
UNIVERSITE DE NEUCHATEL FACULTE DES SCIENCES 3C? 

ETUDE PA R S EC TROSCOPIE 

D 'ELECTRONS DES CO UCHES 

f INCOMPLETES DANS 

L ES SOL IDES 

FORME REDUITE DE LA THESE 

présentée à la Faculté des Sciences 

pour l'obtention du grade de docteur es sciences 

de l'Université de Neuchâtel 

par 

Eric Wuilloud 

Physicien diplômé 



IMPRIMATUR POUR LA THESE 

Etude}...par spectroscopic d'électrons des 

couches..f...inçomp.lêtes dans...les...solides 

de M oxisieur...Eric...Nuilloud 

UNIVERSITÉ DE NEUCHATEL 
FACULTÉ DES SCIENCES 

La Faculté des sciences de l'Université de Neuchâtel, 
sur le rapport des membres du jury, 

.MMr...2e.s.prQ.fes.se.ur.s....y.....B.a.e.r.,....E....Mar.tino.li,. 

.H~....Beçk ..et...P,,. ..Wächter....(Zur ich). 

autorise l'impression de la présente thèse. 

Neuchâtel, le 4..décembre..19.85. 

Le doyen: 

François Sigrist 



PUBLICATIONS QUI CONTIENNENT L'ESSENTIEL DE LA THESE 

Wuilloud E., Baer Y1, Maple M.B. 1883 Phys. Lett. 97A 65 

Wuilloud E., Moser H.R., Schneidet WÏD., Baer Y.; 1983 Phys. Rev. B 28 

7354 

Wuilloud E., Baer Y., Ott H.R., Fisk Z., Smith J.L. 1984 Phys. Rev. B 

29 5228 

Wuilloud E., Schneider W1D., Delley B., Baer Y., Hulliger F. 1984 J. 

Phys. C: Solid State Phys..17 4799 

Schneider W.D., Wuilloud E., Delley B., Baer Y. 1985 Physica 130B 144 

Wuilloud E., Delley B., Schneider W.D., Baer Y. 1984 Phys. Rev. Lett. 

53-202 

Wuilloud E., Delley B., Schneider W.D., Baer Y. 1984 Phys. Rev. Lett. 

53 2519 

Wuilloud E., Delley B'., Schneider W.D., Baer Y. 1985 J. Magn. Magn. 

Mat. 47 & 48 197 ,... ,_,. .. .,.M .-, 

Schneider W.D., Delley B., Wuiiloud E.,. lmer\J.'M., Baer Y. 1985 Phys. 

Rev. B 32 6819 

Le texte complet de la thèse est déposé à la bibliothèque de l'Univer­

sité de Neuchâtel ainsi qu'à la bibliothèque de l'institut de physique 

de cette Université. 



Volume 97 A, number 1,2 PHYSICS LETTERS 8 August 1983 

EVIDENCE FOR THE TETRAVALENCE OF CERIUM IN CeRu2 ^ 

E. WUILLOUD, Y. BAER 
Institut de Physique, Université de Neuchâtel, CH - 2000 Neuchâtel, Switzerland 

and 

M.B. MAPLE 
Institute for Pure and Applied Physical Sciences, University of California, San Diego, La Jolla, CA 92093, USA 

Received 3 February 1983 
Revised manuscript received 3 June 1983 

The conventional analysis of XPS core level spectra of CeRu2 yields a picture of the 4f states which is difficult to recon­
cile with other results. The validity of this kind of interpretation urgently needs to be re-examined critically. In contrast, 
Bremsstrahlung isochromat spectroscopy (BIS) measurements on CeRu2, reported herein, suggest that Ce is nearly tetra-
valent 4f° configuration) in this compound. 

The electronic structure of Ce has recently been the 
subject of numerous experimental and theoretical stu­
dies [1—3], but one has to admit that no concensus 
has emerged as yet. Even the fundamental question of 
the occupation and energy of the 4f levels in Ce is still 
a matter-of debate and has yet to be resolved. The pic­
tures of the electronic states deduced from different 
types of observations (thermochemical data, spectros­
copic results, atomic volume, magnetism, supercon­
ductivity) are hard to reconcile. A typical example of 
this confusing situation is provided by CeRu2. 

'A few years ago, the absence of a local moment, the 
collapsed atomic volume and the superconductivity 
observed in this compound were considered as symp­
toms revealing unambiguously the 4f° configuration 
(tetravalence) of Ce ions in CeRu2 [4,5]. However, 
only a few of the more recent studies have yielded in­
formation supporting this view. It has been predicted 
by a thermodynamical cycle that the energy of this 
metallic compound is lower for tetravalent Ce than for 

* This work is supported at the Physics Institute of Neuchâtel 
by the Swiss National Science Foundation and at the Uni­
versity of California, San Diego, by the U.S. Department of 
Energy under Contract No. DE-ATO3-76ER70227. 

trivalent Ce [6]. Mössbauer spectra of 99Ru in XRu2 

(X= La, Ce, Pr, Th) show a single absorption line ex­
cept for CeRu2 and ThRu2 where a doublet is observed 
[7]. This is attributed to a quadrupole splitting reveal­
ing a much larger electric field gradient at the Ru sites 
produced by the tetravalent Ce and Th atoms than by 
the other trivalent rare earth atoms. 

On the other hand, the Ce atomic radius in this 
compound is comparable to that of 7-Ce which is at 
least accepted to be not tetravalent. For this reason 
an intermediate valence between 3 + and 4+ has been 
assumed in CeRu2 [1,8]. Born—Haber cycles applied 
to many Ce compounds including CeRu2 lead to the 
conclusion that a simple description of the valence 
of Ce is not compatible with the available thermo­
chemical data [9]. It is assumed that the 4f states con­
tain a part with itinerant character that contributes to 
the cohesion in all compounds traditionally considered 
to be tetravalent. Systematic studies of Ce Ljj and L111 

absorption edges have been diversely interpreted: they 
have been claimed (a) to reveal a fractional valence ex­
cluding the existence of pure 4+ states in all compounds 
expected to be tetravalent (even in CeO2 !) [10], (b) 
to be inadequate for differentiating tetravalent from 
mixed valent Ce ions [11] and, finally (c) to provide 
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a suitable tool for distinguishing the different valences 
of Ce [12,13]. Resonant photoemission spectra of 
CeAl3 and CeRu2 have been recently compared [14]. 
The similarity of the behaviour of the structures attri­
buted to 4f states is found to be unmistakable so it is 
suggested that CeRu2 may be mixed valent. 

The discrepancies and uncertainties affecting the 
different predictions of the 4f population in CeRu2 

can be considered as a typical example of the rather 
systematic lack of consistency emerging from the nu­
merous Ce compound studies. The aim of the present 
letter is to show by comparing data of CeRu2 to those 
of other compounds that even if core level spectro­
scopies yield misleading results, a spectroscopy popu­
lating exclusively the levels which are unoccupied in 
the ground state appears to provide unambiguous in­
formation about the 4f shell occupation. 

The polycrystalline CeRu2 sample, which was pre­
pared by arc melting, was the same one used in a recent 
resonant photoemission study [14]. Clean surfaces 
were obtained in situ by scrapping with an Al2O3 file 
as often as necessary in order to eliminate from the 
outer level spectra the intensity which was found to 
be correlated with an increase of the contamination 
monitored by XPS core levels. Surprisingly, oxygen 
contamination on the surface was found to accumulate 
much faster than expected in a surrounding vacuum 
better than 1O -11 Torr. We attribute this observation 
to the diffusion of dissolved oxides from the bulk. The 
combined XPS-BIS apparatus has been described pre­
viously [15,16]. Fig. 1 shows a comparison of the Ce 
3d core level spectra of CeRu2, CePd3, and 7-Ce. In 
the lower part, a computer fit (full line) of the spec­
trum of CePd3 [17] has been superimposed in order 
to emphasize their similarity. The evolution of the 
background toward higher binding energies is not quite 
identical but the intensity ratios of the different struc­
tures do not show pronounced differences. This kind 
of spectrum is currently observed for any sample sup­
posed to contain tetravalent or mixed valent Ce atoms. 
Its most characteristic feature is the presence of two 
peaks (A) usually interpreted as 3d^/2^/24f° final states 
and roughly separated by 10 eV from the structures (B) 
attributed to the 3d94f1 multiplet final states. This en­
ergy separation between final states with different 4f 
populations is correctly predicted by renormalized-atom 
calculations [18]. More detailed analysis of such spectra 
[19] have been proposed where, in addition, the struc-
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Fig. 1. 

tures (C) have been attributed to 3d94f2 final states. 
Qualitatively, this description seems to be quite satisfac­
tory but it raises a very puzzling question. It is wel estab­
lished that XPS core level spectra do not reflect quite 
faithfully the initial configuration but no convincing ex­
planation can be found for the fact that the XPS struc­
tures (A), commonly assigned to the 3d94f° final states, 
have usually a very weak intensity when compared to 
other structures. A theoretical calculation taking into 
account the hybridization between f and conduction 
electrons has been performed in order to predict the 
probabilities of the different final state configurations 
in core level XPS spectra [20]. Within this framework 
the 4f degeneracy is neglected, a rather extreme hybri­
dization is necessary to explain the spectra of CePd3. 
If this type of interpretation is correct, one obviously 
has to conclude that Ce also has a mixed valence in 
CeRu2. Another theoretical approach [21] in the in­
finite 4f degeneracy limit yields results which agree 
with the 3d spectrum of CeRu2 when a hybridization 
energy of 0.1 eV and an initial 4f population of about 
0.8 are assumed. In this connection it is interesting to 
consider the situation encountered in the 3d and 4d 
spectra of CeO2 [22] where the peaks traditionally 
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interpreted as accounting for 4f° final states represent 
less than half the total intensity. One could conclude 
that CeO2 is mixed valent but this seems unlikely [23]. 
The cluster calculations performed for analyzing the 
XPS spectra of CeO2 [22] yield energies not exceed­
ing 2.15 eV for O 2p ->• Ce 4f shake-up processes. The 
remaining high binding energy peaks have been tenta­
tively interpreted as 5p -*• «p excitations. A compari­
son of 3d XPS and ELS spectra of CeRu2 plotted on 
a common energy scale shows that the assignment of 
the different peaks observed by these two techniques 
is by far not obvious [24] * ' . It has also been observed 
that the temperature dependence of the intensity dis­
tribution among the diffent peaks of 3d and 4d spectra 
of CePd3 predicts that Ce becomes purely trivalent at 
low temperature [25]. This result is completely at va­
riance with the valence changes deduced from all other 
techniques. A careful investigation of the trend of these 
3d spectra for decreasing temperature reveal a striking 
increase of the intensity ratio of the main peak to the 
satellite structure (labelled B and C in the spectra of 
CeRu2 and CePd3, fig. 1). In 7-Ce, the strong peak (B) 
is commonly attributed to the 4f1 configuration, as 
expected in the sudden approximation, and the weak 
peak (C) to a 4f2 final state resulting from a shake-down 
process. It is also worth noting that the 3d spectrum 
of 7-Ce contains flat structures (A) of sizable intensity 
between 908 and 915 eV which can also be observed 
in the spectra of other authors [19]. Their presence 
can call into question the existence of a pure 4f* ini­
tial configuration of the fact that a 4f° initial confi­
guration can be unambiguously revealed by some 
intensity in that region of the spectra. At the present 
time it does not seem possible to reconcile all these 
contradictory observations. 

Let us now consider the spectra of fig. 2 accounting 
for direct emission (XPS) or occupation (BIS) of the 
states around the Fermi energy. Such XPS spectra (left 
panel) have already been discussed at great length [17]. 
The main difficulty encountered in their interpretation 
arises from the low occupation and the relatively mod-

** The 3d ELS spectrum of Ce (supposed to be nearly tetra-
valent in CeRu2) can be expected to account essentially 
for 3d94f1 final states. In fact it does not contain any in­
dication of the main XPS 3d peaks (B), but shows only 
structures coinciding perfectly with the structures (C) in 
fig. 1-
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est photoionization cross-section of the 4f states com­
pared with those of band states of other symmetries. 
Even in the XPS spectrum of 7-Ce which offers the 
most favourable situation, an unambiguous assignment 
of one of the structures to the emission of -the 4f* state 
remains somewhat hazardous. In the compounds, any 
identification becomes impossible without comparison 
with the spectra of the corresponding lanthanum com­
pound. On the contrary, the density of unoccupied 
states in a small energy range above E^ is dominated 
by the nearly or completely empty 4f shell. Therefore, 
it is much easier to investigate the valence of Ce by 
electronic processes increasing the population of the 
4f shell rather than by photoemission. 

Bremsstrahlung isochromat spectroscopy (BIS or 
IP : inverse photoemission) is the most direct techni­
que for probing empty states [26]. A beam of electrons 
(~ 1500 eV) impinging on the sample populates the 
corresponding high-lying levels. Their strong interac­
tion with the potential in the solid induces radiative 
processes to empty states above Ep. In BIS, the inten­
sity of the resulting X-ray emission is recorded at a 
fixed energy so that it corresponds to a well-defined 
final state which can be varied simply by sweeping the 
beam energy. XPS and BIS intensities can be inter-
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preted within the same framework since they corre­
spond to perfectly symmetrical processes. The right 
panel of fig. 2 shows the BIS spectra of 7-Ce, CePd3 

[17] and CeRu2- For all pure rare earths metals these 
types of spectra have been succesfully analyzed with 
the intensities predicted by the fractional parentage 
coefficients [27,28]. In particular, the main structures 
above 3 eV in the spectrum of 7-Ce can be unambigu­
ously attributed to the discrete 4f2 final states and can be 
used as a safe fingerprint revealing the 4f1 initial confi­
guration of the Ce atoms. The intensity just above Ep 
is anomalously large compared with that of La [28]. 
It is possibly due to a small contribution originating 
from tetravalent Ce atoms at the surface. At least two 
of the three structures observed in the BIS spectrum 
of the mixed valent CePd3 are easily interpreted : The 
4f2 final states are observed at energies larger than 
3.5 eV and are slightly shifted away from Ep when 
compared with those of 7-Ce, the two Aï1 final states 
2F3Z2 and 2F7^2 appear as a single peak which is pinned 
at Ep as expected in a mixed valent compound. The 
middle peak, previously ascribed tentatively to a sur­
face chemical shift [17] is more likely to be attributed 
to empty d band states. The simplicity of the BIS 
spectrum of CeRu2 is striking. It contains a main peak 
showing the featureless shape of the 4f* final states 
which cannot be confused with the characteristic 
shape of 4f2 final states. The fact that this peak is lo­
cated a few tenths of an eV higher than in CePd3 sug­
gests that the initial configuration of the Ce ions in 
CeRu2 is nearly pure 4f°. This conclusion is supported 
by the apparent absence of 4f2 final states around 5 
eV. Although a weak bump is observed in the 4f2 re­
gion of the spectrum, its intensity has been found to 
correlate with the O Is intensity. 

Therefore, we attribute this weak signal to residual 
contamination, probably Ce2O3, which could never 
be completely eliminated. In our opinion, the BIS spec­
trum provides strong evidence for the tetravalence of 
Ce in CeRu2. The BIS process is by far simpler than 
the transitions involved in any core level spectroscopy. 
The resulting final state perturbation is much weaker 
and would not be suspected to induce a large contri­
bution attributable to final states other than those 
corresponding simply to the single occupation of the 
levels vacant in the ground state. The contrast between 
the conclusion which can be drawn from BIS and XPS 
core level spectra is striking and puzzling. We believe 
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that the assingment of the different states of a Ce atom 
containing a deep hole or the probability to observe 
these states in core level spectroscopies urgently need 
to be re-examined critically. Furthermore, the theoret­
ical models proposes to explain these apparently con­
tradictory results will have to be used to predict BIS 
spectra. Resonant photoemission has been claimed 
quite often to be a suitable tool for studying the oc­
cupation of the 4f shell in Ce. Considering the impos­
sibility of finding any conclusive difference between 
the 3d spectra OfCePd3 and CeRu2 (fig. 1), in spite 
of their very dissimilar BIS spectra (fig. 2), we believe 
that resonant photoemission spectra of Ce compounds 
[14] might be affected by a similar ambiguity requir­
ing a more circumspect interpretation. 
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Electronic structure of y- and a-Ce 

E. Wuilloud, H. R. Moser, W.-D. Schneider, and Y. Baer 
Institut de Physique, Université de Neuchâtel, CH-2000 Neuchâtel, Switzerland 

(Received 29 August 1983) 

The y-a phase transition in cerium metal has been studied by temperature-dependent bremsstrahlung 
isochromat, core-level x-ray photoemission, and electron-energy-loss spectroscopy. The experimental 
results can be coherently analyzed within the many-body formalism of Gunnarsson and Schönhammer. 
We find that the /occupation nj is reduced by —15% while the /conduction-electron hybridization A in­
creases from A = 25 meV to A = 60 meV upon the y-a phase transition. Thus the change in the coupling A 
is concluded to be the driving mechanism for the y-a phase transition in Ce metal. 

