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Electron-energy-loss spectroscopy of core levels and valence-band region
in cerium and cerium dioxide
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Eiectron-energy-loss spectra of sputtered clean cerium metal and of cerium dioxide were measured
in the valence-band region and in the vicinities of the 4d, 4p, 4s, 3d, and 3p excitation thresholds.
The energies of the primary electrons ranged from 80 to 3000 eV. Bulk and surface plasmons were
identified in the valence-band region of the metal. For the dioxide, the surface plasmon vanished
and "plasmonlike" peaks were observed. Also, an intra-conduction-band transition which appears
in the metal and is highly sensitive to the chemical state of the surface was found. Core-level excita-
tions were identified as transitions to the 4f levels located above, within, and below the conduction
band. Transitions of the 4d electrons displayed "giant resonances" due to the higher multiplet split-
tings of the final states. The intensities of some of the excitation lines were enhanced at low incident
electron energies due to the contribution of higher multipole transitions. The core-level excitations
were also found in the oxide. Chemical shifts of some of the oxide peaks relative to those of the
metal were observed, especially for transitions into final states located above the metallic conduction
band.

I. INTRODUCTION

Transmission-mode electron-energy-loss spectroscopy
(ELS) studies have been used to investigate the valence-
band region' and the 4d excitations of rare-earth metals
and compounds. Many features common to all rare-earth
elements were found. They were interpreted on the basis
of similar electronic configurations of these elements. Re-
cently, some rare-earth systems were studied by reflection
ELS. The latter studies were carried under better
UHV conditions and a higher resolution. Additional
features were revealed, especially in the low-energy range,
and some surface effects were observed. Excitations of
core levels other than the 4d were not studied in detail by
the ELS technique. The 4d (Refs. 7 and 8) and the 3d
(Ref. 9) core-level excitations of Ce metal and some of its
compounds were studied by x-ray absorption technique
and the results were partially interpreted by the atomic
physics approach. ' In contrast to the other rare-earth
systems the Ce transitions displayed distinct dependence
of the spectra on the chemical environment.

In this paper we present ELS studies of Ce and CeOq
over a range of energy loss extending from the valence-
band region to the vicinity of the 3p threshold. Some
features of the spectra are analyzed. The dependence on
the primary electron energies and the chemical shifts of
some of the lines are considered in order to separate sur-
face and bulk effects.

II. EXPERIMENTAL
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The experimental system used was a PHI spectrometer
model no. 548 with a base pressure of 2&(10 Pa. An
electron beam (80—3000 eV) from an electron gun im-
pinged on the sample surface, was backscattered and
detected by a coaxial cylindrical mirror analyzer (CMA)
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FIG. 1. Electronic energy-level diagram (Ref. 11) and the
electron-energy-loss transitions of Ce metal. Dashed lines indi-
cate a very low intensity transition.
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FIG. 2. Electron-energy-loss spectra of sputtered cerium met-
al in the valence-band region for various incident electron ener-

gies (E~).

PHI model no. 15-255 0 that was operated at constant
resolving power: pass energy of 50 eV and modulation of
1-V peak to peak for the valence-band region (b,E &50
eV) and pass energy of 200 eV and modulation of 2 V for
the higher ranges. The first-derivative spectra were
recorded using a loc¹in amplifier. Ar+-ion gun with
beam energies up to 5 keV was incorporated in the system
for sputter etching of the specimen surface. It could be

LOSS ENERGY (eV)

FIG. 4. Electron-energy-loss and x-ray absorption (Ref. 7)
spectra in the vicinity of the 4d ( X&v v ) transition range of ceri-
um metal (SP Ce).

operated simultaneously with the recording of the ELS.
Thin slices of cerium metal were cut from 99.9%-pure Ce
ingot, and cleaned with CC14 before being introduced into
the UHV chamber. These samples will be referred to as
"as-received Ce" (AR Ce). Cleaned metallic Ce surfaces
were obtained by Ar+ bombardment and will be referred
to as "sputtered Ce" (SP Ce). The ELS of the SP Ce were
taken while simultaneously sputtering the sample with 4.5
keV Ar+. Auger electron spectroscopy (AES) measure-
ments of the SP Ce indicated that the only contaminants
that remained were chlorine and oxygen with atomic con-
centrations below 0.8%.
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FIG. 3. Electron-energy-loss spectra of SP Ce, AR Ce02, and
AR Ce in the valence-band region.
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FIG. 5. Electron-energy-loss spectra in the vicinity of the 4d
transition range of Ce02. The asterisk indicates higher resolu-
tion conditions.
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FIG. 6. Electron-energy-loss spectra of SP-Ce and Ce02 near
the 4d transition range for relatively low incident-electron ener-
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Ce02 samples were prepared by pressing the corre-
sponding powder (graded as "specpure" with the total of
rare-earth impurities less than 100 ppm and other impuri-
ties less than 20 ppm) onto an indium foil and cleaning
with CC14. This sample will be referred to as "as-received
Ce02" (AR Ce02). AES did not reveal any distinguish-
able differences between the AR CeOz sample and the AR
Ce. This indicates the existence of a heavily oxidized
layer on the AR Ce. On the other hand, x-ray photoelect-
ron spectroscopy (XPS) measurements" revealed the pres-
ence of additional trivalent Ce species on the surface of
the passivated Ce metal.
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FIG. 8. Electron-energy-loss and x-ray absorption {Ref. 9)
spectra in the vicinity of the 3d3/2(Mgv) and the 3d5/2(Mv)
transition range of Ce02.

