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Abstract The electronic structure of CePd7 is studied using various spectroscopic techniques 
(61s. ~ ~ / X P S  and 2pIx~s). The strong delocalization of the Ce4f electrons, previously suggested 
by low-temprature specific heat and magnetic susceptibility measurements, is consistent with 
the spectra we present here. A standard LMIU band SWcNre calculntion is performed in the 
case of CePd7 and its reference compound YPd7. The bands thus determined, especially the 
last valence and first conduction bands, mostly arising from Pd4d and Ce4f states, are acNally 
hybridized: they provide a good description of the density of states at the Fermi level and a 
qualitative agreement with BIS specin. Furthermore the occurrence of satellites in m~e-level 
spenra indicates a fairly strongly comlated naNre of the 4f states in CePdT. In the next step, 
the information contained in the m density of states is used to build an impuriiy Anderson 
Hamiltonian which incorporates the various Coulomb interactions necessary to analyse the above- 
mentioned spectroscopic processes within a single set of parameter values for CePd,. Limits 
and relevance of both theoretical models are discussed. 

1. Introduction 

Extremely low values of the static magnetic susceptibility xo, the specific heat coefficient 
y and the ,yo/y ratio have been reported recently for CePd, [1,2): these values are smaller 
than those previously obtained for or-Ce and other Ce compounds. The case of CePd7 is in 
strong contrast to the heavy-fermion case [3,4] and is even at the border of the intermediate- 
valence regime [5]. In fact, the electronic density of states (DOS) that aprees with the xo/y 
ratio for CePd, compounds, i.e. x ~ / y  = 0.012 emu Kz J-‘ [2], corresponds to a system with 
fairly free conduction electrons, like in light alkaline metals, rather than a typical system of 
intermediate-valence Ce compounds. This situation suggests a very important delocalization 
of the Ce4f electrons. A similar situation has been found for bulk CeIr2 161 and CeF& [7] 
where the 4f levels should be considered to be more strongly hybridized than previously 
anticipated, in agreement with an appreciable band-like character of the Ce4f states. 

In this paper our purpose is to present a combined study of the electronic smcture 
of CePd7, as well as its reference compound YPd?, in order to better recognize the 
delocalization of the f band and its hybridized character. First we summarize joint 
experimental results on isochromat and core level spectroscopies: BIS, 3d-XPS and 2p- 
XAS (section 2). Next we calculate the DOS of CePd, (as well as that of YPd7) by using 
a standard ‘linear muffin tin orbitals’ (LMTO) band structure computation (section 3). In 
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section 4, taking into account semi-quantitatively the preceding LMTO-DOS, we propose to 
model the electronic structure of CePd7 and analyse the various experimental spectra of 
section 2 in a consistent way by using an impurity Anderson model [8-111. Finally, section 
5 is devoted to a general discussion with concluding remarks. 

2. Experimental study of BIS, 3d-XPS and 2p-XAS 

2.1. Experiments 

The sample preparation and characterization of CePd7 and YPd7 phases as the experimental 
Lru edge (2p-XAS) have been presented elsewhere [I]. BIS and 3d-xPs spectra were recorded 
in separate UHV chambers (base pressure 1 x lo-'' Ton). The samples have been cleaned 
in situ by Ar sputtering and then annealed at 400°C in order to restore the surface, avoiding 
phase separation. The sample cleanliness was checked by monitoring Xes or Auger lines. 
3d core level XPS spectra are recorded from the Al-Kor line using the V G Clam electron 
analyser (the total apparatus resolution is 0.8 eV full width at half maximum). BIS data are 
obtained at a fixed photon energy of 1487 eV (the principle of the apparatus is the same as 
in [12]). Typical incident electron current is 0.4 mA and the total instrumental resolution is 
estimated to be 0.7 eV from the width of the Cu Fermi level. The spectra are recorded while 
cooling the sample from room temperature down to 77 K in order to delay its degradation 
that occurs typically within one hour. 

2.2. Results 

The BIS spectra of CePd, and of the isostructural f-electronless compound Wd7 are 
represented with an energy scale extending 20 eV above the Fermi energy (figure 1). Similar 
structures in CePd7 and YPd7 are observed centred around 4 and 14 eV above the Fermi 
level. However, the structures close to the Fermi level are very different, since a large peak 
is observed for CePd7 at 1 eV, whereas only a small peak emerges from the Fermi edge in 
the case of YPd7. These features will be discussed in more detail in section 5. 