The y-a phase transition of metallic cerium has been a 
puzzling subject for a great^numb'er of experimental and 
theoretical efforts.1-3 Answering the fundamental questions 
of Af occupancy, 4/hybridization width, and 4/energy posi­
tion in the metal has been tried from a variety of different 
experimental observations (thermochemical data, spectro­
scopic results, atomic volume, magnetism, superconductivi­
ty) with the aid of numerous elaborate theoretical models, 
but so far no consensus has emerged. For instance, 
Martensson, Reihl, and Parks4 were able to rule out the 
promotional model for the y-a phase transition on the basis 
of their valence-band photoemission data on Ceo.çTho.i. 
However, their experiments did not allow explanation of the 
nature of the phase transition. Later on, Wieliczka, 
Weaver, Lynch, and Olson5 explained observed features in 
their photoemission spectra by increased hybridization of 
the 4/wave function upon., entering the a phase. But, as 
has already been admitted by, the authors of Ref. 4, the 
spectroscopic results clearly establish the need for theoreti­
cal focus on the nature of the excited states resulting from 
photoemission and other spectroscopies. Recently, after a 
first step by Oh and Doniach,6 such a theory was presented 
by Gunnarsson and Schönhammer (GS).7 Using a slightly 
modified version of the Anderson impurity Hamiltonian and 
taking into account the degeneracy Nf of the f level (which 
was not considered by the authors of Ref. 6) GS center 
their discussion on the population nf of the f level and its 
coupling A to the conduction states. Comparison with x-ray 
absorption spectroscopy (XAS)8 and x-ray photoemission 
spectroscopy (XPS)9 experiments on Ce-metal and a 
number.of Ce intermetallic compounds indicated substan­
tially different values for tif and A than generally assumed. 
These results shed new light on the possible driving 
mechanism of the y-a phase transition in Ce and therefore 
initiated a new spectroscopic study of this unusual metal 
employing bremsstrahlung isochromat spectroscopy (BIS), 
XPS, and electron-energy-loss spectroscopy (EELS). 

In this Rapid Communication we present the results of 
this study for a- and -y-Ce. In particular, different spectral 
responses are found for the three spectroscopies used, indi­

cating the differences between the realized final states. 
While the BIS and XPS spectra vary markedly for the two 
phases, the EELS spectra are nearly identical. We show that 
these discrepancies can be understood satisfactorily within 
the GS model. An analysis of our data in terms of this 
model reveals only small /-count changes (reduction of 
~ 15%) but a large increase of the /-hybridization width 
from 25 to 60 meV upon the y-a phase transition. There­
fore it is argued that the change in / conduction-electron 
hybridization is mainly responsible for the y-a phase transi­
tion in Ce-metal and not the change in the / occupation. 
These findings are consistent with previous positron annihi­
lation,10 Compton scattering,11 and muon spin rotation mea­
surements.12 

The samples of y- and a-Ce were obtained in situ by re­
peated evaporations of Ce onto a polished Cu plate at room 
temperature and at liquid-nitrogen temperature (80 K), 
respectively. The pressure did not raise above I x 10 - 1 0 

Torr during the evaporation process. At 80 K the film is 
essentially composed of a-Ce; the presence of other phases 
is negligible.5 The measurements were performed in a com­
bined XPS-BIS-EELS apparatus13/14 in a vacuum of 1 xlO - 1 1 

Torr. Under these conditions, no oxygen contamination 
could be detected (by monitoring the O l s region with XPS) 
during data acquisition (10 h). 

The BIS spectra of a- and y-Ce are shown in Fig. 1. The 
spectrum of -y-Ce is identical to the one obtained in an ear­
lier work.15 The main structure, centered between 3 and 7 
eV above the Fermi energy, was attributed to transitions to 
4/ 2 final-state multiplets, also indicated in Fig. 1 by the bar 
diagram. Thus, as generally accepted, y-Ce was considered 
to be trivalent with an / occupation number «/ — 1 in the 
initial-state configuration. The spectrum of a-Ce, displayed 
in the upper part of Fig. 1, differs remarkably from the one 
of y -Ce by the narrow line of 0.9 eV full width at half max­
imum (FWHM) just above the Fermi energy. Under the 
assumption that this peak corresponds to / 1 final states, 
split by the spin-orbit interaction, a least-squares analysis 
was performed with two Gaussian line profiles accounting 
for experimental resolution and lifetime broadening. The 
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FIG. 2. EELS and XPS 3dcore-level spectra of y- and a-Ce on a 
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Fermi energy of the XPS spectrum). The corresponding final states 
are indicated. For EELS the Id9Af2 and for XPS the Id9Af final-
state multiplet structure were taken from Refs. 20 and 17, respec­
tively. 

spin-orbit splitting was held fixed at 0.282 eV found for 
La,16 while the intensity was varied in the proper ratio y of 
the multiplet components. Furthermore, the contribution 
of the underlying sd conduction-electron states, clearly visi­
ble in a BIS-spectrum of La,16 was simulated by the product 
of the Fermi function with the density of states in the free-
electron model and broadened by a Gaussian, accounting 
for the finite experimental resolution (dashed line in Fig. 
1). The result of this analysis is indicated by the full curve 

/in Fig. 1 showing good agreement with the data. Thus, we 
note that (i) the appearance of / ' and f2 final-state multip­
lets in BIS strongly points to the local character of the 4 / 
electrons and (ii) the dramatic change in the spectra upon 
the y-a phase transition indicates a phase-dependent change 
of the electronic structure of Ce-metal. 

In Fig. 2 the 3 d core-level XPS and EELS spectra for y-
and a-Ce are displayed on a common energy scale. The 
structure in the XPS spectra has been interpreted in the 
conventional way,9 as indicated by the bar diagram in the 
bottom of Fig. 2. Multiplet effects due to the coupling of 
the 3d hole with the open 4/shell are clearly visible in the 
3d3/2 peak and have been tentatively assigned to the under­
lying multiplet structure of the Zd9Af configuration.17 We 

note the following observations: (i) There is clear evidence 
of a Zd9Af3 component in a-Ce which is not present in y-
Ce; (ii) the intensity of the Id9Af2 final-state component in­
creases considerably upon the phase transition. These find­
ings again indicate a phase-dependent change of the elec­
tronic structure of Ce-metal. 

In the upper part of Fig. 2 the EELS spectra of the Id 
core excitation region for y- and a-Ce are presented. In y-
Ce the observed structures should correspond to the final-
state Id9Af2 configuration.18 Since in EELS, as recently 
shown for a few rare-earth metals and oxides, non-dipole-
allowed transitions occur with increasing intensity towards 
the excitation threshold,18,19 EELS-spectra exhibit consider­
ably more structure than those obtained by XAS.8 An at­
tempt to compare the spectra with an intermediate coupling 
calculation of Spector et al.20 yields fair agreement for the 
energy separation but not for the intensities of the multip­
let. This is not surprising, however, in view of the different 
transition probabilities encountered in EELS, XAS, and 
XPS. We want to point out that the threshold energy for 
the 3d excitation, i.e., for the occupation of the Id9Af2 final 
state in EELS, corresponds well to the low-binding-energy 
rise in the XPS spectrum, giving confirmation of the Zd9Af2 
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assignment. No marked difference is observed for the 
EELS spectrum of a-Ce, also shown in Fig. 2. If there were 
an initial-state f0 contribution, one should observe (similar­
ly to the XAS results on a number of Ce-intermetallics8) 
the corresponding 3rf94/' final-state contributions around 
805 and 905 eV. A close inspection of this spectral region 
reveals a slightly larger drop of the background intensity in 
a-Ce than in y-Ce at 891 and 911 eV, respectively. This 
might indicate the presence of the 3rf94/' configuration in 
a-Ce. 

To summarize the experimental situation we note the fol­
lowing: Each type of spectroscopy yields a different picture 
of the electronic states in y- and a-Ce. In order to formu­
late this observation more quantitatively, we have evaluated 
the following intensity ratios,21 which should be directly re­
lated to the / occupation in the initial state: / 7 ( / 1 + / 2 ) 
from BIS and / 7 ( / ° + / 1 + / 2 ) from XPS. The results are 
listed in columns 1 and 2 of Table I. For a-Ce BIS indicates 
an /occupation «/ — 0.78, XPS gives «/ — 0.95, and EELS 
(not shown in the table) yields «/—1. These discrepancies 
show immediately that the final-state f occupation is a dif­
ferent function of the initial-state occupancy for each type 
of spectroscopy. This fact must be attributed to the dif­
ferent degree of perturbation which the electronic system 
undergoes by interaction with electrons or photons. In XPS 
we are left with a core-hole state, in BIS with an additional / 
electron, and in EELS with both a core-hole plus an elec­
tron in the valence states. Oh and Doniach6 were the first 
to consider such a problem for Ce systems. However, they 
did not treat the degeneracy of Nf of the f level in their 
model. Recently, GS, by including the degeneracy, took a 
decisive step forward in the understanding of the response 
of Ce-systems to an experimental probe. They were able to 
show how to trace back final-state to initial-state properties. 
In particular, they calculated BIS, XPS, and XAS spectra 
and discussed how experimental spectra can be used to esti­
mate the f occupancy «/ and the coupling A between the f 
level and the conduction states. Comparison of the theory 
with XAS (Ref. 8) and XPS (Ref. 9) spectra on a number 
of Ce compounds was very successful. In general, /occu­
pancies Hf > 0.7 and hybridization widths of the order of 
A —0.1 eV were obtained. The question arises whether this 
formalism is also applicable to the y-a phase transition in 
Ce-metal and if the parameters deduced can give insight 
into the driving mechanism of the phase transition. 

In order to derive the coupling A from the experimentally 
determined intensity ratios / 7 ( / 1 + / 2 ) in XPS (Ref. 9) we 
use Figs. 5 and 6 of Ref. 9 where the dependence of this ra­

tio on «/ and A is given. For y- and a-Ce we obtain 
A = 25 ±5 meV and A = 60 ±10 meV, respectively. The er­
rors are due to uncertainties in the intensity ratios21 and to 
the approximations in the theory.7,9 For y-Ce good agree­
ment with an earlier derivation is obtained.9 In order to 
determine the ground-state /occupation from XPS we use 
Fig. 4 of Ref. 9, where the dependence of the ratio 
/ 0 A / 0 + / 1 + / 2 ) on the initial /occupation is given explicit­
ly for A = 60 meV. The analysis of the BIS intensity ratios 
/ 7 ( / 1 + / 2 ) is performed with the aid of Figs. 11 and 7 of 
Ref. 7, where the dependence of this quantity on the 
ground-state /occupation for A = 80 meV and A = 120 meV 
are calculated, respectively. The results for A and «/ are 
summarized in Table I. As a matter of fact, within this 
theory, consistent values for «/ are obtained in both spec­
troscopies. This gives confidence in the reliability of the 
theory. The question of why there are only small changes 
in the EELS spectra of y- and a-Ce still remains to be 
answered. So far GS included in their theory the discussion 
of BIS, XPS, and XAS spectra. However, it is possible, as 
we shall show, to extend qualitatively their arguments to the 
EELS case: According to GS the deviation from linearity of 
the intensity ratios in the final-state versus the ground-state 
/-occupation number depends on the coupling between the 
/° and / 1 configuration in the initial state (W/A~ 2 eV) re­
lative to the energy separation between these states in the 
final state. If this energy separation is large compared to 2 
eV as encountered in XPS (11 eV) the / ° weight in the final 
state is not much smaller than in the initial state. With de­
creasing energy separation in the final state the / ° weight in 
the final state should decrease. Thus, in XAS (now the fi­
nal / 1 and / 2 configurations are taken into consideration), 
this energy separation is only — 5 eV and therefore the / 1 

final state in XAS should loose considerable weight as com­
pared to the / ° final state in XPS. In fact, this behavior has 
been observed for Ce compounds.8,9 Now, in EELS, the 
presence of nondipole allowed transitions closes even mere 
the energy gap between the final / 1 and / 2 states, thus lead­
ing to a pronounced weight loss of the / ' final state in the 
spectra. In this way the very small / 1 contribution in the 
EELS spectra of a-Ce can be understood. 

Evidently, the GS model seems to be able to describe 
consistently the observed spectra obtained in BIS, XPS, and 
EELS. Therefore we go back to Table I and summarize the 
essential result of this investigation: While the /-occupation 
number «/ is only slightly reduced ( —15%) the hybridiza­
tion A is increased by more than a factor of 2 (from A = 25 
to A = 60 meV) upon the y-a phase transition in Ce-metal. 

TABLE I. Peak intensity ratios for a- and y-Ce as determined by BlS and XPS core-level spectroscopy. 
We stress that due to the superposition of 3rf94/2 and Id9Af1 multiplets the determination of A on the basis 
of XPS 3d core level spectra leads only to a lower limit of this value (see Fig. 2). The values for the /-, 
occupation n/ and the 4/ conduction-electron hybridization A were derived on the basis of the Gunnarsson-
Schönhammer model (Ref. 7). 

/ 1 + / 2 
(BIS) f 

f +/• +/2 
(XPS) 

/ 1 + / 2 (XPS) A (meV) "/. XPS -̂ BlS 

y-Ce 
a-Ce 

<0.01 
0.22 

<0.01 
0.05 

0.05 
0.11 

25 
60 

-1 
0.90 

~1 
0.85 
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Thus, we conclude that the dominant driving mechanism of 
the phase transition is given by the change in the coupling Ä 
rather than by the change in the /occupancy. 

The consequences of this finding imply that the increase 
in /-conduction electron hybridization is also responsible for 
the loss of magnetism in a-Ce.7 Furthermore, through the 
increase of A the 4/electrons are able to participate in the 
bonding, thereby directly influencing the lattice constant in 
a nonlinear way.7'9,22 Of course, there still remain problems 
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X-ray photoemission and bremsstrahlung isochromat spectroscopies have been used to probe the occu­
pied and unoccupied states of UBe13. Between two and three electrons are found to populate the tail of a 
surprisingly broad 5/band ( ~ 5 eV) of extended states. With our resolution ( <: 0.5 eV) it is not possible 
to observe directly at the Fermi energy any peculiarity of the density of states explaining the extraordinary 
properties of this compound. However, the drastic differences between the core-level spectra of U and Be 
indicate that the 5/ states remain essentially confined around the U atoms and are only weakly hybridized 
with the sp-band states originating from the Be atoms. 

The recent discovery of bulk superconductivity in UBeu 
below 1 K (Ref. 1) has given clear evidence for the ex­
istence of strongly interacting electrons in some metallic 
materials, giving rise to anomalous properties at low tem­
peratures. Other examples for this type of materials are 
CeAl3 (Ref. 2) and CeCu2Si2 (Ref. 3), again two com­
pounds containing / electrons, obviously a prerequisite for 
the observation of the behavior to be discussed here. All 
these compounds show an anomalously large specific heat 
cp(T) at low temperatures. In CeAl3, cp(T) decreases 
linearly with decreasing temperature below 1 K but, in com­
parison with normal metals, with a very large coefficient y 
of the order of 1.5 J/moleK2,2 indicating a considerable re-
normalization of the electronic subsystem. In UBe^ (Ref. 
1) and CeCu2Si2,-

3 this linear decrease with a slope of about 
1 J/moleK2 is intercepted by a discontinuity Ac due to a su­
perconducting transition. In both cases, the magnitude of 
Ac is compatible with the large values of cp/Tjust above the 
transitions and the experimental verification that the entro­
py difference between the superconducting and the normal 
state is, zero below Tc demonstrates that it is indeed the 
strongly interacting electrons that are involved in the super­
conducting state. 

These high y values are necessarily also based on large 
densities of electronic states at the Fermi energy EF, imply­
ing very narrow features in the energy dependence of the 
electronic structure at EF. The possible occurrence of such 
features is well known from theoretical work concerning the 
electronic structure of simple metals containing transition-
metal impurities in the dilute limit.4 Recent work consider­
ing concentrated systems5 claims that similar narrow reso­
nances at EF also appear in this case. Information on the 
energy dependence of the electronic structure of a metal is 
provided by using photoemission techniques. A first at­
tempt concerning UBei3 involved resonant photoemission, 
favoring the emission of electrons with / symmetry, by 
scanning the energy range below EF to about 12-eV binding 
energy.6 Since also core-electron spectra and particularly the 

energy distribution of empty electron states provide valuable 
information, we chose to map parts of the electronic spec­
trum of UBeu by using x-ray photoemission (XPS) and 
bremsstrahlung-isochromat spectroscopy (BIS). 

The sample investigated in the present study was a 
platelet cut from the same polycrystalline batch of material 
that was used for previous specific-heat measurements.7 

The XPS and BIS spectra were obtained in a combined in­
strument described elsewhere.8,9 The contamination was re­
moved from the sample surface by scraping it in situ with an 
Al2O3 file until the O Is and C Is XPS signals could no 
longer be detected in a 5-min scan. The base pressure of 
Ix 10 -11 Torr in the instrument allowed us to accumulate 
the different spectra during periods of many hours without 
any sizable degradation of the surface, cleanliness. 

The occupied valence-band states of UBei3 have recently 
been studied by resonant photoemission.6 The spectra have 
been interpreted as revealing a UBe]3 density of states 
(DOS) looking rather like a superposition of the DOS of the 
two pure constituents U and Be. A calibration procedure of 
the intensity of the different signals in the spectra has yield­
ed a 5 / population of roughly one electron. Our XPS 
valence band spectrum of UBen is shown on the left side of 
Fig. 1. In the energy range from the Fermi energy EF to 
- 4 eV it is in good agreement with the previously pub­
lished spectrum excited at 40 eV.6 The sp states of Be 
forming a broad band10 have a very weak cross section at 
the Al Ka photon energy. From atomic cross-section calcu­
lations11 they are estimated to represent less than 10% of 
the total intensity of the XPS spectrum and for this reason 
they do not emerge from the background of inelastically 
scattered electrons extending at higher binding energies. In 
U, the atomic cross section for the 5/states is substantially 
larger than the one for the 6d states [a-(5f1)/a(6dl) = 6] 
(Ref. 11) and the XPS peak must be mainly attributed to 
the tail of the 5/band cut by £>. This spectrum of UBei3 

shows a striking similarity with the spectrum of a-U metal12 

despite the different environment of the U atoms and their 
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FIG. 1. Combined XPS-BIS spectrum of UBe13. The relative in­
tensities below and above EF have been scaled by a continuity cri­
terion (see text). 

separation which is more than 50% larger in UBei3 than in 
a-U. 

