo systems.2–4 Nevertheless some of their features a
the related data interpretation are still not well understo
and continue to be a matter of considerable debate. In
ticular, there has been a lively discussion in the past
years as to whether the results from PES support the Ko
scenario based on interpretation of the data within the sin
impurity Anderson model~SIAM! or not,5–7 despite the fact
that the SIAM is very successful for rationalizing thermod
namic and transport properties of Kondo systems in gene

In the light of the great importance of the applicability
the SIAM to explain the microscopic features of Kondo sy
tems, we have carried out a systematic XAS study at theL3
absorption edge of CeSi2, a simple standard Kondo system
in order to extract quantitatively the Ce 4f occupancynf as
a function of temperature. Ce-L3 XAS has been chosen be
cause it is a powerful probe to extract the distribution
valence electrons in rare-earth and Kondo systems, an
interpretation is well understood.8–11 In particular, a lot of
effort has been expended to study the final state features
the aim of determining the ground state properties. The
0163-1829/2001/63~11!/115107~5!/$15.00 63 1151
e
-
-

ss

s,

n

n,

d
r-

w
do
e-

al.

-

f
its

ith
d-

vantages of Ce-L2,3 XAS in comparison to other high-energ
spectroscopies are~1! the c4 f 05d* -related final state peak
(c denotes a core hole! has large spectral weight; therefo
Ce-L3 XAS is highly sensitive to the 4f occupancy;9 ~2! the
mixture of the c4 f 05d* configuration with the
c4 f n5d* (n.0) configurations is relatively low as com
pared to the corresponding peak in CeM4,5 XAS;12,13 ~3!
XAS at the L2,3 edge is performed using hard x rays (E
;5720 eV!, and is thus fully bulk sensitive and free from
possible surface-related effects in contrast to the high sur
sensitivity of PES studies.

In an impurity picture, each property of a Kondo syste
is a universal function of the temperature scaled byTK , the
Kondo temperature.1 Thereforenf is also expected to scal
with theTK . In this contribution we show that in bulk singl
crystalline CeSi2 nf exhibits a clear temperature scaling th
supports the description of Kondo systems within the SIA
and we present a quantitative analysis ofnf as a function of
temperature for this system.

II. EXPERIMENT

CeSi2 with a tetragonala-ThSi2 structure is the silicide
with the highest melting temperature within the binary Ce
system. The compound forms congruently from a melt wit
composition of 35 mole % Ce, thus differing from th
stoichiometric composition.14 By differential thermal analy-
sis ~DTA! the melting temperature of the compound w
measured to be 1703 °C, which is about 80 K above
melting point reported previously.14 Polycrystalline feed rods
were prepared from bulk pieces of Ce and silicon of pur
99.9% or better, which were arc-melted several times
achieve homogeneous samples. After remelting in a Huk
type cold crucible rods of 6 mm in diameter and 55 mm
length were cast from a rf levitated melt.15 Bulk single crys-
tals of CeSi2 were grown by the rf floating zone method~250
kHz, 30 kW! from the polycrystalline feed rods~for details
of the growth facility see Ref. 16!. The single crystals were
©2001 The American Physical Society07-1
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then cut using a diamond-coated wire, and their crystal st
ture was checked using x-ray diffraction.

The Ce-L3 XAS experiments were performed at th
EXAFS-II and A1 beam lines in HASYLAB in the transmis
sion geometry with the help of three ionization chambers
series for the sample and a reference. Since in the en
range of the Ce-L3 edge the sample thickness should n
exceed a few micrometers, we finely powdered the sin
crystal in a glove box and mixed it with paraffin in order
protect it from air. Measuring the powdered single crysta
transmission has the advantage of having no polarizat
dependent effects and no self-absorption distortion. T
measurements were recorded in a few days after the sa
preparation, and we detected no appreciable change du
oxidation. In this way, the sample, being prepared start
from a high-quality single crystal, was free from any kind
intrinsic contamination like foreign phases. We also prepa
homogeneous absorbers of polycrystalline CeF3 and CeO2 as
reference compounds.

III. RESULTS

Figure 1 shows the Ce-L3 spectrum of CeSi2 at room
temperature together with those of CeF3 and CeO2 as triva-

FIG. 1. Ce-L3 XAS of CeSi2 at room temperature together wit
the standard compounds CeF3 (Ce31) and CeO2 (Ce41). As a
check for possible contaminations in CeSi2 we superimposed the
spectra of the CeSi2 adsorber~open circles! and an unpowdered
single crystal~filled circles!: it is apparent that no difference i
detectable.
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lent and tetravalent reference compounds, respectively. X
at the rare-earthL3 threshold is due to 2p3/2→5d excitations
and can be separated into continuumlike edges and ato
like transitions~white lines, WL!. CeF3 exhibits only a single
WL, which is attributed to the2p4 f 15d* final state,
while CeO2 shows a double-peaked structure originati
mainly from mixed2p4 f 05d* and 2p4 f 15d* final states
(2p denotes the 2p core hole!.17–19There is, in addition, also
a contribution from 2p4 f 25d* , mixed mostly with the
2p4 f 05d* final state, but it is smaller than the other tw
reflecting the fact that the contribution of 4f 2 in the ground
state is small because of the 4f electron-electron repulsion
U f f ~about 10 eV!. The contribution from higher 4f occupan
cies is negligible. Since the low- and high-energy peaks h
dominantly u f 1& and u f 0& character,18 respectively, they are
commonly labeledu f 1& and u f 0& for classification purposes.