The experimental Ce3d-xps spectrum is reported on figure 2. The complicated line 
shape is typical of Ce mixed valence systems. In order to have a qualitative understanding 
of such spectra, one has to consider that the ground state is a mixture of nearly degenerate 4fo 
and 4f' configurations, whereas, because of screening effects, the 4 p  and 4f' are stabilized 
in the presence of a 3d core-hole. Moreover, this manifold of final state split lines is 
replicated by the spin-orbit splitting of Ce3d core levels (about 18 eV) in the present case. 
The corresponding assignment of the peaks is labelled on figure 2. Notice the overlap 
between 3d5p4f0 and 3d3124P final states. The separation between the 4fo and the 4f' 
peak gives an estimation of the Coulomb interaction (Clef) between a 4f electron and the 
core-hole; the separation 4f2-4f' amounts roughly to the difference U e U f i  (U, denotes the 
Coulomb interaction between f electrons). Quantitative calculations within the Anderson 
impurity model [8,10] (see section 4) show that the relative intensity of the 46' peak is 
related to the importance of the hybridization between 4f and conduction states and that it 
scales with the fractional occupancy of 4f orbitals in the ground state. 

Finally the measured Llrr XAS edge of Ce in CePd7 is given in figure 3. In common 
with other mixed valence Ce systems, the XAS spectrum exhibits a double-peaked structure 
[9,10]. The interpretation of these data is similar to the previous one, the 4fo peak appearing 
around 5732 eV and the 4f' around 5725 eV. However, one should notice the exceptional 
intensity of the 4fo structure since a phenomenological analysis of the line shape leads to a 
Ce valence U N _  3.5 [l]. 



Electronic structure, EIS, core XPS and ms in CePd7 5843 

. .  
-14 18 

Energy (eV) 

i J 

Figure 1. Experimentd BE of CePd, (upper curve) and 
YPd7 (lower  curve).^ 

0.0 
5700 5720 5740 5760 

Energy (eV) 

df: 4fl , . r , 3 ' 3 / 2 ,  I 
I 

3&/2 

880 890. 900 910 920 
Binding ene rgy  (eV) 

Figure 2. ExpedmenW Ce3d-XPS of CePd, =corded 
with Al-Krr radiation (hv = 1487 eV). 

Figure 3. Experimental Ce LRI XAS of CePd7. 

3. Energy band calculation 

The LMTO method 1131 in atomic sphere approximation (ASA), with combined corrections 
included, has been successfully used to calculate the elec!mnic structure of RPd3 (R = 
Y, Ce) T.141. Most of the observed physical properties of RPd3 were well explained in 
an energy band scheme. A similar theoretical study is extended here to Wd7. The RPd7 
compound is composed of eight FCC sublattices [I51 with 8.096 .& and 7.940 .& as the lattice 
constants for CePd7 and YPd7 respectively [l ,  161. Each R atom is surrounded by 12 Pd 
nemest neighbours (NN). Out of 7 Pd atoms, one Pd (Pd I) has 12 Pd NN atoms whereas 
each Pd (Pd 11) of the remaining six has 2 R and 10 Pd NN atoms. The starting atomic 
potential is constructed with 4fL 5d0 6sz for Ce, 4d' 5sz for Y and 4d" 5s' for Pd as the 
conduction electrons. The core levels are considered frozen. We consider the muffin tin 
orbitals of angular momentum s, p, d and f for each atom. The exchange correlation of van 
Barth-Hedin [I71 is used as the local density approximation (LDA). 
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Figure 4. Total DOS of ( U )  CePd7 and (b) YPd7 obtained from LWO band calculation. 

Table 1. Total DOsfeV at the Fermi level ~ ( E F ) ,  contributions from different atomic spheres 
~ ' ( E F )  o( = R, Pd I, Pd 11). charge variation AQX in the X atomic sphere and 'a' ,  the 
wmpnding lanice constants in atomic units. 