In a limited energy range above EF the unoccupied states 
have been probed by BIS and the corresponding spectrum is 
shown on the right side of Fig. 1. Since the matrix ele­
ments for the BIS transitions are practically the same as 
those accounting for XPS transitions, also the BIS spectrum 
represents nearly exclusively the empty 5 / states superim­
posed on a background increasing toward higher energies 
and attributable to electrons which have been scattered 
inelastically prior to the BIS process. Whereas two marked 
peaks are observed in a-U,12 the BIS spectrum of UBe13 

shows a single and featureless peak with its maximum at l!3 
eV. On the low-energy side, the clear change of slope at 0.4 
eV allows us to observe the position of the Fermi edge 
which is found to coincide with the position determined by 
the usual energy-scale calibration performed with Au. The 
Koopmans's approximation is very accurate at the Fermi en­
ergy of metals,13 so that it is well justified to join the XPS 
and BIS spectra at EF in order to depict the whole 5 / band. 
The main uncertainty in this attempt is the calibration of the 
relative intensities observed with the two different tech­
niques. In the present situation, the comparison of the 
Fermi-edge intensities is not suitable: the two techniques 
have different line shapes and linewidths8,9 and, further­
more, EF is located in a very steep DOS. A more reliable 
approach in determining the relative intensities consists in 
joining the two spectra above and below the range affected 
by the Fermi cutoff by a smooth curve. As shown in Fig. 1, 
this criterion allows us to represent rather precisely a con­
tinuous DOS crossing EF. After subtraction in both spectra 
of a background proportional to the integrated signal inten­
sity from EF to the respective energy and joining smoothly 
the spectra away from £>, the area of the. two curves 
represent the total band intensity. 

As mentioned previously, the contribution of the / = 2 
projected DOS to the spectra is small but not entirely negli­
gible. For this reason the experimental intensity ratio 
^BIS/'XPS = 3.7 does not directly represent the ratio of the 
empty to occupied 5 / states but it must be corrected for the 
presence of the ten 6d states located in the same energy 
range. It is straightforward to express /BIS/^XPS as a function 
of the numbers of the occupied states (rif,nd) and of the" 

cross-section ratio a(5fl)la(6di) = 6 (Ref. 11): 

/BIS _ ( 1 0 - ¾ ) + ( 1 4 - Hf)(TfIa4 

'XPS nd+Hf(TfI <r d 
(1) 

In a metallic bond, only a very small charge transfer is ex­
pected between the Be and U atoms, as confirmed below in 
the discussion of the core level binding energies. The ap­
proximate neutrality around the U atoms yields the addi­
tional condition for the number of occupied f and d states 
/¾,+ «y ̂ = 6 which allows us to extract the value «/ = 2.8. 
The uncertainties affecting the numbers used in this estima­
tion are not influencing markedly the value found for nf. 
In order to demonstrate this fact, we have calculated the 
range of each parameter for which nf varies from 2 to 3: 

3 . 5 ^ / B I S / / X P S ^ 4 . 9 ; 

. 1.75=5 0-(5/)/0-(6^)=5 19 ; 

5.4=S «,/+«y« 10.4 . 

The variation of ( nd + n/) describes implicitly the neglect­
ed presence in U of s and p states which have different 
cross sections than the d states. The acceptable errors in 
these numbers are smaller than these limits and we can 
safely conclude that the metallic band of UBe13 is occupied 
by a number of Sf electrons not far from 3, but in any case 
between 2 and 3. This result is in disagreement with the 
value of /1/ = 1 derived from previous photoemission spec­
tra excited by low-energy photons.6 Less surprising is the 
discrepancy with the value of nf between 1 and 2 predicted 
by a free-ion interpretation of the effective paramagnetic 
moment of 3.08/xfl.

7 

Figure 2 shows the XPS spectrum of the 5 / core level of 
U. The maximum of the 4/7/2 line located at 377.35 eV can 
be considered to yield accurately the binding energy of this 
level. It lies in the narrow energy range from 377.1 to 377.4 
eV where the 4/7/2 binding energies of a-U, US, UAs, USb 
are found.14 It is interesting to note that the peculiar 
behavior of UTe manifests itself by a binding energy of 
378.1 eV (Ref. 14) and the tetravalence of the U ions con­
taining two 5 / localized electrons in UPd3 (Ref. 15) and 
UO2 (Ref. 16) by the still higher values of 379.0 and 380.25 

"i r i 1 r 
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FIG. 2. XPS spectrum of the U 4/levels in UBe13 
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eV, respectively. These observations confirm our intensity 
analysis of the outer level spectra leading to the conclusion 
that the Sf population is undoubtedly larger than 2. The 
very pronounced asymmetrical shape of the lines shown in 
Fig. 2 reflects a high metallic DOS around EF allowing the 
excitation of a great number of low-energy electron-hole 
pairs in the screening mechanism of the core hole around 
the U ions. 

An intense and broad satellite is also observed at about a 
7 eV larger binding energy than each main 4 / signal. The 
satellites most likely account for an atomiclike reaction of 
the outer electrons to the deep hole creation and are due to 
a local breakdown of the band behavior around the ionized 
atom. Such effects are particularly intense in narrow bands 
where the correlation is so important that the large relaxa­
tion energy requires the existence of such highly excited fi­
nal states. The exact nature of this puzzling final state is 
not established but it may correspond to an integral 5/occu­
pation (Sf2 or 5/3). It has been pointed out17 that the in­
tensity of this satellite observed in many different U com­
pounds is to some extent correlated with the value of the 
effective paramagnetic moment, a fact which is also verified 
in UBeu. Probably the hybridization strength of the Sf 
states of U with the sp orbitals of the numerous surround­
ing Be atoms is the key parameter of this problem and not 
the U-U spacing.17,18 In UBe^ this hybridization seems to 
be just strong enough to involve the Sf states in the band 
but can still be locally broken by the atomic potential in­
crease resulting from the core-level ionization. This situa­
tion could provide an explanation for the correlation ob­
served between high values of the effective paramagnetic 
moment and intense satellites.17 Finally, the absence of 
shake-down satellite is a further confirmation of the extend­
ed nature of the 5/states.14 

So far we have been concerned essentially with the local 
DOS around the U atoms and originating from 5 / and 6d 
states. Interesting information on the Be valence states can 
be obtained indirectly from the Be Is spectrum shown in 
Fig. 3. The binding energy of 111.2 eV is identical to that 
found in pure Be metal,10 at least within the uncertainty as­
sociated with the absolute energy calibration. Compared to 
the drastic asymmetry of the U 4 / lines shown in Fig. 2, 
this narrow line [observed full width at half maximum 
(FWHM) = 0.70 eV] contains obviously only a moderate 
amount of electron-hole pairs. As expected, the satellite as­
sociated with the localized U final state is not excited in the 
Be Is ionization process. The spectrum of Fig. 3 confirms6 

that around the Be atoms the local DOS is very little dis­
turbed by the presence of the U atoms. This observation is 
not surprising in view of the high dilution of the U atoms in 
the Be matrix. 

The essential feature of the UBeu electronic structure 
emerging from this study is that the Sf states of U can only 
get a delocalized character by a weak hybridization with the 
sp wave function tails of the four Be atoms located on the 
cube faces midway between two nearest U atoms which are 
too far apart to form a band by direct / - / overlap.19 The 
densities of states deriving from U and Be atoms remain 
rather well separated in space as demonstrated by the 
dramatically different line shapes observed for the core-level 
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FIG. 3. XPS spectrum of the Be Is level in UBe13. 

excitations of the two different kinds of atoms. The outer 
level spectra presented here reflect nearly exclusively the U 
states which are obviously responsible for the unconven­
tional properties of UBeu. The limited resolutions of XPS 
(0.3 eV) and BIS (0.5 eV) allow us to obtain only an 
overall picture of the DOS which cannot provide any evi­
dence for the mechanism driving the transition from a 
paramagnetic regime to a superconducting state or for the 
origin of the enormous low-temperature electronic specific 
heat. With decreasing temperature one might anticipate a 
further weakening of the coupling between sp and f states 
resulting in an increase of the correlation and effective mass 
of the Sf states. This situation can be thought to favor a 
ground state dominated by an interaction of magnetic ori­
gin.7 In view of the unexpected broad XPS-BIS 5 / spec­
trum recorded at room temperature, it seems illusory to 
develop models where the total 5/bandwidth is supposed to 
be of the order of 1 meV to explain the exciting low-
temperature properties of UBe]3. Only the electrons in the 
immediate vicinity of EF can be expected to display an ex­
traordinary behavior. Spectroscopic measurements with 
higher resolution and at low temperature should help to elu­
cidate the mechanisms responsible for this puzzling prob­
lem. 
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Abstract. The intermetallic compound system CePd3B,, with x = 0, 0.12, 0.25 and 0.5, has 
been studied by x-ray photoemission, Bremsstrahlungsisochromat and electron energy loss 
spectroscopy. As a function of the boron concentration strong variations of the occupied 
and unoccupied parts of the valence bands as well as of the 3d core levels are observed. An 
analysis of the data within the Gunnarsson-Schonhammer (GS) model yields an f occupation 
varying from ns ~ 1 in CePd3B0S to ns ~ 0.9in CePd3 (90 K), while the f conduction electron 
hybridisation remains about constant over the entire composition range with A = 150 ± 
20 meV. Moreover a non-linear dependence of the lattice contraction on the f occupancy is 
found which is well accounted for by a calculation performed within the GS model. 

1. Introduction 

The electronic structure of cerium metal and its intermetallic compounds has been and 
remains a puzzling problem leaving many fundamental questions without definite 
answers. Many experiments have been performed and various theoretical models have 
been proposed in order to elucidate the different parameters commonly used to describe 
the 4f level, as its 'bare- energy, its occupation and its coupling to the conduction 
electrons (Lawrence et al 1981, Falicov et al 1981, Wächter and Boppart 1982). Recently, 
the y-oc phase transition in cerium metal has been studied by Bremsstrahlungs-lsochro-
mat (BIS), core level x-ray photoemission (XPS) and electron energy loss (EELS) spec­
troscopy (Wuilloud et al 1983). AU experimental results could be consistently analysed 
within the many-body formalism of Gunnarsson and Schönhammer (1983a, b) (referred 
to as GS). Since the f occupation, nf, was found to be reduced only by —15% while the 
f conduction electron hybridisation A increased from —25 meV to —60 meV in the y-a 
transition, it was concluded that the change in the coupling was the dominant mechanism 
driving the phase transition. The consequence of this finding implies that through the 
increase of A the 4f electron is able to participate in the bonding and to influence the 
lattice constants (Gunnarsson and Schönhammer 1983b). In order to test these ideas we 
have looked for a system where the lattice constant can be varied systematically and the 
concomitant changes of A and n\ can be observed by electron spectroscopies. Such a 
situation is met in the rare-earth compound CePd3 (Holland-Moritz et al 1977, Krill et 
al 1980, Gupta et al 1980, Peterman et al 1982, Fuggle et al 1983b, c) where the addition 
of boron was found to cause a volume expansion without changing the crystal structure 
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(Dhar et al 1981a, b). On the basis of their lattice parameter and susceptibility measure­
ments , Dhar et al concluded that addition of boron induces a valence change of Ce from 
the mixed valent state in CePd3 to an almost trivalent state in CePd3BoS. However, as 
pointed out by these authors, the valence change of Ce may represent only one conse­
quence of the presence of boron. It can also contribute electrons to the conduction band 
which can have a modified structure in these compounds. In order to investigate the 
electronic structure changes resulting from addition of boron, a combined BIS, XPS and 
EELS study was carried out on polycrystalline samples of CePd3B* with X = 0,0.12,0.25 
andO. 5, corresponding to lattice parameters increasing froma = 4.122Âtoa = 4.203Â 
(Dhar et al 1981a). In order to extend the available lattice constant range, CePd3 was 
also studied at T = 90 K, corresponding to a = 4.108 Â (Harris and Raynor 1965). The 
analysis of the spectroscopic results within the GS framework yields the same coupling 
constant A = 150 ± 20 meV for the whole compound series, and an f occupation change 
from ni ~ 0.9 in CePd3 (T = 90 K) to n{ ~ 1 in CePd3BoS. As a consequence of the large 
value of A this modest population increase can still induce a sizable lattice expansion. 
Its non-linear dependence on nf can be well accounted for by a calculation within the GS 
model. Finally boron-induced hybridisations among the occupied Pd 4d and empty Ce 
5d valence band states are observed. 

2. Experimental 

All samples were prepared by arc melting of stoichiometric amounts of the constituent 
elements. Powder x-ray diffraction patterns showed that the samples are single-phase 
compounds with the cubic AuCu3-type structure. The Ce atoms occupy the cube corners 
while the Pd atoms are centred on the cube faces. The most likely position for the B 
atom is the octahedral lattice site (Dhar et al 1981a). The spectra presented in this study 
were obtained in a combined XPS-BIS-EELS spectrometer allowing all measurements to 
be performed in a vacuum of 1 x 10-11 Torr (Lang and Baer 1979, Moser 1983). The 
samples were scraped in situ with an Al2O3 file in order to get clean surfaces. The degree 
of contamination was checked by recording the O Is and C Is XPS signals, which in all 
cases were below the limit of detectability. 

3. Results and discussion 

3.1. Valence bands 

Figure 1 shows the occupied and empty valence bands of the system CePd3B* as obtained 
by XPS and BIS, respectively. The spectra of CePd3 have been reported previously with 
the following interpretation (Baer et al 1981). The main intensity contribution to the 
occupied valence bands is attributed to the emission from the filled Pd 4d band. Owing 
to the unfavourable 4f/4d population and cross section ratios, the 4f contribution to the 
total XPS intensity is only —2%. Since the isostructural compound LaPd3 shows consider­
ably less intensity near the Fermi energy (Fuggle et al 1983b), the emission between E? 
and —0.5 eV is ascribed to the emission from occupied 4f states. Correspondingly, the 
BIS peaks at 0.5 and around 5 eV above the Fermi energy are assigned to the population 
of localised Af1 and 4f2 multiplets. The structure centred around 2.3 eV above E? was 
only recently attributed to a narrow Ce 5d resonance (Hillebrecht et al 1983, Hüfner et 
al 1983, Laubschat et al 1983), which is a typical feature of this class of materials 
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Figure 1. xps and BIS spectra around EFof CePd3B, for various concentrations x. The relative 
scaling is arbitrary. The positions of the f emission features are indicated by the bar diagram. 
The cross-hatched areas represent positions, width and relative intensities of the unoccupied 
Ce 5d band states for CePd3, and are taken from Laubschat et al (1983). 

crystallising in the AuCu3 structure (Koenig 1983). The bar diagram in the bottom of 
figure 1 indicates the expected position and width of the observed spectral features, 
where the multiplet positions for the 4f: and 4f2 states are taken from Wuilloud et al 
(1983) and Lang et al (1981), respectively, and the energy positions for the unoccupied 
Ce 5d states from Laubschat et al (1983). Very recently a great attention has been 
devoted to the Ce 4f excitation in photoemission spectra. In Cen.çiThn.i (Mârtensson et 
al 1982) and a number of Ce compounds (Allen et al 1981, Croft et al 1981), resonant 
photoemission has established the existence of two peaks showing a characteristic 4f 
behaviour. In CePd3 the structures near EF and at 1.3 eV are likely to correspond to 
these 4f excitations. By analogy with the Ni satellite, an attempt has been made to 
attribute simply these two final states to different screening mechanisms (Hüfner and 
Steiner 1982a, b). The existence of two '4f final states in valence band photoemission 
spectra of Ce and its intermetallic compounds is also predicted by different many-body 
calculations (Gunnarsson and Schönhammer 1983a, b, Liu and Ho 1982, Fujimori 1983). 

The changes of the electronic structure of CePd3 where boron is introduced into this 
compound is clearly reflected in both the occupied and the empty part of the valence 
band spectra shown in figure 1. The most striking feature is the decrease of the 4f* 
emission in the BIS spectra for increasing boron concentration, indicating that Ce in 
CePd3B0.5 is essentially trivalent as in y-Ce (Baer et al 1981). Intuitively one expects a 
corresponding increase of the 4f emission in the occupied density of states. The two 
weak structures at EF and —1.3 eV, attributed to 4f emission in CePd3, become broader 
when boron is added to this compound. It is difficult to extract reliable information from 
these spectra since the presence of boron also modifies the shape of the Pd 4d density of 
states. The d-band maximum is shifted to higher binding energy by —0.3 eV and its 
intensity relative to the shoulder at ~4 eV decreases. A similar concentration-dependent 
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change of the Au 5d band shape has been observed also in Au-Sn alloys by Friedman et 
al (1973). Moreover, in this system the increase of the Sn content induces in the same 
direction a shift of the valence band bottom. These effects were interpreted as a conse­
quence of hybridisation of the Au 5d with the Sn sp valence band states. Similar effects 
could be responsible for the changes observed in the spectra of figure 1. Only a direct 
comparison with the isostructural compound LaPd3B, could help us to extract safely the 
4f emission from the valence band spectra of CePd3Bx. 

The influence of the boron sp states is also clearly visible in the unoccupied part of 
the valence bands. Apart from the decrease of the 4f* emission with increasing boron 
concentration, the intensity of two structures deriving from Ce 5d states is attenuated. 
This behaviour can be expected, since these structures do not form in the presence of sp 
bands (Hillebrecht et al 1983), as demonstrated, for example, by the BIS spectrum of 
CeAl3 (Baer et al 1981). 

Furthermore, we note a shift of the 4f multiplet towards the Fermi energy on addition 
of boron. We interpret this behaviour as a manifestation of the increase of 4f occupation 
which is concomitant with a lowering of the 4f energies (Lang et al 1981). 