The CeSi2 spectrum consists of a main WL at 5722 e
which corresponds to theu f 1& peak in CeF3 and CeO2. At
about 10 eV higher energy a small satellite is visible as
been already reported previously,20 which corresponds to the
u f 0& peak in CeO2. The presence of the high-energy satell
indicates a small presence of 4f 0 in the ground state, i.e., th
Ce valence in CeSi2 is somewhat greater than 3. Since it c
be argued that the powdering and the paraffin could in
duce external contamination, we compared a spectrum ta
in transmission on our absorber with one recorded in fl
rescence on an unpowdered single crystal: no tetravalent
purities ~which are a clear sign of contamination! were de-
tected in the former~see Fig. 1!. In fact, if the sample would
have become oxidized, this would lead to a strongeru f 0&
peak due to the presence of CeO2. From Fig. 1 it is clear that
no difference is detectable, i.e., the tetravalent contribut
in CeSi2 spectra does not arise from tetravalent CeO2 impu-
rities due to oxidation but is intrinsic.

In Fig. 2 we show the Ce-L3 spectrum for 300 K, 100 K,
and 10 K. Cooling the CeSi2 sample has the effect of in
creasing the satellite intensity with respect to the main li
We attribute this effect to a decrease of the 4f occupancy at
lower temperatures.

A qualitative analysis of the Ce valence,v, can be per-
formed based upon the simple intensity ratio between
satellite and main peak:

v531
I Satell i te

I Main1I Satell i te
. ~1!

This method is equal to the assumption that the lower-ene
peak in the Ce-L3 XAS corresponds to a pure 4f 1 configu-
ration and the higher-energy peak to a pure 4f 0 configuration
in the ground state~see, e.g., Ref. 21!. The change of the 4f
occupancy with temperature obtained using this method
shown in Fig. 3 as open squares. From Fig. 3 it is imme
ately clear that the 4f occupancy in CeSi2 exhibits a charac-
teristic temperature dependence. Below about 40 K it is c
stant and increases significantly above this temperature.

In order to extract the 4f occupation more precisely, w
make use of a simplified version of the Anderson impur
7-2
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model as introduced by Imer and Willoud22 in the zero-
bandwidth limit, based upon the fact that the intra-atom
multiplet interactions are negligible in Ce-L3 XAS spectra.9

In this model the Hamiltonian and wave functions are writt
as

FIG. 2. Ce-L3 XAS of CeSi2 at 300 K, 100 K, and 10 K. A fit
of the main peak is additionally shown~solid line! to underline the
change in intensity of the2p4 f 05d* related final state feature. Th
dashed lines represent the decomposition into the three final s
for the spectrum at 10 K as described in the text.

FIG. 3. ~a! Ce 4f occupancy, extracted from Ce-L3 XAS versus
T obtained using Eq.~1! ~open squares! and Eqs.~2!–~6! ~solid
squares!. The error bars are the standard deviation of the two fi
11510
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D , ~2!

where

Cg5u0u f 0&1v0u f 1&1w0u f 2& ~3!

for the ground state, and

C f5uf u2p 4 f 05d* &1v f u2p 4 f 15d* &1wf u2p 4 f 25d* &
~4!

for the final states.U15D andU252D1U f f for the initial
state, whileU15D2Uc f1U f d and U252U11U f f for the
final states.D denotes the charge transfer energy between
4 f and the conduction band states;V is the hybridization
between thef level and the band states.U f f , Uc f , andU f d
are the 4f -4 f , the core-hole–4f and the 4f -5d Coulomb
interactions, respectively~their values are summarized i
Table I!. The spectral intensity of each eigenvalueEf is
given by

I ~Ef !5~u0uf1v0v f1w0wf !
2. ~5!

At the bottom of Fig. 2 we have plotted a decomposition
the absorption edge of CeSi2 into the three final states a
represented by Eq.~2! for the spectrum taken at 10 K. Th
high-energy component is thef 0 final state, while the other
two are mixedf 1 and f 2 final states. Each final state itse
was represented by a Lorentzian function, with an arctan
step function describing the edge jump. To reduce the nu
ber of free parameters to a minimum, the energy separa
between the Lorentzian and the arctangent step functio
well as their intensity ratio were kept equal for all final sta
components~for details see Refs. 8 and 9!. Finally, the data
were broadened by a Gaussian function of width 1.9 eV
account for the finite experimental energy resolution. T
initial trial parameter set was estimated from 3d x-ray pho-
toemission spectroscopy~XPS! data of CeSi2. Subsequently,
the values ofU f f and Uc f were kept fixed at these value
while D, V, and (Uc f2U f d) were varied in order to achiev
an optimal fit to the XAS data. The values ofD and U f d
were constrained to be independent of temperature, lea
V as the only free variable to describe the temperature
pendence of the spectra. The values ofU f f andUc f that we
estimated from 3d XPS are representative of the bulk sin
they remain essentially unchanged at the surface.23 The fit
parameters are summarized in Table I.

tes

.