YPdl CePd7 

WF) 7.287 5.706 
nR(Ed 0.076 1.066 
np" ' ( E F )  0.970 0.831 
nw " ( E F )  1.040 0.634 
A Q ~  1.050 1.122 
A Q ~  -0.040 -0.084 
AQwL1 -0.168 -0.173 
" @U) 15.009 15.304 

In figures 4(a) and (b)  we present the total Dos/eV cell in CePd7 and YF'd7 respectively. 
Figures 5(a) and (b)  show the local DOSS in the Ce atomic sphere (AS) and the Y AS for 
these compounds. In table 1 we give different DOSS at the Fermi level and the charge 
variations in different ASS for CePd7 and YPd7. In the case of CePd7 there is an intense 
high density peak (figures 4(a) and 5(a)) in the unoccupied region just above the Fermi 
level at a distance of 0.55 eV. This peak is of Ce4f origin (figure 5(a)). This structure is 
obviously absent in YPd7 (figure 5(b)). Towards the higher-energy side the empty states 
are mainly of R5d origin. When the BIS of YPd7 and CePd7 (figure 1) are compared, the 
intense peak, just at the threshold, observed in the case of CePd7 is readily understood from 
the present band scheme. 

It is interesting to note that ~ ( E F )  in CePd7 is smaller than the corresponding value 
in YPd7. This entails a smaller specific heat coefficient, y ,  for CePd7 than for YPd7, in 
agreement with the experimental results [I]. Notice that, in the case of RPd3, it was found 
that y(CePd3) > y(YPd3) 1141. From energy band calculations, it appears that the 4f states 
are less localized in CePd7 than in CePd3 [I41 and thus the mixed-valence effect observed in 
CePd3 is absent in CePd7. One should notice that the shape of this L I ~  edge is exceptional 
for Ce compounds as far as the intensity of the 4P structure is concerned. 

4. Impurity Anderson model and theoretical analysis of the spectra 

A theoretical analysis of BIS, 3d-XPS and 2p-XAs for CePd7 compounds is here performed 
within the impurity Anderson model and in the lowest approximation of the l/Nf expansion. 
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Figure 5. Partial DOS of (a) CePd? in the Ce atomic sphere: and (b) YPd7 in the Y atomic 
sphere; s, p. d and f symmetries appear respectively as dotted (. . . . . .), dashed (- - - -), continuous 
(-) and dashed-doaed (- . -) curves. 

We~represent the total DOS of CePd7 (figure 4(a)) obtained in section 3 by an electron 
system consisting of an almost filled valence band (VB; essentially: Pd4d states), an empty 
conduction band necessary for the absorption process (CB; for simplicity: CeSd states) and 
a Ce4f level as well as a Ce core level (3d or 2p levels for XPS or XAS, respectively). The 
Hamiltonian of the system is then expressed as 
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where EVB(~) ,  E C B ( ~ ) .  6: and ec are the energies of the VB, CB, 4f level and core level, 
respectively; a&,(k; U), azB(k),  a:(u) and a,+ are the electron creation operators in these 
states. Here k denotes the index of the energy level (k = 1, . . . , N) in the VB and CB and U 
specifies both the spin and orbital degeneracies (U = 1,. . . , Nf = 14). V is the hybridization 
between the Ce4f level and the VB Pd4d states. U* is the Coulomb interaction between 
4f electrons whereas -U, (-U&) is the core-hole potential acting on the Ce4f electron 
(CeSd electron): c = 3d for XPS, c = 2p for XAS and a;a, = 1 in the initial and final 
states of BIS. The spin and orbital degeneracies in cC and each of c c B ( k )  are disregarded, 
since they are not essential in the present analysis. In the calculation we confine ourselves 
to the subspace containing 4p0, 4f'L and 4PLz configurations in the ground state where L 
labels a hole in the VB. Also the realistic bands of section 3 are replaced by finite numbers 
of levels, the energies of which are 

W B ( k )  = (VB - Wv/2 + (k - 4) Wv/ N c c B ( k )  = €& - Wd/2 + (k  - ~ I ) W d / N  1 

where the half-widths W, and W, of the VB and CB are semi-quantitatively taken according 
to the preceding band structure. calculation (see table 2). We denote the ground state of H 
with the energy E, and with @a, = 1 by Ig). For the BIS process, when one electron is 
added above the Fermi level due to the incident electron, the system state changes to the 
final state of the BIS: /f(BIS)) with energy &(BE) and the corresponding spectrum is 

For simplicity, we disregard the creation of a CeSd electron (a,$@)) in BIS. When a 3d 
core electron is excited (by absorbing an incident photon) to a high energy photoelectron 
state, the state lg) changes to the final state of the ~ ~ - x P s ,  If(xPs) with aza, = 0 and with 
the energy Ef(XPS); the corresponding spectrum is then 

FXPS(EB) = I(f@Ps)la&)l*L(EB - Er(Xps) + E& 
f 

Finally when a 2p core electron is absorbed into the CB CeSd states, the system state Ig) 
changes to the final state of the Lnr-XAS, If(xAs)), with the energy Ef(XAS) (and with 
a,+& = 0); the absorption spectrum is 

In the final states of the absorption process, the Coulomb interaction -U, between the 
absorbed CeSd electron and the 2p core hole is taken into account as well as Ufd between 
the 5d and 4f electrons. 