3.2. Core levels 

The decrease of the BIS Ai1 peak on addition of boron should have its counterpart in a 
corresponding decrease of the 4f° component in the XPS 3d core level spectra. The 
structures of these spectra, shown in figure 2, have been interpreted in the conventional 
way (Fuggle et al 1983c) as indicated by the bar diagram below the XPS spectra. The 
expected f0 intensity decrease for increasing boron concentration is very clearly 
observed. We shall attempt later to relate with the GS model these intensity variations 
of the spectroscopic signals with the lattice expansion. 

For the moment it should be noticed that the strongest f0 component is observed in 
CePd3 at 90 K. This result is in glaring contradiction with the disappearance of the 4f° 
signal at low temperature reported by Krill et al (1980). We suppose that the ion 
sputtering used by these authors to clean the sample surface has been performed at the 
different measurement temperatures. At low temperature the sample cannot recover 
from the structural disorder and ion implantation resulting from this treatment. In the 
damaged surface layers the mean interatomic Ce-Ce distances are certainly enlarged so 
that the Ce atoms are in a similar environment as in CePd3B, compounds where the 4f° 
XPS signal vanishes. We have also observed this manifestation of disorder in samples 
scraped at low temperature. For this reason we have cleaned the surface at room 
temperature before cooling and recording the low temperature spectrum of CePd3 

shown in figure 2. 
We shall now attempt to extract from the weights of the different f " signals observed 

in BIS and XPS the ground-state population «f of the f level and its coupling A to the 
conduction electrons. We shall use the results of a model calculation proposed recently 
by Gunnarsson and Schönhammer (1983b). This formalism has been shown to be a 
powerful tool for analysing the spectra of a number of Ce compounds (Fuggle et al 
1983a, c). Moreover, with the same set of ground state parameters, it has predicted 
correctly the evolution of XPS, BIS and EELS spectra through the y-oc phase transition of 
Ce metal (Wuilloud et al 1983). Within this model the coupling A is obtained from the 
intensity ratio f2/f \ + f2 in the XPS spectra. Using figures 5 and 6 of Fuggle et al (1983c), 
where the dependence of this ratio of «f and A is given, we obtain for all compounds 
studied here the same A = 150 ± 20meV (see table 1), in agreement with the value 
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Figure 2. XPS and EELS 3d core level spectra of CePd3B* for various concentrations x and 
temperatures T(K). The corresponding final states are indicated by the bar diagrams. For 
EELS the ItfAfi final state multiplet is taken from Spector et al (1976). 

derived for CePd3 in a previous study (Fuggle et al 1983c). However, we want to stress 
that, as a consequence of the partial overlap of the Sd^f1 and 3d94f2 final states, the 
determination of A is in fact more uncertain than usually assumed. 

To illustrate this fact we present the EELS spectrum of the 3d core excitation region 
of CePd3 in the bottom of figure 2. The observed structures correspond to the final 3d94f2 

configuration (Wuilloud et al 1983, Matthew et al 1983), the multiplets are indicated by 
the corresponding bar diagrams (Spector et al 1976). The comparison of XPS and EELS 
spectra shows that the superposition of the two final-state configurations makes the 
separation of their corresponding intensities in the XPS spectra rather hazardous, so that 
the proposed analysis can yield only a lower limit for A. The situation seems to be even 
more complicated : in the course of our study of Ce metal and several of its intermetallics 
we observed that the relative intensity distribution among the individual 3d94f2 and 
3d94f: multiplet terms can vary in the different compounds. For instance in y-Ce the low 
binding energy shoulder in the XPS core level spectrum coincides with the dipole-forbid-
den transition region of the EELS Zd9Af- multiplet (Wuilloud et al 1983). In CePd3 

however, the low binding energy component in the XPS spectrum corresponds to the 
dipole-allowed transition region observed in EELS. This peculiar behaviour might indi­
cate that term-dependent f valence electron hybridisation leads to different transition 
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Table 1. Lattice constants, peak intensity ratios (as determined by BIS and XPS core level 
spectroscopy), f occupation probability, (W(f°) ) and 4f conduction electron hybridisation 
A for CePd3B, compounds. W(t") and A are derived on the basis of the Gunnarsson-
Schönhammer model. 

Compound 

CePd3 (90 K) 

CePd3 (300 K) 

CePd3B0I2 

CePd3B025 

CePd3B05 

CePd3B 

Lattice 
constant 

«(A) 

4.108t 
4.122t 
4.124t 
4.156t 
4.186t 
4.203t 
4.203t 

XPS 

f° 
P + f + f2 

0.075 

0.053 

0.020 
0.015 

-0.0 

BIS 

f1 

P + P 

— 
0.174 

0.073 
0.049 

-0.0 

XPS 

W(P) 

0.109 

0.084 

0.031 
0.015 

-0.0 

BIS 

W(P) 

— 
0.078 

0.026 
0.013 

-0.0 

A 

(meV) 

150 ± 20 

150 ± 20 

150 ± 20 
150 ± 20 
150 ± 20 

t Harris and Raynor (1965). 
tDhar«a/(1981). 

probabilities for each multiplet term in the XPS spectra. This fact would lead to further 
complications in the derivation of A. 

For the moment we shall keep the value of 150 meV obtained by our simple analysis 
in order to calculate the f ground-state occupation. Using figure 7 of Gunnarsson and 
Schönhammer (1983b), where the ratios f°/(f° + f' + f2) (XPS) and Pf(P + f2) (BIS) as 
a function of the initial f occupation are given for A = 120 meV, we obtain the values 
summarised in table 1, columns 5 and 6. W(f°) is the probability for the f state to remain 
unoccupied. One should notice that for both spectroscopies the GS model yields rather 
consistent values. The BIS measurements, however, yield systematically smaller values 
than the ones obtained from the XPS core level spectra. By comparing the lattice constants 
with the derived f occupation (see table 1) one observes that a —2% change in lattice 
spacing corresponds to a —10% change in the f occupancy. We shall now attempt to 
derive a more general relationship between latttice expansion and f occupation for the 
compound CePdsB*. 

3.3. Lattice expansion and f occupation 

The f contribution to the cohesive energy depends on the lattice parameter through the 
hopping matrix element which increases on lattice contraction. Because of this attractive 
force due to f admixture in the ground state one has a contracted lattice compared with 
the case without valence instability. 

We assume a power law for the dependence of the hopping matrix element, following 
Harrison (1980). We vary the parameter for the bare f level position £f and leave the 
other parameters entering the Anderson Hamiltonian constant. For the lattice par­
ameter a at maximum cohesive energy we have 

a-a0= -bd(AE)/da, (1) 

where a$ denotes the lattice parameter, if the f electron does not contribute to cohesion, 
b is proportional to the reciprocal bulk modulus and AE denotes the lowering of the 
ground-state energy due to the f admixture. This effect does not depend linearly on the 
average f occupation «f. Rather if ef is near the Fermi energy, nf is near ==0.5 and the 
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contraction is maximal. We have thus a non-linear variation with the f occupation n£. To 
apply this theory to CePd3BjC we evaluated d(AE)/da for a rectangular shape of the 
conduction band with lower band edge — B. We can express the result in a convenient 
form 

(a - a0)/(a0v) = constant x A£(ef)W(f°), (2) 

i.e. the lattice contraction is given essentially in terms of the product of the f-position-
dependent lowering of the ground-state energy with the f occupation probability. We 

Figure 3. Lattice contraction versus f occupation for CePsB1. The open circles and squares 
represent the experimentally derived XPS and BIS f occupancies, respectively. The full curves 
correspond to a calculation (see text) for two values of the f conduction electron hybridisation 
A. 

have plotted equation (2) in the region of the experimentally determined occupancies 
in figure 3 for two values of A = NfV2 where N{ = 14. We used a0 = 4.203 Ä (CePd3B0.5); 
and B = 2eV for our choice of the conduction band. Since it is difficult to give an exact 
value for the power v, we set v = 6 (Gunnarsson and Schönhammer 1983b). 

The non-linear relationship between lattice contraction and f occupation is evident 
from this figure. Furthermore, the influence of A on the lattice contraction becomes 
obvious: for a given f occupation an increase in A, which is proportional to the hopping 
matrix element, leads to an increase in the lattice contraction. How do the experimentally 
determined f occupancies fit into this model? In view of the unknown power and bulk 
moduli we can only expect a qualitative agreement of thedata with this model. We have 
indicated in figure 3 at the corresponding lattice constant differences the experimentally 
determined XPS and BIS intensity ratios (columns 5 and 6 of table 1) by the open circles 
and squares, respectively. We observe that the data follow nicely the theoretical curve 
corresponding to an experimentally found value of A = 150 meV. Thus we have shown 
that for CePd3Bx (i) the GS model can be used confidently to extract ground state f 
occupation numbers from different spectroscopic techniques and (ii) that the f occupa­
tion changes on addition of boron can be successfully correlated with the non-linear 
increase of the lattice constant. 

4. Summary 

The intermetallic compound system CePd3Bx has been studied by XPS, BIS and EELS. As 
a function of the boron concentration strong variations of the occupied and empty parts 



4806 E Wuilloud, W-D Schneider, B Delley, Y Baer and F Hulliger 

of the valence bands as well as of the 3d core levels are observed. The spectroscopic 
results were analysed consistently within the GS model. The boron-concentration-
dependent lattice expansion was found to be correlated with an increase in f occupation 
from rtf = 0.9 in CePd3 to Hi = 1 in CePdsBo.s, whereas the f conduction electron hybri­
disation remained at a value of A = 150 ± 20 meV for all compounds. A few problems 
connected with the derivation of A from spectroscopic data were also discussed. Fur­
thermore, a non-linear dependence between the lattice expansion and f occupation is 
found in this compound system which is well accounted for by a calculation performed 
within the GS model. 
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We report on high-energy spectroscopic 
measurements of the intermetallic rare earth 
compound system CePd3B1, with 0 < x < 0 . 5 . 
The combination of X-ray photoemission (XPS), 
Bremsstrahlung Isochromat (BIS) and electron 
energy loss (EELS) spectroscopies provides a 
powerful tool for studying the spectral changes of 
occupied and empty electronic states as a func­
tion of the boron concentration. In particular, 
upon boron addition a concomittant population 
decrease of the unoccupied Ce 4t1 as well as of 
the corresponding Ce 3d94f° core level final 
states is observed. These findings are fully con­
sistent with the results of earlier lattice parameter 
and susceptibility measurements [1] and can be 
interpreted as resulting from a valence change of 
Ce from a mixed valent state in CePd3 to a 
trivalent state in CePd3B0-S. An analysis of the 
spectroscopic results within the framework of the 
Anderson impurity model [2] shows that the 
boron concentration dependent lattice expansion 
induces a non-linear increase of the f-occupation 
number from ttf = 0.9 in CePd3 to M1 ~ 1 in 
CePd3B0S. Thus, as a consequence of the large 
values of the f conduction-electron hybridization 
4 = 150:f20meV [3], found for the whole 
compound series, this modest population increase 
can evidently cause a sizable lattice expansion. 

* A full version of this paper will appear in J. Phys. C: Solid 
State Phys. 17 (1984) 4799. 

This behaviour indicates clearly the participation 
of f-electrons to the chemical bond [2]. 

The localized and/or bonding states of f-sym-
metry seem to be both responsible for the ap­
pearance of different local f-populations in the 
core level spectra of RE and actinide com­
pounds [4, 5, 6]. It is argued that the initial 
hybridization can be broken by the strengthening 
of the atomic potential resulting from the 
presence of a core hole. Since the observed 
intensity distribution between the various final 
states is well accounted for by the Gunnarsson-
Schönhammer model [2] in rare earth systems, it 
is suggested that this formalism should also be 
applicable to actinide systems with weak f-wave 
function overlap. 
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The occupied and empty electronic states of the insulator CeOî have been studied by 

high-energy spectroscopies. The outer-level spectra reveal empty localized 4/1 states within 
the band gap. The core-level spectra display different final-state populations of the 4/local­
ized states which are well predicted by a many-body calculation taking into account the pres­
ence of /-symmetry admixture in the valence band. A mixed valence can be definitely ex­
cluded in CeC>2. 
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The electronic structure of Ce metal and its in-
termetallic compounds has been and continues to 
be a very fascinating research area offering the best 
accessible possibility to investigate the conse­
quences of the degeneracy between extended states 
of a metallic band and an atomiclike localized 4 / 
state. Obviously, this situation cannot be described 
as a conventional hybridization since, despite their 
strong interaction, these two kinds of states keep to 
a large extent their respective extended and local­
ized .character. The resulting many-body states 
seem to be correctly accounted for in the frame­
work of the Anderson impurity model, and the 
computation of the response of such systems to 
very different spectroscopic excitations shows en­
couraging agreement with the experimental spec­
tra.1"3 

In an ionic compound like CeO2, a new situation 
can be anticipated, which is different from the one 
met in Ce intermetallics studied so far. This fact is 
best demonstrated by the controversial opinions 
concerning the ground-state properties of this insu­
lating compound. The observation of distinct Lm 

x-ray absorption edges of Ce has been interpreted 
as evidence of an initial 4 / 0 ** 4 / 1 mixed-valent 
state.4 However, this description has been called 
into question on the basis of optical and magnetic 
properties, reflecting the insulating character of this 
compound. A simpler picture of a formally full ox­
ygen Ip band and a tetravalent (4/0) configuration 
of the Ce atoms was proposed.5 Later on a specific 
local valence-mixing mechanism between O 2p and 
Ce 4 / states was attempted in order to reconcile 
mixed-valence behavior (deduced from core-level 
spectra) with the insulating properties of this ma­
terial.6 A very recent self-consistent-field band cal­
culation of the electronic structure of CeO2 indi­
cates clearly that this compound is an insulator with 
a band gap of 6 eV.7 A careful symmetry analysis 
of the ground-state eigenfunctions shows that the 
states of nearly pure 4 / localized character remain 

unoccupied (n}=0) in the band gap whereas the 
valence-band states contain a nonnegligible admix­
ture of /symmetry (nf > 0) with an extended radi­
al behavior.7 The aim of the present work is to test 
the compatibility of this ground-state description 
with the results obtained by different spectros­
copies. A model calculation1 taking into account 
the relevant aspects of this initial state has been 
performed in order to predict the different experi­
mental spectra. 

The spectra presented in this investigation were 
obtained in a spectrometer which allows us to per­
form x-ray photoelectron spectroscopy (XPS), 
bremsstrahlung isochromat spectroscopy (BIS), and 
electron energy-loss spectroscopy (EELS) on the 
same sample without breaking the base pressure of 
1 x 10~u Torr.8,9 The CeO2 sample was prepared in 
situ from metallic Ce films evaporated on graphite 
and oxidized at 800 K in an oxygen atmosphere of 1 
Torr for 6 h. The check of the CeO2 purity by mon­
itoring the XPS O Is signal yielded an upper limit of 
5% for the presence of lower oxides. The electron 
bombardment of the surface in BIS and EELS was 
found to induce a fast surface reduction of CeO2 to 
Ce203. This instability could be widely eliminated 
by exposing the sample to an oxygen atmosphere of 
1 x 10"8 Torr10 during the measurements. By vary­
ing the electron-beam current from 50 to 200 /xA, 
no charging effect of the thin CeO2 film could be 
detected. The outer-level energies in XPS and BIS 
spectra were calibrated with respect to the sample 
Fermi level determined within ±0.1 eV by measur­
ing a Au film deposited by evaporation onto CeO2. 

Figure 1 shows the occupied and empty density 
of states (DOS) of CeO2 as obtained from the 
joined XPS and BIS spectra. Our XPS spectrum 
confirms an earlier result measured with a lower 
resolution on a pressed CeO2 powder sample.11 As 
far as we know, no BIS spectrum of pure CeO2 has 
been published.12 The agreement between the ex­
perimental spectra of Fig. 1 and the density of the 

202 © 1984 The American Physical Society 
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FIG. 1. Combined XPS-BIS spectrum OfCeO2. 

ground-state eigenvalues shown in Fig. 2 of Ref. 7 
is striking. The XPS valence band of mainly 2p 
character confirms the existence of many predicted 
fine structures. In the BIS spectrum, by extrapola­
tion of the conduction band below the main peak, a 
band gap of — 6 eV is determined in good agree­
ment with the calculation. The BIS spectrum 
displays also an upper edge delimiting probably an 
8-eV-broad 6d band. The prominent peak located 
in the band gap represents unambiguously the sin­
gle occupation of the initially empty 4 / 0 states. The 
measured full width at half maximum of 1.2 eV of 
this resonance is compatible with a 4/7/2,5/2 spin-
orbit doublet convolved with two Gaussians of 
~ 0.6 eV width representing the instrumental reso­
lution and lifetime broadening.13 This observation 
points out the localized character of these empty 
states. The position of the 4 / 1 excitation relative to 
the extended states is qualitatively in agreement 
with the computed position of the 4/state. Howev­
er, for highly correlated 4 / electrons the ground-
state eigenvalues do not represent precisely the 
measured energies. From the spectra of samples 
containing a substantial mixture of CeO2 and Ce2Oj 
we have clearly observed the XPS 4 / 1 and BIS 4 / 2 

final states of Ce2O3 at -1.6 and 7 eV, respectively 
(barely discernible contributions can be recognized 
in the spectra of Fig. 1). It seems reasonable to as­
sume similar screening mechanisms in the two ox­
ides so that the 4 / M / 2 energy separation is rough­
ly the same in both cases. Thus, if there were any 
occupation of the local level, an additional 4 / 2 

structure in the BIS spectrum would be expected at 
10 eV, not far below the upper band edge; and if 
there were local /character in the valence band, ad­
ditional structure would be expected near the lower 
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FIG. 2. (Curve a) XPS and (curve b) EELS spectra of 
3d core excitations in CeO2 on a common energy-loss 
scale. The spectra for (curve c) La and (curve d) y-Ce 
are aligned. 

conduction band edge. That no such 4 / 2 structures 
are observed attests to the fact that the local 4 / 
states are completely unoccupied, in agreement 
with the ground-state calculation. The predicted 
existence of / mixing in the bands7 cannot be 
directly recognized in the outer-level spectra but 
will be found to play an essential role in the cou­
pling with the different core-hole final states. 