TABLE I. The parameter set used in Eqs.~2!–~6!; all values are
given in eV. The values ofU f f , Uc f , andU f d are slightly smaller
than in CeO2 ~Ref. 19! as expected from the better screening in t
metallic systems.V has been adjusted in order to fit the experime
tal data whileD has been kept constant.

V(T50) V(T5300) D U f f U f c U f d

0.92 0.6 -1.75 8.5 12.0 4.5
7-3
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Using this fitting procedure we can now easily extract
average 4f occupancy in the ground state for all tempe
tures as

nf5uv0u212uw0u2. ~6!

In Fig. 3 we have plotted the temperature dependence o
4 f occupation number,nf , deduced using this procedure,
filled squares. Again, its value is almost constant atnf50.9
below 40 K, then it increases monotonically, reflecting
decrease in 4f hybridization or increase of 4f localization.

Comparingnf(T) extracted with the two methods de
scribed above, we notice that Eq.~1! gives an acceptable
temperature dependence of the 4f occupancy, although the
absolute values obtained are not correct. At room temp
ture, Eq.~1! gives results close to the quantitative analy
described above, while at low temperatures it is marke
different. The small difference at room temperature is due
the fact that, for such low hybridizations, the satellite h
more than 99% 4f 0 character; thus the situation correspon
approximately to Eq.~1!, while at low temperatures the mix
ture between 4f 0 and 4f 1 increases. The increase in the co
figurational mixture is small but significant and influenc
the result of Eq.~1!. This shows that, in general, the 4f 1

contribution is overestimated by the application of Eq.~1!.
Returning to the results of Fig. 3, we have found that

4 f occupancy,nf , in the classical Kondo system CeSi2 in-
creases with temperature above about 40 K, while it is c
stant below this temperature. This is exactly what one wo
expect within the impurity model and shows that this mo
is able to provide a good microscopic understanding of s
Kondo systems although the 4f states are not single impur
ties. We attribute the success of the impurity model to
fact that the 4f states are spatially separated enough to
hibit a direct interaction between them. Moreover, from o
results one can derive an estimate of the Kondo tempera
TK , by a comparison of the temperature behavior ofnf as
shown in Fig. 3 and theoretical expectations based upon
Anderson model.1 This would lead to a relatively highTK of
roughly 100–140 K, which is larger than the value extrac
from PES@TK;35 K ~Ref. 2!# but closer to the values de
rived from magnetization and specific heat measurem
@TK;692132 K ~Ref. 24!#. One should take care that a
estimation ofTK would not be realistic within our simple
calculation.22 This is due to the fact that the very low-energ
excitations~i.e., the spin excitations! are not well accounted
for in the limit of infinitely narrow bandwidth.

From the data plotted in Fig. 3~filled squares! we obtain
nf(T50)50.9, which is much smaller than 0.97 extract
n

J.
y
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from PES data.2 This strong difference between the resu
from PES and XAS can be rationalized considering tha
the surface of several Ce compounds the average valen
significantly altered,25 thus leading to an almost trivalent su
face. This is true also for CeSi2 as extracted from Ce 3d XPS
data~not shown! and means thatnf(T50) is overestimated
with surface sensitive measurements while the correspon
Kondo temperature is underestimated.

The influence of the surface might also explain why it h
been deduced that the PES spectral features show no
perature scaling withTK and that their temperature depe
dence can be easily explained by means of a conventi
phonon broadening. In the review in Ref. 26, in particul
the authors argue thatnf does not scale withTK and discuss
the disagreement between PES and XAS by taking into c
sideration extensively the hypothetical existence of a sub
face layer that is different from both the surface and the bu
but leaving the problem substantially unresolved. The po
we wish to make here is that although PES is a powe
probe of such correlated electron systems~further argu-
mented by the improvement in resolution attained in the
few years!, the surface sensitivity intrinsic to the techniqu
can lead to considerable errors if one restricts the experim
tal interpretation to data from a single technique.

IV. SUMMARY

In summary, we have used bulk sensitive Ce-L3 XAS to
measure a powdered single crystal of CeSi2 and we have
shown that the Ce 4f occupancy,nf , shows a temperature
dependent behavior that is in good agreement with expe
tions from the single Anderson impurity model. The discre
ancy between our results from x-ray absorption spectrosc
and those obtained using photoemission spectroscopy m
probably arise from the surface sensitivity of the latter, i.
the surface of various Kondo systems can exhibit a phys
behavior different from the bulk.
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