In all spectroscopic spectra L(X) = r/[r(X2 +rZ)]. In FXPS and FX*s the broadening 
r is given in table 2. In &S. the spectral broadening r is replaced by I" = r,,+rll E-eFI2 
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Table 2. Parameter values of the impuriry Anderson model (eV) and calculated ny. 

CePdr ~ Value 
Parameter (eV) 

<;-~EF ,-U 
Urc 10.9 
Uff 6.8 
Ufd 1 .o 
UdC 2.0 
V 0.53 
wv 6.0 
Wd 6.0 
r 1.8 
rll 0.48 
rI 0.031 
nr 0.73 
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where eF is the Fermi energy which is taken at the top of the VB ( E F  = E& + Wv/2), and 
(ro, rl) are also given in table 2. 

The calculated results for BIS, 3d-XPS and LIE XAS are shown in figures 6, 7 and 
8, respectively. The origin of the abscissa of figures 7 and 8 is taken arbitrarily. The 
parameter values, used in the calculations, are listed in table 2. From these parameter 
values, the average 4f electron number in the ground state is estimated to be nr = 0.73. For 
3d-XPS and L111 XAS, the background contributions (the broken lines in figures 7 and 8) are 
taken into account by the expressions 

BxAs(o) = C'Lmexp[--u(r - A)]Fxps(w - €)de 

where C ,  C', 01 and A are taken appropriately as adjustable parameters. 

BIS of CePd-r 

E - EF ( eV)  
Figure 6. Calculated BIS (f contribution) of CePd? 
within the impUriry Anderson model. 

X P S  of CePd-/ 

------ 
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The reason why the experimental 4 eV BIS peak does not show at all in the impurity 
Anderson model calculation is that ~ this peak originates mainly from the Ce5d band 
contribution which has been disregarded in the (BIS) Anderson model but is clearly seen 
in the band calculation. In our calculations, the parameter values (table 2) are estimated 
to best reproduce the experimental result of 3d-XPS. Then, the agreement between theory 
and experiment is less satisfactory for BIS and L I ~  XAS; the higher energy component of 
BIS is too strong, and the higher energy peak of Llrr XAS is too weak, compared with the 
experimental data. Some discussion on this point will be given in section 5. 

5. Discussion and concluding remarks 

We want now to address the limits and relevance of the above-proposed theoretical models 
(Anderson impurity and band structure calculation) in order to describe the properties of 
CePd7 and related compounds. As mentioned in chapter 3, band structure calculations 
provide estimates of the density of states at the Fermi level a(&) in fairly good agreement 
with experimental values of the magnetic susceptibilities and Sommerfeld coefficients for 
CePd7 and YPd7. However, the electrons at the Fermi level are mainly of s - p d  origin, so 
that, from the analysis of the band structure, E(&) is mainly representative of the filling 
of the Pd4d bands. Fruitful information is obtained from the comparison of calculated and 
experimental density of empty states. The upper part of figure 9 represents, from top to 
bottom, the total DOS in CePd7, the s-pd DOS in CePd-, and the total DOS in YPd7 (the 
theoretical DOSS of CePd-, and YPd7 have been truncated at the Fermi level and convoluted 
with a Gaussian function (FW = 0.7 eV) in order to enable the comparison with experiments). 
The lower part represents (also from top to bottom) the experimental BIS of CePd7, the 
experimental BIS of YPd7 and the difference in these two spectra in order to extract the 4f 
contribution in the density of empty states. The good overall agreement between theory and 
experiment allows us to assign: 

(i) the bump close to the Fermi level in YPd7 to the vacant states in Pd4d bands; 
(ii) the intense peak in CePd-, to the 4f states: 
(iii) the broad feature at 4 eV to the nearly empty 5d bands of the Ce or Y element. 