The creation of a core hole destroys locally the 
translational symmetry by enhancing the potential 
of a particular atom. The extended band states are 
only weakly affected while the localized 4 / states 
suffer an important lowering of their energy. The 
final states of any core-level spectroscopy will re­
flect a locally completely different situation than in 
the initial state around the ionized atom. Further­
more, in the sudden approximation, the existence 
of / character mixed to the initial valence-band 
states is considered responsible for a sizeable cou­
pling to the different localized 4/final populations. 
For the moment, we shall only attempt to identify 
the different final-state configurations observed in 
the XPS and EELS spectra shown on a common en­
ergy scale in Fig. 2. In an insulator, the most natu­
ral way to define for XPS an energy scale compati­
ble with the energy losses in EELS is to take the 
upper band edge as origin. The well separated 
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structures observed in the XPS 3(/spectrum shown 
in Fig. 2, curve a confirm an earlier result obtained 
on a CeO2 powder sample.14 In the EELS spectrum 
of CeO2, the two well separated spin-orbit-split 
components show the typical multiplet structures of 
a 3 ^ 4 / 1 final state. This identification is estab­
lished by comparison with the EELS spectra of La 
and Ce which have been shown to correspond to 
3 ^ 4 / 1 and 3^4 / 2 final states, respectively.9,13 

These spectra are represented in Fig. 2, curves c 
and (/with one of their leading peaks aligned on the 
corresponding peak of CeO2 (dashed line). The 
data points of these peaks have been connected 
with a line to guide the eye in order to make con­
spicuous the differences between the EELS spectra 
of CeO2, La, and Ce. A careful inspection of these 
multiplet structures shows that the CeO2 EELS 
spectum is nearly identical to the one of the La and 
in fact different from the one of Ce. We can take 
advantage of the detailed analysis of the La spectra9 

and attribute in CeO2 the XPS final state observed 
in the corresponding energy range to 3 ^ 4 / 1 atom-
iclike final states. The nature of the weaker struc­
tures occurring at higher energies in XPS and EELS 
is not obvious but is likely to have a pronounced 
3(J9Af2 character.6 Finally, the intense XPS lines at 
the highest energies can be identified with the 
3(^4/° final state, since no corresponding EELS 
structures can be found. This final-state identifica­
tion based on experimental observations is at vari­
ance with the assignment made in the calculation of 
Thornton and Dempsey15 but in agreement with the 
one of Ref. 6. It is interesting to notice that the 
weakest EELS structures were already detected in 
an earlier photoabsorption measurement16 but 
could not be interpreted. Thus far we have been 
able to identify the nature of the different excita­
tions observed in core-level spectra, but their rela­
tive intensity distribution cannot be simply predict­
ed since the coupling between initial and final states 
must be calculated in a many-body formalism simu­
lating the situation encountered in CeO2. 

We have adapted the Gunnaarsson-Schonham-
mer GS model1 to the case of an insulator by defin­
ing a full valence band of rectangular shape allowed 
to hybridize with an f level above it. With the 
parameter values given in Fig. 3 the weight of the 
4 / 1 configuration in the ground state is about 0.5, 
in quantitative agreement with the self-consistent 
field calculation.7 Since the computed XPS and BIS 
spectra shown in Fig. 3(a) represent excitation 
spectra accounting only for /-symmetry states they 
cannot be directly compared with the ground-state 
calculation of the total DOS.7 For the extended 
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FIG. 3. Result of the many-body calculation for the 
different excitation spectra in CeO2. (a) /contribution to 
the outer-level excitations, (b) 3d core excitations (see 
text). The spectra shown in (a) have been convoluted by 
a Gaussian of 0.4 eV full width at half maximum and 
those in (b) by a Lorentzian of 1.2 eV full width at half 
maximum. The parameters are defined as in Ref. 1. 

states, however, the calculated /contribution to the 
exctitation spectra should be comparable to an / 
projected DOS of a band calculation. As expected 
the / contribution in XPS is comparatively weak 
and broad. In the band gap the calculation predicts 
correctly the narrow resonance corresponding to the 
population of the localized 4 / 1 states. Since the 
model ignores the existence of a conduction band, 
instead of an /admixture to this band, it produces a 
rather unrealistic / 2 contribution. The same set of 
parameters producing excitation spectra of outer 
levels in good agreement with experiment has been 
used to calculate the core-level spectra shown in 
Fig. 3(b). The multiplet splitting which influences 
more strongly the EELS final-state structures has 
not been taken into account. With this simplifica­
tion, the expected differences in the 3d —• 4/exci­
tation processes between EELS and x-ray absorp­
tion spectroscopy, which are due to multiplet term-
dependent matrix elements, have not been account­
ed for by the theory. In view of this omission and 
other approximations made in the model, it 
describes the XPS and EELS spectra surprisingly 
well. The calculated peaks in the XPS and EELS 
core-level spectra derive from the / ° , / 1 , and / 2 fi­
nal states in the limit of V-* 0 in the order of de­
creasing relative energy. However, at finite V, the 
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/ 1 , / 2 mixing impedes an unambiguous assignment. 
Finally, 2p-* Sdexcitations (LIH edges), calculated 
within the same formalism, are in qualitative agree­
ment with experiment.4 The success of this formal­
ism applied to the new situation encountered in 
CeO2 provides a glaring demonstration that hybrid­
ized and extended /-symmetry states are also 
strongly coupled to deep-hole final states with dif­
ferent localized 4/populations. 

This work has demonstrated that in CeO2 the lo­
calized Af states remain completely unoccupied 
whereas the proximity of the huge Af resonance in­
duces a nonnegligible / = 3 projected DOS in the 
valence band. These extended covalent states with 
f symmetry are responsible for the coupling to 
core-hole final states with different populations of 
localized Af levels. This observation is confirmed 
by a model calculation describing the different spec­
troscopic processes, and it establishes quite general­
ly that discrete final states in core-level spectros­
copies do not necessarily reflect an initial mixed-
valence state. The angular momentum rather than 
the degree of localization appears to be the essential 
parameter driving the coupling between the outer 
states when a core hole is suddenly created. It can 
be anticipated that this deepening of the core-level 
spectra interpretation will provide a powerful tool 
for probing the symmetry character of the states 
participating in the bond. 
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Comment on "Spectroscopic Evidence for Lo­
calized and Extended /-Symmetry States in 
CeO2" 

In a recent Letter, Wuilloud, Delley, Schneider, 
and Baer (WDSB) ' presented combined x-ray pho-
toelectron spectroscopy and bremsstrahlung iso-
chromat spectroscopy (BIS) studies of CeO2 focus­
ing on the possibility of valence mixing in this insu­
lating compound, which has been a controversial is­
sue for recent years.2-4 They concluded that in 
CeO2 /-symmetry states exist as extended states as 
calculated by band theory5 and that valence mixing 
as proposed by the cluster model of Fujimori with 
configuration mixing4 is definitely excluded. They 
argued that, whereas the valence band contains an 
admixture of/symmetry (nfeQ), the occupancy of 
localized 4/states n'f is zero. 

In this Comment, I would like to point out that 
their results are consistent with the valence mixing 
of Ref. 4 rather than excluding it. I note that the 
cluster model4 and the band model5 have given 
quite similar physical pictures in spite of the very 
different approaches as far as the ground state is 
concerned. While the band model considers the Ce 
4 / - 0 2/? hybridization in a one-electron picture, the 
cluster model considers it in a configuration-mixing 
framework.6 In both cases, 4/electrons are delocal-
ized in the sense that they lose localized magnetic 
moments and participate in chemical bonding. In 
fact, their "extended /-symmetry states" can be re­
garded as linear combinations of O 2p and Ce 4 / 
atomic orbitals as can be seen from the shape of the 
wave function in Ref. 5. Therefore, the conclusion 
of WDSB that nfeO and «}=0 is fully consistent 
with the cluster-model results: The result of Ref. 4 
that CeO2 is mixed valent with «y~0.6 corre­
sponds well to n}~0.5 used by WDSB in their 
model calculations.1 

Then, which is a more relevant definition for the 
4/occupancy, w/=«} + «/or n'/i Core-level7 and 
valence-band8 photoemission measures rij rather 
than n'f. So-called tetravalent compounds such as 
CeRh3 and CeRu2, for which w}~0, have been as­
signed the 4/number of ~0.8.7 The 4/occupancy 
measured by Compton scattering9 also corresponds 
to rif, as this experiment measures spatial electron 
distribution and does not distinguish localized, 
magnetic 4 / electrons, and 4 / electrons hybridized 
with conduction electrons. Generally it is not possi­
ble to separate unambiguously tif into n'f and rt/ in 
metallic Ce systems both experimentally and the­
oretically. Therefore we believe that n/ is a param­
eter more relevant to recent arguments on the 4 / 

occupancy than n'f, and in this sense CeO2 should 
be regarded as mixed valent, although the chemical 
term "valence" might be confusing. 

Finally, the BIS spectrum of CeO2 has shown an 
intense 4/1 peak and no clear 4/2 peak, which 
WDSB considered to be a strong indication of unoc­
cupied localized 4/states. WDSB used a large 4 / 
valence (conduction) band hybridization parameter 
in their Gunnarsson-Schonhammer (GS)10 model 
calculations (NfA = 5.6 eV as compared to Fo r 
TVyA = 0.5-2.5 eV used in the cluster calculations4 

and previous GS model calculations7,10). As a 
result of the large hybridization the intense BIS 
peak is an admixture of 4/1 and 4/2 configurations 
with comparable weight rather than pure 4/1 , and 
cannot be assigned to localized 4/ 1 states. Alterna­
tively, the intense " 4 / 1 " peak might be explained 
by a formation of 4/band in the BIS final state,11 

which cannot be described by single-Ce-ion theories 
such as the GS and cluster models. In any case, 
unoccupied 4/states are fairly extended rather than 
localized. 
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Wuilloud et al. Respond: In the previous Com­
ment on our electron spectroscopy study of Ce02,l 

Fujimori criticizes concretely only the large hybridi­
zation energy and our characterization of the unoc­
cupied /states. He rather attempts to argue that his 
cluster calculation is equivalent to our model calcu­
lation performed within the Anderson impurity 
model. He also maintains his opinion that the p-f 
mixing mechanism can be considered as a mixed 
valence. We disagree with the argumentation pro­
posed by Fujimori. 

In the cluster calculation of CeO2,
2 the real elec­

tronic structure is approximated by the hybridiza­
tion of an /state with a few ligand states in a tight-
binding-type treatment. As a consequence, this 
model is definitely confined within an atomiclike 
description where the ground state and the excita­
tions appear necessarily as discrete spectra of local­
ized states (see Fig. 2 of Ref. 2). This approach to 
a solid is missing irremediably the continuum as­
pects of the band states interacting with the /state. 
For example, one unrealistic consequence of such a 
model is the fact that the lowest excitation energies 
are typically of the order of the hybridization energy 
for both metals and insulators. This implies zero 
electronic specific heat and too small susceptibilities 
for metallic systems. 

In the present problem, the essential advantage 
of the impurity model is that it is specifically con­
structed to describe the interaction of an impurity 
level with a continuum of states. In contrast to the 
cluster model it is not limited to a localized descrip­
tion of the states. 

CeO2 offers a very clear situation when compared 
with metals since the valence and conduction bands 
consisting of extended Bloch states are separated by 
a gap. The peak observed in this gap above Ep in 
the BIS spectrum is well predicted by the impurity 
calculation which confirms that it has a nearly pure 
(90%) 4/1 character. The weak " / 2 " structure is in 
fact a complicated mixture of / 2 , and /'-conduc­
tion electron-valence hole states. The impurity cal­
culation yields an / admixture spread over the 
whole valence bandwidth being fully consistent with 
the old ideas on covalency. A cluster calculation 
can not distinguish between this bonding mechan­
ism and a true mixed valence. 

For the 3rfcore levels the impurity model shows 
that the lowest peak of each spin-orbit component 
has a rather pure / ° character. However, the other 
structures correspond to a strong mixing where the 
/ 1 / / 2 ratio is of the order of 1 for each peak. The 
importance to include the continuum aspects of the 
valence states is demonstrated by a more realistic 
prediction of the core-level line shapes. In his clus­
ter model Fujimori starts from fixed hybridization 
values 1.48 and 1.71 eV2 and adjusts the theoretical 
core-level spectrum to experiment by varying the 
/promotion energies. He obtains promotion ener­
gies Ex and E2 implying a screened Coulomb corre­
lation energy Uff=\S eV.2 Even in an insulator 
this values appears to be a factor of 2 larger than 
generally accepted and observed in Ce2O3.

1 It is not 
surprising that about the same / count rif is ob­
tained in both models. This results from the fact 
that the cluster model corresponds roughly to the 
impurity model in a zero bandwidth limit. The / 
count is mostly determined by the relative weights 
/ 0 / / 1 + / 2 of the different core-level components, 
which do not depend critically on the bandwidth. 

The Ce atoms in CeO2 are tetravalent since no lo­
calized /level is occupied and the four outer elec­
trons are involved in the band. In a cluster ap­
proach, the covalent /admixture to the band states 
can only be synthesized by mixing a limited number 
of localized Orbitals. Therefore we believe that this 
approximation of a band has no common feature 
with the concept of mixed valence. The term 
mixed valence characterizes the fractional occupa­
tion of a localized state in a metal.3 
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SPECTROSCOPIC STUDY OF LOCALIZED AND EXTENDED f-SYMMETRY STATES IN 
CeO2 , CeN AND CeSi2 

E. W U I L L O U D , B. DELLEY, W.-D. S C H N E I D E R A N D Y. BAER 

Institut de Physique, Uniuersité de Neuchâtel, CH-2000 Neuchâtel, Switzerland 

The occupied and empty electronic states of CeO2, CeN and CeSi2 have been studied by high-energy spectroscopies (XPS, 
BlS). The experimental results are remarkably well predicted by a many-body calculation accounting for f-symmetry admixture 
in the bands. The compounds CeN and CeSi2 can be considered as mixed valent while this phenomenon can be definitely 
excluded in CeO2. 

The interaction of an atomic-like electronic state 
'with extended band states located in the same energy 
region offers an exceptional situation which can give 
rise to many attractive phenomena like Kondo effect, 
valence instabilities and most likely the heavy-fermion 
behaviour recently discovered in Ce-and U-based inter-
metallics. The unusual electronic properties of these 
systems have already been the subject of numerous 
spectroscopic studies interpreted with very different and 
sometimes controversial models. The modified Ander­
son impurity model including a large f-orbital degener­
acy proposed by Gunnarsson and Schönhammer (GS) 
[1,2] appears to provide at the present moment the most 
successful method for calculating very different excita­
tion spectra (XPS, BIS, XAS, EELS) with the same set 
of parameters characterizing the sample. It has been 
mostly applied to alloys of Ce with d-metals [3-5]. The 
purpose of this study is to compare GS model calcula­
tions with spectroscopic results of systems where the 
4f-state interacts with a band originating from p-states 
[6,7]. This symmetry offers more freedom than d-states 
to vary drastically the density of the extended states in 
the energy range of the 4f ' resonance. We have choosen 
to investigate the sequence CeO2, CeN and CeSi2, 
where the p - d gap shrinks from 6 to = O eV. 

The experimental results presented in this paper 
were obtained in a combined XPS (X-ray Photoelectron 
Spectroscopy), BIS (Bremstrahlung Isochromat Spec­
troscopy) and EELS (Electrons Energy Loss Spec­
troscopy) apparatus allowing us to perform all measure­
ments in a vacuum of 2 X 1O -11 Torr. The CeO2 and 
CeN samples were prepared in situ from metallic Ce-
films evaporated on graphite. In order to obtain the 
compounds, these films were heated at 800 K during 6 h 
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expositions to 1 Torr oxygen or 760 Torr nitrogen 
pressures, respectively. The polycrystalline sample of 
CeSi2 was prepared by melting the stoichiometric 
amounts of Ce and Si in a lévitation furnace and, 
subsequently, by tempering it at 800 K. Within the 
X-ray detection limit, the sample was found to form a 
single phase. 

The joined XPS and BIS spectra shown in fig. 1 

1 1 1 1 1 1 r 1 1 1 1 r-

xps :". BIS 

CeO2 

I i i i i " " I - i i i i i i U 

- 8 -I* 0=EF . 4 8 12 

ENERGY IeVI 

Fig. 1. Combined XPS-BIS spectra of CeO2, CeN and CeSi2. 
The relative intensities have been normalized (see text). The 
extrapolated upper valence band edges are indicated by the 
dashed lines. 
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display the occupied and empty densities of states of 
CeO2, CeN and CeSi2. The spectra of CeO2 have 
already been published elsewhere [8], the thin-film XPS 
spectrum of CeN is in perfect agreement with a previous 
spectrum of a CeN single crystal [9] and CeSi 2 has only 
been studied by resonant photoemission [1O]. The rela­
tive intensities of the different spectra have been tenta­
tively adjusted by using the computed atomic cross-sec­
tion for the different symmetries [H]. For CeO2, the 
populations obtained in a band calculation [12] have 
been used, for CeN and CeSi2, this kind of information 
being not available, only the 4f contributions have been 
adjusted to the populations predicted by the many-body 
calculation presented later in this paper. 

The XPS, BIS and EELS spectra of CeO2 have been 
interpreted with a GS model adapted to an insulator 
and compared to a SCF band calculation [12]. This 
study has provided an unquestionable demonstration 
that an important participation of f-symmetry is in­
volved in the extended states forming the band while no 
localized 4f-state is occupied. As shown in fig. 1, the 4f 
resonance is located above Ev within the band gap and 
therefore can remain essentially atomic-like. Thè many-
body analysis of the core levels, (not shown here) re-

1 I I I I 

XPS 

nf = 0.49 

«10 ^ 

nf = 0.83 

x 10 

n, = 0.99 

-10 J 

i i i i I i i i 

BIS 

I CeO2 

i CeSi' 
i , i , i i , , , 

-10 0=EF 10 
e IeV) 

Fig. 2. Result of a many-body calculation for the f contribution 
to the excitation spectra of the outer occupied (full curve) and 
empty (dashed line) states for CeO2, CeN and CeSi2. The total 
f occupation n; is indicated. The parameters are defined as in 
refs. [1,2] (see text). The positions and widths of the semi-el­
liptical valence and conduction band states are indicated by the 
horizontal bars. 

quires for the coupling A between 4f and valence states 
the very large value of 0.4 eV. The consequence is an 
important f admixture of 0.5 states in the "p" band as 
shown in fig. 2 by the projected f-density of states 
obtained in the many-body calculation. In CeO2 the 
new situation results from the presence of a large band 
gap allowing the energy separation of hybridized and 
localized contributions of the f-states. The tetravalence 
of this oxide is demonstrated by the fact that the BIS 
spectrum shows simply a 4Î1 peak below the empty 
band which cannot be confused with 4f2 multiplets. 

In CeN only 3 electrons of the Ce atoms are neces­
sary to complete the p band of N. In the XPS spectrum 
of fig. 1, by extrapolation the upper valence band edge 
is found to be located about 1.5 eV below EF, so that a 
narrower p-d band gap than in CeO2 is formed. The 
4f1-state must be assumed here to overlap weakly with 
the d-conduction band (fig. 2). This description is dic­
tated by the choice of parameters producing the best 
agreement of the many-body calculation with the core' 
level and 4f excitations. In the XPS spectrum, the tail of 
the 4f ' peak toward the p band is likely to be attributed 
to the localized 4f' level shifted at the surface, as 
observed at lower photon energies [13]. The weak en­
ergies of 0.1 and 0.05 eV found for the coupling of 
valence and conduction electrons with the 4f states as 
well as the 4f separation from the upper valence band 
edge are responsible for the 4f localization. This situa­
tion is illustrated in fig. 2 by a barely discernable 
hybridized f contribution. The degeneracy of the local­
ized 4f' level with the conduction band causes a frac­
tional occupation (n\ = 0.8) of the localized 4f'-state, a 
phenomenon usually called valence fluctuation. This 
situation is confirmed by the BIS spectrum of fig. 1 
showing above the 4f] peak the typical structure corre­
sponding to the population of the 4f2 multiplets. These 
states of localized nature are resonantly bound in the 
potential well; their multiplet splitting has not been 
included in the many-body calculation and only the 
area of the corresponding 4f signals must be compared 
in theory and experiment. 

In CeSi2 the estimation of the upper p-band edge 
(dashed line) indicates that this compound looks rather 
like a semi-metal with the 4f estate squeezed in the DOS 
minimum between the conduction and the valence band. 
The fit of the many-body calculation to the spectra 
yields practically the same coupling energies between 4f 
and band states as those found for CeN. However, in 
this case the bare 4f] energy is found to be located 0.25 
eV below EF in the valence band. It results that the 4f 
occupation n{ is nearly equal to one and that, besides 
the occupied 4f peak just below £ F and accounting for 
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localized states (n\), a sizable f admixture («[,) to the p 
band is predicted by the calculation. The measured and 
computed spectra corresponding to the addition of a 4f 
electron (BIS) reflect also clearly that the intermediate 
valence of Ce in CeSi2 is not far from the trivalence. 
This conclusion is confirmed by the occurrence of mag­
netic transitions for compositions with Si deficiency 
[14,15]. This stiochiometry change appears to push the 
4f' state further below £ F and to induce the integral 
occupation n\ = 1. The interpretation of resonant pho-
toemission spectra proposed earlier [10] is completely at 
variance with the present description of the CeSi 2 elec­
tronic structure. The changes in the 4f2 multiplet shape 
and position from CeN to CeSi 2 are quite similar to the 
observation made in the CePd3Bx series [16] and there­
fore can be interpreted as a manifestation of the 4f 
occupation increase. 

The analysis by the GS model of this class of Ce 
compounds can not discriminate numerically between 
localized (n[) and hybridized (n'h) f occupations but 
these two kinds of contributions can be distinguished by 
their different width and shape in the calculated excita­
tion spectra of the outer levels (see fig. 2). The intensity 
ratio of the different structures in all kinds of spectra 
have no longer a linear dependence on the total number 
of occupied f-symmetry states n\ = n\ + nl

h. These facts 
obviously invalidate any simplistic valence determina­
tion from core level spectra when A is sizeable. For 
example the set of parameters used to analyze the 
present CeO2 spectra allows us to compute a L111 ab­
sorption edge [17] in satisfactory agreement with an 
experimental spectrum from which a fractional valence 
of the Ce atom in this oxide was deduced [18]. 
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The consequences of the degeneracy between configurations with different populations of atomic-
like f states arc studied systematically for a number of light rare-earth materials (Ba, LaFj, La2Oj, 
La, CeO2, CeCo2, CeN, a-Ce, and )'-Ce) using high-energy spectroscopies. The Anderson impurity 
model applied to this problem (Gunnarsson-Schonhammer model) is found to describe convincingly 
a variety of electron-spectroscopic excitations, such as, x-ray photoemission and bremsstrahlung iso­
chromst spectroscopy. We have extended this many-body formalism to account for electron-energy 
loss spectroscopy and Lm absorption edges. The parameters resulting from the calculation are 
analyzed within the framework of a simplified Hamiltonian containing no coupling terms between / 
and band states. This approach reveals in a natural way the importance of the conventional concept 
of hybridization. The energy degeneracy and the wave-function overlap of quantum'states give rise 
to a mixing and to a continuous energy distribution of excitations. For electronic transitions 
described within the sudden approximation the impurity model provides a sound and unified 
description of the "satellite complex" encountered in the high-energy excitation spectra of such sys­
tems. 

I. INTRODUCTION 

Since the early days of photoelectron spectroscopy, the 
appearance of satellite lines in core-level spectra has been 
the subject of many investigations.1-17 It was recognized 
that these satellites are closely related to the presence of 
open 3c?, Af, and 5 / shells. Numerous interpretations 
were given to correlate their intensity and energy positions 
with the ground-state properties of the solid. For exam­
ple, in actinide compounds, the appearance of satellite 
lines in core-level spectra was considered as precursory in­
dication of/-electron localization.12,13 In the rare-earth 
compounds, the occurrence of two sets of structures in 
core-level spectra has been interpreted quite often in terms 
of two localized 4/populations.14 However, in the earliest 
x-ray photoemission studies of atoms and molecules' it 
was recognized that the sudden potential change resulting 
from the ionization of a deep core level can induce drastic 
modifications among the outer electrons: Simultaneous 
excitations within the outer bound levels can occur or ad­
ditional weakly bound electrons can be expelled. These 
two types of processes were called, respectively, electron 
"shakeup" and electron "shakeoff." Since the main 
weight of the spectra is usually concentrated on the simple 
ionization process, the weak structures at larger binding 
energies corresponding to these additional excitations were 
considered as satellites. Within the Hartree-Fock approxi­
mation and the sudden approximation the necessity of 
such excitations and the relationship between their distri­
bution and the relaxation energy is rather straightfor­
ward.18 The multiplet splitting resulting from the ex­
change and electrostatic interactions of incomplete shells 
will be discarded here. In solids, strong core-level satel­
lites have been first observed in core-level excitations of 
ionic compounds.2,3 In an atomiclike model, their origin 

can be relatively simply explained by a configuration-
interaction between distinct final states being close in total 
energies. At about the same time, a splitting into two 
components of comparable intensities has been observed 
in 3c?3/2|5/2 core-level spectra of light rare-earth ionic 
compounds such as, for example, La2O3.4,5 In the origi­
nal interpretation, the high-binding-energy peaks were 
considered as an energy-loss or shakeup process described 
as a charge transfer from filled ligand orbitate to the emp­
ty Af shell after creation of the core hole. A • few years 
later, the observation of three peaks in the core-level spec­
tra of CeO2 Jed Burroughs et a/.19 to the idea that the 
presence of a core hole can lower substantially the Af en­
ergy relative to the band states, so that the population of a 
Af state can be the most efficient screening mechanism. 
For this type of screening transition the terms "energy 
gain" or "shakedown" satellites have been coined. This. 
picture has been extended by Crecelius et al.20 to the 
weak 3c? low-binding-energy satellites observed in the 
light rare-earth metals. 

The first attempts to go beyond an atomiclike descrip­
tion of such satellites in solids have been made by Kotani 
and Toyozawa15,16 and Schönhammer and Gunnarsson.17 

They provided a quantitative description in terms of 
core-hole screening populations originating from coupled 
states with different symmetries and spatial extents. 
These approaches represent an important first step toward 
the more elaborate calculations available today. They are 
at the origin of the nowadays popular but too schematic 
expressions "well-screened" and "poorly-screened" final 
states used for characterizing respectively a low- and a 
high-binding-energy core line in rare-earth, actinide, and 
transition elements.21 At the present time, the accumula­
tion of spectra containing core-level and valence-band sa­
tellites demonstrates that this type of manifestation ac-
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counts for a rather general situation which is certainly un­
conventional but not exceptional. Presently the Anderson 
impurity model appears to provide the simplest frame­
work for describing the excitations of rather localized 
states which are hybridized with band states. After the 
first approach of Oh and Doniach,22 a unified and quanti­
tative many-body calculation scheme for the various 
core-level and outer-level excitations in Ce has been pro­
posed by Gunnarsson and Schönhammer.23 Ce with its 
low 4 / population offers the simplest conditions for 
studying this mixing mechanism which has a dominating 
influence on the spectra and is not involved with complex 
multiplet structures. The achievements of this model are 
the following. 

(i) A single set of parameters, characterizing the elec­
tronic structure of a solid, yields correctly all kinds of ex­
citation spectra. This allows one to reconcile the contrad­
ictory pictures of the 4 / states deduced from the different 
experimental techniques [x-ray photoemission (XPS), 
bremsstrahlung isochromat spectroscopy (BIS), electron-
energy loss spectroscopy (EELS), x-ray absorption spec­
troscopy (XAS), susceptibilities, and lattice con­
stants24-28]. 

(ii) The correct width of the bands included into the 
model allows one to predict the spread and shape of the 
4 / and core spectra in a more realistic way than in any 
cluster calculation.29 

(iii) Mixing in initial and final states are taken into ac­
count. In both states the 4 / population is found to be in­
tegral only in extreme situations. This invalidates the 
atomic description and calls in question the use of deep 
core-level spectroscopy for revealing valence fluctuations. 

The aim of this paper is to present and to analyze the 
electron spectroscopic manifestations of the 4 / states in a 
particular sequence of solids where the consequences of / 
admixture to the band states can be studied in a systemat­
ic manner. Despite the hidden aspects of the theoretical 
computation the behavior of the spectra allows one to 
understand intuitively how the parameters used to charac­
terize the electronic structure determine the observed exci­
tations. 

II. EXPERIMENTAL DETAILS 

With the exception of the spectra of La2O3 and CeCo2, 
the data shown and discussed in this work have been tak­
en from already published studies, those of Ba (Refs. 
30-33) and LaF3 (Refs. 7, 34, and 35) as well as of the 
valence bands of y-Ce and a-Ce (Ref. 36) have been mea­
sured by other authors, those of La (Refs. 37 and 38), 
CeO2 (Ref. 39), CeN (Refs. 40-41), a-Ce, and y-Ce (Ref. 
27) originate from the present authors. All our spectra 
have been obtained in a single instrument which allows us 
to perform XPS, BIS, and EELS on. the same sample 
without breaking the vacuum of 2X 1O-11 Torr.42,37 

The La2O3 sample was prepared in situ from La films 
freshly evaporated on Cu and oxidized at 300 K in an ox­
ygen atmosphere of 1O-6 Torr for 6 h. Subsequently the 
films were exposed for 10 min to an oxygen discharge at 

0.1 Torr in order to obtain sufficiently thick La2O3 sam­
ples. By varying the photon flux or the electron beam 
current during the different measurements, no charging 
effect could be detected. The relative position of the ener­
gy scales in the XPS and BIS spectra of La2O3 were cali­
brated within 0.1 eV by observing with both techniques 
the position of the Fermi level (EF) of a Ag film deposit­
ed onto La2O3. 

The polycrystalline CeCo2 sample was prepared by 
melting the constituents in a lévitation furnace. An x-ray 
analysis confirmed the Laves phase structure of the com­
pound and no foreign lines due to other phases were 
detected. Clean surfaces were obtained in situ by scraping 
with an Al2O3 file. In ,order to avoid a rapid surface accu­
mulation of oxygen diffusing from the bulk, the sample 
was held at liquid-nitrogen temperature. 

III. THEMODEL 

We have analyzed the XPS, BIS, and EELS spectra 
within the Gunnarsson-Schonhammer (GS) approach23 

which was originally developed for describing different 
spectroscopic transitions in metallic Ce compounds. We 
have adapted this model for L 1 n absorption edges43 and 
EELS transitions and we have extended it to insulating 
rare-earth compounds. In this section we give only a dis­
cussion of the model relevant to XPS and BIS. The EELS 
and L1n edges will be treated separately in Sees. VI and 
VII, respectively. The electronic density of states of insu­
lators was simulated by semielliptical valence and conduc­
tion bands separated by a gap. We note, that the large f 
degeneracy Nf is much less important for insulators than 
for metals since no low-lying bandlike excitations could 
lead to divergencies. The calculations have been per­
formed to second order in i/Nf (Ref. 23) and they in­
clude basis states up to double f occupation. Lower-order 
approximations which are useful for Ba metal and La 
compounds are discussed in the Appendix. 

For each compound, the heights, widths, and positions 
of the bands have been chosen in such a way that the 
model can account correctly for the mixing of the 4 / 
states with the extended states. This schematic band pic­
ture represents a weighted density of states (DOS) where 
the amplitude is proportional to the coupling strength A 
defined in the Appendix. The relevant DOS features are 
respected, but need not be more realistic since the aim of 
the model calculation is exclusively the description of the 
4 / contributions to the different excitations. The comput­
ed spectra have been compared to all experimental spectra 
(XPS, BIS, EELS) and the parameters have been varied 
until the best general agreement is found. In fact, this 
procedure represents a stringent test of the model. In this 
way, more reliable parameter values are obtained than by 
a fit to only one type of experimental spectrum.' Among 
the parameters, the f-f Coulomb repulsion Uff and the 
Coulomb attraction Ufc of the 4 / states by a core hole are 
essentially atomic quantities which are renormalized by 
the screening mechanisms in solids. As shown in Table I, 
their values do not scatter very much among the different 
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TABLE I. Relevant energies (eV) and populations obtained from the fit of the many-body calcula­
tions to the experimental spectra. 

Material 

Ba 
LaF3 

La2O3 

La 
CeO2 

CeCo2 

CeN 
a-Ce 
y-Ce 

*/P 

0.6 
0.6 

0.6 

0.2 

hi 

0.1 
0.06 
0.06 
0.08 
0.06 
0.3 
0.1 
0.08 
0.03 

ef 

14.0 
14.5 
10.7 
5.5 
0.5 

- 1 . 2 
- 0 . 8 
- 1 . 2 
- 1 . 5 

Uff 

8 
8 
8 
8 
8 
5.5 
7 
6 

, 6 

Vfc 

- 1 2 
-13 .5 
- 1 2 

- 9 
- 1 2 
- 1 0 
- 1 1 
- 1 0 
- 1 0 

' "f 

0.003 
0.002 
0.04 
0.01 
0.45 
0.76 
0.80 
0.88 
0.98 

types of solids considered. Only two parameters remain 
completely free in the fitting procedure: the hybridization 
energy A defined in the Appendix, and ey representing in 
the limit of A=O and Uff—Q, the energy difference be­
tween consecutive / counts. The values of the initial 4 / 
populations n/, also given in Table I have not been adjust­
ed but they are a result of the model calculation. 

Once all these parameters are known from the model 
calculation, it is very instructive to take a step backwards 
and to discuss the results within the framework of a sim­
plified Anderson impurity Hamiltonian without the hop­
ping term: 

Hu = X e * " * + e/1'lm + Uff X nm*m 
Jt m m'>m 

H-«eec + ( l -nc)C/ / c2 

tions within a single-particle excitation spectrum where 
the states are given as a function of the energy of one elec­
tron occupying the considered level. This representation 
is just obtained from the previous one by a 180° rotation 

(Ql 

E1 In-D 

E,In.11 

f I 

I"-- Q-I. 