A closer inspection of the data reveals a quantitative discrepancy since the Ce4f band 
is predicted at 0.55 eV whereas its experimental position is (1 & 0.1) eV. Note that 
the experimental position agrees with the 4p + 4f' transition observed in similar Ce 
compounds (CeCo2 [IS], CeRu2 1191 or CeRhs [ZO]). 

Moreover, firstly, the calculated 4f bandwidth amounts to a fraction of an eV, a 
value roughly an order of magnitude smaller than reasonable estimates obtained from f-f 
correlation energy in Ce systems, and secondly, satellites are observed in core-level spectra 
which cannot be explained in a one-electron scheme. Therefore, band structure calculations 
are not expected to explain all the details in the electronic structure of CePd-,. 

On the other hand, the impurity Anderson model should be a valid starting point 
to describe some properties of CePd7 since the direct f-f overlaps are extremely weak 
due to the peculiar crystallographic structure. However the impurity model is better 
for corelevel spectra (3d-xps, Lm XAS because of core-hole localization) than for BIS. 
Model calculations presented in the previous section provide an overall description of the 
spectroscopic experiments with a single set of parameters. A quantitative agreement is 
obtained for the 3d-XPS spectrum whereas the BIS spectra seem to be better described by 
the band calculation than by the impurity model. According to figure 6, the position of the 



Electronic structure, BlS, core XPS ond XAS in CePd:. 5849 
- 

X A S  of CePd7 

I---. 

h 

J P b  I 
-2.0 0.0 2.0 4.0 6.0 8.0 

Energy (eV) 
Figure 8. Calculated Ce Lm XAS of CePdl 
within the impurity Anderson model aid including 
a background conebution. 

Figure 9. Comparison of experimental BIS and theoretical 
LMTC densities of empty electmitic states for CePdj and 
W d l ,  these last densities having been truncated at the 
Fermi level and folded with a Gaussian function (see text): 
from top to bottom, the three upper CUNS represent the 
fowl DOS in CePdr, the s-pd DOS in CePdl and the total 
DOS in YPdj whereas the three lower curves represent the 
experimental BIS of CePdl (figure 1) the experimental BIS 
of YPd7 (figure I) and the difference between these two 
last spectra. 

4f' + 4f' peak (0.25 eV) is too close to the Fermi level, and the 4f' + 4 P  peak (near 
6 eV) is unresolved in the experimental data mainly because its relative intensity is weak 
and because it overlaps strongly with band states. ,This may indicate that the 4f state of 
CePd-, is delocalized, and that the impurity Anderson model, with the present parameter 
values, overestimates the correlation effect of the 4f electrons. Another remaining problem 
is the relative intensity of the high energy 4f' peak of the Lnr edge (see figures 3 and 8) 
which is too weak in the calculated spectrum. Two directions could be followed in order 
to solve this last discrepancy: 

(i) a surface contribution from yCe up to about 40% cannot be ruled out in XPS data. 
Jf we take into account the surface contribution to 3 d - x ~ ~ .  the estimated 4f' weight in the 
ground state of the bulk system will increase, and then the 4t0 peak intensity of LllI XAS 
will also increase; 

(ii) the Anderson Hamiltonian parameters should be renormalized to take into account 
final state configuration and/or core hole effects [211. This last point can be in principle 
relaxed from an ab initio calculation of the Anderson model parameters [21] but is beyond 
the scope of the present study. 

To conclude, we have presented an experimental and theoretical study of the electronic 
structure of RPd7 compounds (R = Y, Ce). This problem is particularly interesting because 
hybridization effects are expected to be large [ l ,  21 and because the chemical content of the 
rare earth is low (12.5%) so that the one impurity Anderson model is expected to be a valid 
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approximation. We observed that band structure calculation provides a good description of 
the density of states at the Fermi level and a qualitative agreement with BIS spectra; this 
indicates the delocalization or hybridization of Ce4f level. However, the occurrence of 
satellites in core level spectra and the estimated ratio UE/ Wf = 10 lead us to the conclusion 
that 4f states are fairly correlated in CePd, although a quantitative description using the 
Anderson model is questionable especially for BIS. Also surface effects should probably be 
included to interpret L I ~  XAS and renormalization of the parameters should be taken into 
account for each spectroscopy. A more accurate theoretical study would require a more 
difficult ab initio investigation. This conclusion agrees with a recent reinterpretation of the 
BIS data of the related compound CeF& [7] that has been recently proposed [ZO]. 
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