SlE1I 

XV 

E 1 I n - I I 

S lE 1 

The orbital indices m and k for the 4 / and valence states 
implicitly include the spin. We note that the parameters 
entering the uncoupled Hamiltonian Hu can be estimated 
in principle from a parameter free density-functional cal­
culation.44 For the discussion of excitation spectra it is 
convenient to choose as an origin of the total-energy scale 
the total electronic energy of the ground-state configura­
tion (this definition remains valid for the model calcula­
tion). In this simple scheme the population changes in-

. duced in the bands, Af levels or core levels, are assumed to 
be screened by charge transfer among the highest occu­
pied band states. This mechanism corresponds to a negli­
gible variation of the Fermi-energy position in a metal 
and it supposes the creation of a polarization charge ori­
ginating from the valence-band top in an insulator. This 
assumption appears to provide the correct way to relate 
on a total-energy scale the single-particle excitations of ex­
tended states to the total energies involved in population 
variations of highly correlated states. Within this simple 
framework (A = O), the density of the single-particle exci­
tations of the outer levels, relevant for these spectros­
copies, will be called "uncoupled S(E, )." This quantity is 
composed of the weighted density of states discussed pre­
viously and of the discrete spectrum for uncoupled f 
states. As shown in Fig. 1 this uncoupled S(E1) can be 
split into electron-addition and election-subtraction pro­
cesses which must be represented on a common total-
energy scale in order to be consistent with the Hamiltoni­
an. It is more usual to represent these two types of excita-

2 U 1 , • 

IbI 

-A^-i 

I 1^-
FIG. 1. (a) Screened single-particle excitations of the extend­

ed and localized outer levels without coupling as a function of 
the total electronic energy E, of the final state: uncoupled 
SiE,). Left part: uncoupled S[E1) resulting from the addition 
(thick dashed lines) and subtraction (solid lines) of one electron 
represented separately on a common total-energy scale. The po­
sition of f" represents the total energy of the ground state and 
does not belong to the excitation spectrum. The parameters 
linking the different Af populations shown in the top of the fig­
ure are correct only for an uncoupled 4 / ' ground state. Right 
pan: the uncoupled S[E1) for electron addition rotated by 180° 
around the origin in order to make it consistent with the usual 
single-particle representation of the excitation spectra 
(XPS + BIS), (b) Lowest total energies of the different uncou­
pled final states in the presence of a core hole for an / 1 ground 
state. This diagram is most conveniently constructed by starting 
from the total energy of an initial Af0 configuration. The 
creation of a core hole raises this energy by ec. In addition to 
the other parameters one has now to take into account the core-
hole attraction U/c. The relative positions of the different 
final-state populations can be easily calculated from the simpli­
fied Hamiltonian. 
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of the electron-addition spectrum. For two atoms in an 
uncoupled (A=O) 4 / " ground-state configuration one can 
verify in the single-particle or total-energy representation 
that Uff corresponds to the common definition of the 
Coulomb correlation energy involved in the formation of 
the two noninteracting polar states 4 / " _ 1 and 4 / " + 1. 
When only f states are considered, one has to realize that 
their energy is given by 

En(f
n) = nef + \n(n-\)Uff. 

This is just the parabolic behavior of the total energy as a 
function of the/population. 

When the hopping terms accounting for the overlap in 
space of the 4 / and band states are included, a hybridiza­
tion can take place between these two kinds of states when 
they are not too far from the degeneracy. This mecha­
nism becomes particularly important when the total ener­
gy of a neighbor configuration (f + ' or / " ~" ' ) approaches 
the total energy of/"; ground states are formed with frac­
tional / counts which can be very different from integral 
numbers. The virtue of the GS model is to provide a 
scheme for the calculation of these states and for the dif­
ferent excitation spectra within the sudden approximation. 
The complication of this hybridization problem originates 
from the energy spread of the band states and from the / 
degeneracy. 

For the description of core-hole excitations it is con­
venient (but not absolutely necessary) to start from the to­
tal energy of the initial configuration / ° even if it is not 
the ground-state configuration. In the presence of a core 
hole ( H C = 0 ) , this energy is simply raised by ec as shown 
in Fig. Kb). In the uncoupled scheme, it is then a simple 
matter to calculate the relative positions of the other 
final-state / populations by inserting the suitable numbers 
(Table I) in the simplified Hamiltonian. The simultaneous 
excitations of band states created in the core-hole ioniza­
tion should be represented in Fig. Kb) as continua extend­
ing from each / " level toward higher total energies. For 
this reason the measured and computed excitation spectra 
show in some cases more complicated or extended struc­
tures than expected from the mixing of the narrow uncou­
pled states. As long as the different accessible / " final 
states are well separated and/or the hybridization parame­
ter A remains negligible, the position of the peaks in the 
core-level spectra are well predicted by the uncoupled en­
ergies. The intensity of each peak accounting for a practi­
cally integral / population reflects the strength of these 
configurations in the initial states. 

An important final-state mixing can only occur when, 
simultaneously, the value of A is sizable and two uncou­
pled configurations with different / counts have nearly or 
completely degenerate total energies. Furthermore, the 
coupling is strong only if their /-population difference is 
one electron. In this case, split levels are formed by hy­
bridization, each of them containing comparable contribu­
tions from the two uncoupled states. The weight of the 
two configurations forming the mixed states is no longer 
representative of the initial ground state. In such extreme 
situations, it makes no sense to attempt any identification 
of the two observed peaks in terms of different integral 4 / 
populations and to interpret their ratio as the mixing of 

the initial state. A discussion about the energy separation 
between these hybridized peaks is given in the Appendix. 
Finally, one should notice that the multiplet splitting has 
not been included in these calculations. 

IV. SYSTEMS WITH 4 / 0 GROUND-STATE 
CONFIGURATION IN THE UNCOUPLED SCHEME 

The systems selected and discussed in this section have 
in common the fact that in the uncoupled scheme (A=O) 
the total energy is larger in the 4 / 1 configuration than in 
the 4 / 0 configuration (ey>0). This means that without 
hybridization they would all be in a pure 4 / 0 ground state. 
In Fig. 2 these systems have been disposed vertically in a 
sequence where the energy difference €f decreases gradu­
ally. We shall consider at first the outer-level excitation 
spectra which are shown in Fig. 2(a) together with the 
corresponding uncoupled S(E,) and the model calcula­
tions. Except for CeO2, discussed separately later, the in­
fluence of the hybridization remains negligible in the 
direct population changes induced in XPS and BIS. This 
is an obvious consequence of the large energy separating 
the 4 / 0 and 4 / 1 configurations. Even in LaF3 and La2O3, 
where large values of A are obtained, the initial 4 / 1 popu­
lation rif is well below 0.1 and in the model calculation of 
the photoemission spectra its contribution can be barely 
discerned. Therefore, the structures observed in the XPS 
spectra must be interpreted as band excitations. The 4 / 
contributions to the BIS spectra have been shaded in order 
to distinguish them from the population of extended 
states. Besides strong variations of the width, attributable 
to the lifetime broadening and to the different instrumen­
tal resolutions, the model calculation traces the / contri­
butions of the BIS spectra very well. In these systems, 
with the exception of CeO2, the model calculation for the 
outer-level excitations is not necessary, since it reproduces 
faithfully the energy positions of the uncoupled 4 / 1 states. 

The situation becomes more interesting in CeO2, where 
the uncoupled / ° and / 1 energies are very close. This 
proximity and the large value of A give rise to a sizable 
mixing of / 1 with / ° states responsible for the important 
initial 4 / population «y ~ 0.5. The fact that CeO2 is an 
insulator constrains this ground-state mixing to occur 
within the full valence band, which must accommodate 
this / admixture of extended nature. This contribution 
does not exhaust all the available 4 / 1 states so that anoth­
er type of 4 / 1 states is found at higher single-particle en­
ergies, in the range where the population of extended 
states is forbidden (band gap of the extended states). For 
this reason the admixture remains small in the gap where 
nearly pure 4 / ' states are formed. The agreement of this 
description resulting from the impurity calculation with a 
band calculation is gratifying.45 The weak 4 / 1 admixture 
to the valence band cannot be distinguished in the total 
XPS spectrum. The BIS spectrum is dominated by the 
4 / 1 peak, whereas the broad 4 / 2 final states mixed with 
conduction-band states, are embedded into the signal ori­
ginating from extended states and the background. There 
have been controversies in the literature whether com­
pounds like CeO2 should be called mixed valent or 
not.46,47,29 According to Varma,48 the term mixed valent 
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FIG. 2. (a) Calculated and measured outer-level excitation spectra. In the uncoupled S(E1) (see Sec. Ill), the amplitude of the 
valence and conduction bands is chosen proportional to the hybridization parameter A. In the calculation of the f spectra with cou­
pling, a Gaussian instrumental broadening of 0.4 eV full width at half maximum (FWHM) has been included. The experimental 
spectra have" been taken from the following works. XPS: Ba (Ref. 30); LaF3 (Ref. 34); La2O3, La (this work); CeO2 (Ref. 39). BIS: 
Ba (Ref. 32); LaF3 (Ref. 35); La2O3, La (this work); CeO2 (Rcf. 39). The origin of the total-energy scale is the Fermi energy in metals 
and'the upper valence-band edge in insulators. The f contribution corresponds to the hatched areas, (b) Calculated and measured 3d 
core-excitation spectra (see Sec. III). In the spectra with coupling the solid curves correspond to XPS and the dotted curve to EELS. 
The calculated spectra have been convoluted by a Lorentzian of 1.2 eV FWHM to include lifetime broadening. The experimental 
spectra have been taken from the following works. XPS: Ba (Ref. 30); LaF3 (Ref. 7); La2O3, La (this work); CeO2 (Ref. 39). EELS: 
Ba (Ref. 33); CeO2 (Ref. 39). The XPS and EELS spectra have a common energy scale and the centers of gravity of the EELS final 
states are indicated by arrows in the corresponding XPS and EELS spectra. 

characterizes the fractional occupation of localized states 
in metals. This is obviously not the case in CeO2 where 
the Ce atoms are tetravalent, since no atomiclike localized 
f level is occupied and the four outer electrons are in­
volved' in the covalent p-d and p-f admixture to the 
chemical bond. 

The XPS 3d core-level excitations displayed in Fig. 2(b) 

contain many unconventional aspects, which can be easily 
understood by considering the initial-state situation 
described previously and the uncoupled final-state posi­
tions obtained [Fig. 1(b)] with the parameters given in 
Table I. (The discussion of EELS spectra is delayed to 
Sec. VI.) From Ba to La, the initial-state mixing is negli­
gible and the ground-state configuration is nearly pure 



6824 SCHNEIDER, DELLEY, WUILLOUD, IMER, AND BAER 32 

3d CORE LEVEL EXCITATION SPECTRA 

MODEL CALCULATION EXPERIMENT 

uncoupled final 

state positions 

f2 fY 

Il Bc 

spectra with 
coupling 

XPS XPS 

EELS 
n,,0.003 

EELS 

\A 

oo 

en 
Cd 

>-
UO 

LaF, 

A Ii yvyi 
La2O3 A -- 0.6 

(1,=0.0¾ 

Il 
M\ \ J M M 

^ ti v 
K- > -

La 

',2C',' v.^v 
" V - , J\ 

Jh 
CeO, 

o 1 2 

I Il 

A = 0.6 
n,z0.45 

t - 3 / 2 - i t - B / 2 ~ i 

:*. / *. 

^/ ' - ^ 

+10 cc -10 +10 e c -10 30 20 10 O 30 20 10 O 

TOTAL RELATIVE ENERGY (eV) 
(b ) . 

FIG. 2. (Continued). 

Af0. The presence of a core hole decreases dramatically 
the total-energy difference between the 4 / 1 and 4 / 0 con­
figurations so that a final-state mixing becomes possible. 
In Ba metal the value of A is still too small to induce a 
detectable hybridization and the model predicts a simple 
Lorentzian line shape. The XPS 3 d lines confirm this ex­
pectation since the pronounced asymmetry is due to 
electron-hole pair excitations not included in the model 
and the small satellite can be identified with a plasmon ex­
citation.49 In the insulator LaF3, the value of the hybridi­
zation parameter A is now 0.6 eV and the resulting final-
state mixing is responsible for the two peaks predicted and 
observed in the 3f/ core-level spectrum. In this case an 
identification of the two. structures with different integral 
4 / populations is dubious and only the more intense one 
has a clearly dominant 4f° component. In La2O3, the or­
der of the fc and /c° final-state positions is inverted and 

the value of A is large again. The consequence is a split­
ting of the core-hole final state into two components of 
nearly equal intensities.4,6,7'19'21'11 Each of them is 
formed by a mixing of the two configurations / ° and fc 

in a ratio of approximately one to one and their separation 
is mainly determined by A (see Appendix). Fur-

• thermore, the analysis of the model calculation shows that 
in fact the excitation spectrum does not consist simply of 
two neighbor peaks, but corresponds to a continuous in­
tensity distribution reflecting excitations of valence states 
through the whole bandwidth. La2O3 provides one typical 
example that demonstrates that the traditional interpreta­
tion of each peak in terms of pure atomic configurations 
is completely in error. 

At this point it is interesting to consider briefly the evo­
lution of the different excitation spectra of the trivalent-
La compounds with F, O, Cl, and Br.6,7 The decrease of 
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FIG. 3. (a) Calculated and measured outer-level excitation spectra [see caption of Fig. 2(a)]. The experimental results originate 
from XPS: CeCo2 (this work), CeN (Ref. 41), a- and y-Ce (Ref. 36); BIS: CeCo2 (this work), CeN (Ref. 41), a- and y-Ce (Ref. 27). 
(b) Calculated and measured 3d core-excitation spectra [see caption of Fig. 2(b)]. The experimental results originate from XPS: 
CeCo2 (this work), CeN (Ref. 40), a- and y-Ce (Ref. 27). EELS: CeCo2 (this work), CeN (Ref. 41), a- and y-Ce (Réf. 27). 

electronegativity in this sequence50 corresponds to an in­
crease of the charge available for the screening around the 
La atom. This strengthening of the screening power with 
decreasing ligand electronegativity contributes certainly to 
the reduction of the total energy involved in the creation 
of coire holes (chemical shifts). The same mechanism is 
assumed to be responsible for the important decrease of 
the 4 / 1 total energies observed in the BIS spectra of Fig. 
2(a) for the sequence LaF3, La2O3, La metal. Such shifts 
in inverse photoemission of localized levels are at variance 
with the conventional interpretation of the chemical shift 
based only on simple electrostatic considerations in the in­
itial state. Proceeding now from La2O3 to LaCl3 and 
LaBr3, one can anticipate that the energy difference be­
tween / ° and fl is still increasing. Assuming a constant 
A, the model calculation for this evolution of the uncou­
pled final-state energies shows that the intensity is 
transferred from the low-energy peak LaF3 to the high-
energy peak LaBr3, in perfect agreement with the mea­

surements,6,7 It is important to notice that in both ex­
treme situations where the mixing is not too strong, the 
most intense peak has a dominant f0 character reflecting 
the initial-state configuration. The model calculation ap­
pears to provide a sound and unified description of the La 
"satellites" which have given rise to so many intuitive in­
terpretations.4,6' 11,19,ZI-

In La metal, / ° and f\ energies are not quite as close 
and A is small. Since the initial 4 / 1 population is negligi­
ble (Hf=O-Ol) and the conditions for a final-state mixing 
are not favorable, the excitation spectrum contains essen­
tially a leading / ° peak accompanied by a weak f] satel­
lite. In this case, nearly pure final-state configurations are 
realized. It is interesting to notice that from t h e / 0 initial 
state, the matrix element expressing the sudden approxi­
mation for a core-electron photoemission provides practi­
cally no intensity to the /c

2 final state. Despite the fact 
that the two configurations fl and / ° are nearly degen­
erate, the effective hybridization between states with f-
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count differences larger than one is negligible. 
Finally, in CeO2 the relative positions of the uncoupled 

energies of the different / " configurations are drastically 
modified when a core hole is created. /c° has now the 
highest energy and is well separated from /c ' and / 2 . For 
this reason it cannot hybridize and consequently appears 
as a simple isolated peak with a large intensity accounting 
for the important f0 character of the initial state. The 
two close fl and f\ configurations together with band ex­
citations form a strongly mixed final-state continuum 
dominated by two leading peaks. The observation of a 
large intensity for states of this nature is a consequence of 
the existence of the 4 / 1 initial population of extended 
states which is in this way indirectly demonstrated. For 
all these 3d core-level spectra, the agreement between the 
model calculation and each spin-orbit-split component of 
the XPS spectra is striking and requires no further com­
ment. 

V. SYSTEMS WITH 4 / 1 GROUND-STATE 
CONFIGURATION IN THE UNCOUPLED SCHEME 

In Figs. 3(a) and 3(b) the outer and core-level excitation 
spectra for CeCo2, CeN, a-Ce, and y-Ce are presented, 
respectively. They have been selected and displayed verti­
cally according to increasing f occupation tif in the 
ground state. The common property of these materials is 

the 4 / 1 configuration of their uncoupled ground state, ob­
tained from the best fit of the model calculation to the ex­
perimental spectra, as shown in Fig. 3(a). For these ma­
terials the total energy is larger in both the 4 / 0 (electron-
subtraction) and in the 4 / 2 (electron-addition) configura­
tion). The uncoupled / ° and / 1 total-energy positions are 
not far from degeneracy allowing for a mixing of these 
two configurations when the coupling strength A becomes 
sizable. For these conditions the model calculation yields 
the peculiar excitation spectra displayed in the second 
column of Fig. 3(a). The BIS excitations show essentially 
two peaks corresponding roughly to the energy positions 
of the fx and / 2 configurations in the uncoupled S(E,). 
On the other hand, the XPS excitations are a mixture of 
f and / 1 configurations producing a continuum of states 
with a characteristic two-peak intensity distribution. This 
spread of / intensity over the whole bandwidth is particu­
larly evident for CeCo2 and a-Ce where it reflects the 
more covalent character of the f charge. We note that 
this interpretation is fully consistent with the results from 
ground-state band calculations.51 

With decreasing coupling strength A or/and increasing 
total-energy separation between f0 and / ' configurations, 
the outer-level excitation spectra tend to become similar to 
the ones known for the localized / states in heavy rare-
earth materials, in y-Ce most of the spectral weight is 
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found at the uncoupled f0 a n d / energy positions and the 
ground-state f occupation iif approaches unity. It is also 
evident from the calculated spectra that the increase of fly-
is correlated with a decrease in total energy for the 4 / 2 ex­
citation. 

For a comparison between theory and experiment only 
the area of the corresponding Af signals must be con­
sidered, since multiplet splitting has not been included in 
the many-body calculation. For CeCo2 (Ref. 52) and CeN • 
the emission from Co d states and N p states must not be 
confused with f emission. Generally good agreement be­
tween calculated and measured spectra is obtained for the 
BIS excitations which show above the 4 / 1 peak the typi­
cal structure corresponding to the population of the 4 / 2 

multiplets. Moreover, the predicted weight transfer from 
fl t o / 2 final states is confirmed in the sequence CcCo2 to 
y-Ce. In the XPS spectra of CeCo2 and CeN the small 
cross-section ratio between / and valence states impedes 
the observation of the 4 / contribution in the region of the 
other band electrons. For a-Ce and y-Ce, however, the 
data are taken from resonant photoemission work36 where 
the enhancement of the / contribution allows an easier 
comparison with the model. In this case the overall agree­
ment between experiment and calculation is satisfactory, 
especially the predicted decrease of the ratio between the / 
intensity at the Fermi level, and at ~ 2 eV is noticeable in 
the data. • 

The rather unique case of the metallic compound CeN 
deserves special interest.41 The uncoupled SiE, ), with a p 
valence band separated by a small gap from the d conduc­
tion band, exhibits a close similarity with the electronic 
structure of the insulator CeO2. However, in "contrast to 
CeO2, only three electrons of Ce are necessary to complete 
the p band of N in CeN. For this reason the p-f mixing 
remains small, despite the rather important coupling pa­
rameter Aj-p =0.2 eV and the small energy difference be­
tween / 1 and / ° . This situation is reflected in the spectra 
by the fact that very little / intensity is spread over the p 
band. On the other hand, the remaining / electron plays 
an important role in the formation of the metallic state in 
CeN. In the uncoupled scheme the / ' total energy is 
about at the bottom of the d band so that the coupling 
Ay1/=0.1 eV is responsible for the metallic state of this 
compound. The calculation yields a fractional / occupa­
tion iif=0.8 in the ground state. This description is dic­
tated by the choice of parameters producing the best 
agreement of the many-body calculation with the 4 / and 
core excitations (see below). A recent ground-state band 
calculation is also compatible with this description of the 
extended states.53 The moderate value of Afp, the very 
small / 0 - / 1 energy difference and the fact that a single 
electron is involved in the hopping mechanism 
/¾1-*-+/1^0 seems to provide in CeN the most favorable 
conditions for the mixing mechanism called valence fluc­
tuation. 

Finally, we have to mention that an ab initio supercell 
band-structure calculation for the outer-level excitations 
in Ce and Ce compounds54 is in qualitative agreement 
with the electronic states description obtained in the 
present analysis of the experimental spectra. CeN is also 
found to have a peculiar behavior. It is interesting to note 

that an / occupancy of ~0.8 is obtained for CeN, in 
quantitative agreement with the present calculation. 

The creation of a core hole in these materials raises the 
total energy of the initial 4 / 0 state by ec. Then, according 
to Fig. Kb) and Table I, the interactions Uj0 and Uj-j- lead 
to the uncoupled final-state positions of the relevant. 4 / 
configurations displayed in Fig. 3(b). The uncoupled f] 
and / 2 final states are not too far from degeneracy, while 
the 4/c° state remains well separated from them. The situ­
ation in the presence of a core hole is thus markedly dif­
ferent from the one without a core hole, where the / ° and 
/ 1 configurations are nearly degenerate and the / 2 state 
has a considerably higher total energy [cf. Fig. 3(a)]. If 
now the hybridization is taken into account, the interac­
tion with the band continua allows the mixing of the f] 
and fl configurations in the final state, giving rise to the 
calculated excitation spectra, shown in column 2 of Fig. 
3(b). For an important coupling, like in CeCo2 and CeN, 
this mixing between f] and f} final states is strong in 
each of the two peaks around 10 eV below ec. With de­
creasing hybridization, the intensity of the structure at the 
lowest total energy decreases, allowing in a-Ce and y-Ce 
for a traditional identification of the two structures in 
terms of Af] and 4/c

2 final-state populations. On the oth­
er hand, as a consequence of the large energy separation, 
the /c° final state at ec remains essentially pure even for 
the strong coupling occurring in CeN and CeCo2 and their 
intensity evolution reflects rather well the / ° populations 
( 1 — iif ) of the different ground states.23 

At first sight, the comparison between calculated and 
measured XPS 3d core-level spectra may appear to be 
rather difficult since the 3£?5/2-3c?3/2 spin-orbit com­
ponents overlap partially in the middle of the spectra. 
However, the ny-dependent intensity of the structures cor­
responding to the uncoupled /c° final state is most clearly 
seen in the 3d3 / 2 component at high total energies, 
whereas the A-dependent changes in the two-peak struc­
ture, corresponding to the mixing of the uncoupled f] and 
fc final states, can be easily observed in the 3d5/2 com­
ponent at low total energies. The comparison reveals a re­
markable correspondence between calculated and observed 
spectral shape for CeN, a-Ce, and y-Ce. For CeCo2 the 
structures predicted by the calculation below ec seem to be 
washed out in the experimental spectrum. This effect is 
most probably due to the multiplet splitting which is not 
included in the model calculation or to lifetime broaden­
ing. 

The outer- and core-level excitations for these materials 
with uncoupled 4 / 1 ground-state configurations are very 
well described by the GS model. Two conditions for the 
observation of unconventional excitation spectra are en­
countered: two configurations are nearly degenerate and a 
sizable coupling of the / states with the band states 
occurs. We want to point out once more that the two con­
figurations / 1 and f2 which have well-separated total en­
ergies do not mix at moderate hybridization in the outer-
level excitations but they may do so in the presence of a 
core hole. Consequently, the intensities of the two struc­
tures resulting from their mixing in core-level spectra are 
by no means representative of/1 and f2 ground-state pop­
ulations. 
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VI. EELS VERSUS XPS CORE-LEVEL SPECTRA 

The use of the electron-energy loss spectroscopy (EELS) 
as a core-level spectroscopy requires a sufficiently high 
primary energy (1500 eV) in order to observe and analyze 
the electrons escaping the sample after having ionized a 
core level. We present in Figs. 2(b) and 3(b) the losses cor­
responding to the transitions from the 3d shell to the first 
unoccupied levels. In contrast to XAS processes, the 
EELS processes are not submitted to strict selection rules, 
only for primary energies much larger than the energy of 
the transition and at very small momentum transfer, the 
dipole selection rules are approximately obeyed. However, 
in the intermediate-energy range, it is established that the 
3d—>5d single-particle matrix elements are negligible 
when compared to those determining the intensity of the 
3rf—>4/ transitions. For this reason within the sudden 
approximation, the EELS many-body matrix element con-

' tains only a creation operator for an / state. This is quite 
different from the XPS transitions where a high-energy 
free electron is created. The important consequences of 
this difference in the core-level spectra can be easily un­
derstood schematically by considering the two types of 
transitions within the simplified framework of the Hamil-
tonian without hopping terms (sec Sec. III). The mixing 
between two configurations is made artificially impossible 
so that an f initial state is projected only on an f" final 
state in XPS and only on an f" + \ final state in EELS. 
The introduction of the coupling terms does not change 
very much from this situation for EELS processes where 
the initial configuration has a nearly integral population 
/ " : in the final state, the excited electron is forced to oc­
cupy an f orbital so that usually the best screened state 
f" + l is naturally formed. On the other hand, for frac­
tional / occupations, final-state mixing will necessarily 
take place in EELS. The situation is quite different for 
XPS processes where the frozen initial configuration has 
no longer the lowest available total energy in the presence 
of a core hole (except for Ba and LaF3). In this case, dif­
ferent final states must be realized in order to produce the 
correct mean energy required by the sudden approxima­
tion. 

The EELS spectra referenced to the primary energy of 
the beam provide a straightforward measure of the energy 
involved in the transitions. For technical reasons it is not 
possible to obtain absolute transition energies directly 
from XPS core-level spectra. However, with the assump­
tion proposed in Sec. Ill concerning the location of the 
screening charge among the outer states, a common total-
energy scale for XPS and EELS is simply obtained by a 
calibration. In fact, the same assumptions are used in the 
model calculation in order to represent on a common en­
ergy scale the computed XPS (solid line) and EELS (dot­
ted line) spectra [Figs. 2(b) and 3(b)]. The multiplet split­
ting, particularly important in EELS,55,56'37 has not been 
incorporated into the calculation. In order to make the 
comparison easier, the centers of gravity of the EELS fi­
nal states have been calculated and their positions are in­
dicated by arrows in the corresponding XPS and EELS 
spectra. 

The agreement between calculated and measured rela­

tive energy positions in XPS and EELS is striking. 
Therefore we refrain from a detailed discussion of the 
spectra and comment only on a few points of specific in­
terest. It is particularly satisfying to observe that the cal­
culated crossing of fl and f° uncoupled positions in the 
sequence Ba, La2O3, La is fully confirmed by the experi­
ment. The fact that the EELS final-state position in 
La2O3 is near the center of gravity of the XPS excitations 
proves directly the different character of the correspond­
ing final states. It verifies experimentally the validity of 
the sudden approximation requiring for this particular 
case of a nearly pure f0 initial state that the mean final-
state energies observed in XPS and EELS spectra corre­
spond approximately to the positions of the uncoupled 
configurations /c° and / J , respectively. 

A weak satellite present in the calculated spectra for 
fractional occupation in EELS is also clearly visible in 
CeO2 and (less prominent) in CeCo2. In addition, the ob­
served EELS structures for these systems differ from the 
characteristic multiplets corresponding to nearly integral 
/ 1 or f1 final-state populations.56,37,57 These facts reflect 
the consequences of the initial-state mixing in the final 
state. However, in order to analyze this mixing in detail 
for the experimental EELS spectra, a many-body theory 
including multiplet splitting is needed. 

VII. Ln1Hi ABSORPTION EDGES 
VERSUS XPS CORE LEVELS 

The 2p—*5d photoabsorption processes involved in 
^-»,m absorption edges can be considered as'identical in 
first approximation to those occurring in the XPS ioniza­
tion of any deep core level. The dipole selection rules 
offer to the excited electron only the possibility to occupy 
an extended ed band state. The basic Hamiltonian does 
not include Coulomb correlation energies between band 
electrons and the localized electrons, the core and f elec­
trons. No hybridization between core and band electrons 
is included and coupling between / and ed electrons is for­
bidden by symmetry. The quantity W2Ie) includes the di­
pole matrix element for absorption and the single-particle 
density of states. For the present calculations we have ig­
nored the details of the energy dependence of W1 and as­
sumed a smooth form: W2(e) = V~ee~e/k, where X is an 
adjustable parameter. As our Hamiltonian does not pro­
vide a coupling between the outgoing ed electron and the 
remaining electronic system, the excitation process is the 
same as the one for XPS core spectroscopy. The analogy 
with a XPS process becomes obvious: for one particular 
transition the sudden approximation matrix element is 
identical to the one for the XPS transition which involves 
the energy fuo — e and has the spectral weight 
p*FS(iko—e). This last quantity is precisely the intensity 
of the 3d core-level spectra computed with the model cal­
culation and shown in Figs. 2(b) and 3(b). Within this 
simple Hamiltonian, the total absorption at the photon en­
ergy fico is given by the following convolution: 

p*^d(fuo)= f deW2(e)p?PS(fico-e) . 

In order to define the XAS spectra on the common energy 
scale of the other core-level spectroscopies, it has to be 
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— TOTAL ENERGY IeV) 
FIG. 4. Calculated and measured Lm absorption edge for 

CeCo2. The calculated edge is obtained by convolution of the 
XPS 3rf5/2 core spectrum with the function W2{e) = \^ee~e/K 

(see Sec. VII). The experimental spectrum was taken from Ref. 
58. 

represented as a function of fico — ec. This expression ob­
tained for the LJI.III edges is nothing else than a XPS 
core-level spectrum washed out by the convolution with 
the function W2{e). 

Figure 4 shows a comparison between the measured58 

and calculated Lm edge of CeCo2. The model calculation 
of the 3d XPS ,core-level spectrum presented in Fig. 3(b) 
and the function W2(e) with A = 7 eV have been used for 
this computation. The three distinct peaks in the XPS 
spectrum can be recognized as attenuated and broadened 
structures in the L-edge spectrum. In view of the approx­
imations made in the model, the overall agreement in po­
sition and intensities between the calculated and measured 
spectral features is surprisingly good. Similar compar­
isons attempted for La2O3, CeO2, a-Ce, and )'-Ce are less 
satisfactory but they still confirm that this model is a 
correct first approximation. Obviously the real form of 
W2Ie) and other possible interactions of the excited elec­
trons with the outer electrons of the solid need to be taken 
into account. 

Quite often in such systems, the Ln.iii edges have been 
analyzed as if they were formed of overlapping Lorentzi-
an lines and their intensity ratios were considered to re­
flect directly the configuration mixing in the initial state. 
This analysis has been promoted as an accurate standard 
technique for determining the valence.59-65 Within the 
formalism proposed in the present paper, it is not possible 
to find any sound foundation for such an analysis and to 
attribute any physical meaning to the valence determined 
in this way. 

VIII. CONCLUSION 

The light rare-earth solids offer a unique possibility to 
investigate the different spectroscopic manifestations re­
sulting from the coupling of an atomiclike 4 / state with 
extended band states. In order to avoid complicated mul­
tiplet effects, the present study has been limited to the ele­
ments Ba, La, and Ce which contain at most one occupied 
4 / state. The orbit of these Af states has just the critical 
dimension to give rise to a sizable mixing with wave func­
tions of neighbor atoms but the resulting hybridized states 
can hardly be classified either as localized or extended. 
For this reason, the excitation spectra of these systems 
show - many unconventional aspects which can be ex­
plained neither within the atomiclike model nor within 
the bandlike model which are commonly used in clear-cut 
situations. At the present time, the Anderson impurity 
model appears to provide the simplest framework contain­
ing the essential aspects of this problem. The success of 
this model applied to the calculation of the different spec­
troscopic excitations (Gunnarsson-Schònhammer model) 
settles its validity for describing the 4 / and core-level 
spectra when they are observed with the usual resolution 
(0.1—0.5 eV) currently achieved in experiments. The ap­
parently hidden aspects of the full many-body calculations 
can be easily deciphered when the meaning and the inter­
play of the different parameters defined in the Anderson 
Hamiltonian are discussed in a conventional description. 
Without coupling terms, this Hamiltonian provides a 
schematic location of the initial and final states on a 
total-energy scale. This approach offers an easy way to 
recognize the critical situations where the energy degen­
eracy of configurations with different / counts, together 
with a non-negligible wave function overlap of / states 
with band states (sizable A), give rise to a strong hybridi­
zation. Surprisingly, it took a very long time to realize 
that this conventional concept of hybridization, already 
invoked in the early photoemission studies of satellites, 
provides the simplest suitable framework for interpreting 
high-energy excitations in rare-earth solids. The challenge 
is now to refine the many-body theory and to improve the 
experimental resolution in order to elucidate the mecha­
nisms giving rise to the valence fluctuation and heavy-
fermion manifestations. 
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APPENDIX 

Some details of a lowest-order theory are presented 
here. A rectangular band is assumed a n d / 1 admixture in 
the ground state is neglected. This approximation to the 
higher-order theory used for the calculation of the excita­
tion spectra shown, in Figs. 2 and 3, is sufficient to ac­
count qualitatively for the features in the spectra of the 
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Ba- and La-based materials. 
The photocurrent is proportional to the spectral densi­

ty: 

p( e)=±lm(<t>0\i>l[e -i6-E0+H(N-ItyM 
TT 

— —Img(e - / 5 ) . 
TT 

E0 denotes the ground-state energy neglecting fx admix­
ture. The Green's function has the form23 

g(z) = 
1 

Z-NfT(Z) 

with 

T(z)= f_ V2(e)de 

Ur, Z+6f-Ufc-

V is the hybridization matrix element defined by the hy­
bridization parameter A=7rmax[F2(e)], ey is the energy 
of the f level and Uf0 is the f electron—core-hole attrac­
tion. The core spectrum shows two characteristic features 
which become a prominent two-peak structure for the in­
sulating La compounds. These two structures are due to 
the two poles at e=NFT(e) of g always present for a rec­
tangular band (of finite width) or for sufficiently strong 
hybridization. The pole strength is equal to the weight of 
the f° configuration in the final state: 

l-Nr^-T(z) V Oz = NfV{z) 
= W(f) 

where the ground state is further simplified to ^01 O). In 
the case where one of the poles has considerably more 
weight than the other, it is justifiable to label the larger 
peak f0 and the other / ' . We note that in such a case the 
separation in the A-*0 limit (where the / 1 peak intensity 
vanishes), is of the order of ef—Uf0~3 eV in a metal. In 
the case of some insulating La compounds such as La2O3 

where the two peaks are of similar strength, it does not 
make much sense to label the peaks / ° and / 1 . The labels 
would have to be interchanged for a small variation of the 
system parameters. In this case where ey —t/yc~0 eV, 
the two peaks are both of strongly mixed character. Their 
separation gives a rather direct measure of the hybridiza­
tion strength A. The mmirnal energy separation of the 
two poles App is given for a rectangular band by 

App=2Nf-\n 
àpP+B 
^pp-B 

In the zero-bandwidth limit B—>0 with 2?A = const, com­
parison can be made with the ligand-field cluster model.29 

In this limit the minimal peak separation is 
A2

pp=4NfAB/ir; further simplification in the ligand field 
model with one ligand orbital yields App=2VLF. On this 
basis our NfA of ~ 5 eV is comparable to KLF~2.4 eV. 
For finite bandwidth B the impurity model has a continu­
um contribution to the core XPS spectrum at energies be^ 
tween the two peaks. For a rectangular band the continu­
um part is 

p(e)fi-*o= 
W,A 

[e -NfAM [e +ef-Ufe +B\/\e +ef-Uft \ )f W(NfA)1 for Ufc—ef-B <e <Ufc -ef . 

An indication for this contribution can be recognized in the experimental XPS core spectra of La2O3 shown in Fig. 2(b), 
where the "excessive intensity" between the two peaks gives rise to the characteristic tails of the two structures. 
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