Slight sputtering of the AR Ce02 caused its partial
reduction into trivalent and metallic Ce states, as indicat-
ed by XPS and ELS. It is assumed that preferred sputter-
ing of the oxygen ions causes this behavior, as reported
for uranium oxide. ' Therefore, sputtering of the CeOz
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FIG. 7. Electron-energy-loss, x-ray photoelectron, and x-ray
absorption (Ref. 14) spectra in the vicinity of the 3d3/2(Mgv)
and the 3d5/2(Mv) transition range of SP Ce.
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FIG. 9. Electron-energy-loss spectra near the 4@i/2{Xqq) and
the 4p3/2(N$$$) transition range of SP Ce and Ce02 for different
incident electron energies.
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TABLE I. Main energy losses in the near-elastic-scattering
{valence-band) region of sputtered cerium metal and of cerium
dioxide (in eV). CB and VB represent conduction band and
valence band, respectively.

Metal Oxide

2.8+0.7
4.8+0.4

7.9+0.4

Assumed assignment

CB excitation
VB ~ CB transition
surface plasmon

CeO,

2004

pl
S
p2

1

2on

13~ 1+0.4
18.7+0.2
21.6+0.5

28.0+0.4
31.1+0.8
36.9+0.4

8.4+0.4
14.2+0.4

24.2+0.4
30.6+0.4

46.0+1.0

bulk plasmon
second surface plasmon
second bulk plasmon
5p~4f transition

5s~4f transition
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FIG. 10. Electron-energy-loss spectra near the 4s{N&) transi-

tion range of SP Ce and Ce02 for different incident-electron en-

ergies.

was avoided whenever possible and applied very carefully
when it was absolutely necessary.

The position of a peak in the derivative spectra was tak-
en as the midpoint between the local maximum and
minimum. The peak positions given in the present work
are the averages of measurements with different primary
electron energies. The error ranges are standard devia-
tions from the averages.

(1) The valence-band region, hE & 50 eV.
(2) The 4d range, 90(b,E & 150 eV.
(3) The 4p range, 200 & b.E & 230 eV.
(4) The 4s range, 280& 5,E &300 eV.
(5) The 3d range, 870 & b,E & 910 eV.
(6) The 3p range, DE=1185 eV.

In each range, different primary energies of the incident
electrons (E~) were applied, ranging from 3000 eV down
to the threshold of the corresponding energy band. Some
of the spectra are shown in Figs. 2—10. In some of these
figures x-ray absorption spectra (cf Figs 4, 7., and .8) and
XPS (cf. Fig. 7) are displayed for comparison with the
present ELS results. The different line positions are sum-
marized in Tables I—IV. Identified peaks, in most of the

III. RESULTS AND DISCUSSION

The electronic scheme level of Ce metal' down to the
—1185-eV, Mqqq level is illustrated on the right-hand side
of Fig. 1. The levels are assigned by both electronic and
spectroscopic notations. ELS of sputtered clean cerium
metal and cerium dioxide were recorded at six different
energy ranges according to this scheme, namely:

figures, are indicated by vertical lines. The transitions
that are related to core-level excitations in cerium metal
are illustrated on the left-hand side of Fig. 1 and are
denoted by the spectroscopic notations of the origin core
levels. The details of the final energy levels together with
a calculated approximate shape of the conduction band of
cerium metal'" are plotted in Fig. 11. Within the
valence-band region (Figs. 2 and 3) five peaks ( P ',
P,S',S, and C) which are not related to core-level exci-
tations were detected. These results will be discussed fur-
ther and related to some other observations on rare-earth
systems. ' '

A. Excitations in metallic cerium

where n is the electron density, and e and m are the
charge and the mass of the free electron, respectively. As-
suming three conduction electrons per Ce atom in the
metal, Eq. (1) yields the value 11 eV, which is 2. 1 eV
below peak P'. Similar shifts were obtained for other
rare-earth elements. ' ' In Sm the shift was only 0.8 eV.
A possible explanation to these shifts may be the contri-
butions of the low-energy plasmons associated with di-
valent surface ions. The shifts may be attributed to the
interband transitions with frequencies which are lower
than the plasma frequency. '

The peak at 7.9 eV, S', is ascribed to the surface
plasmon. The energy of a surface plasmon, b,Es, is relat-
ed to bulk plasmon by

EEs =EEb/a (2)

with a =V 2 for smooth uniform surface and a =v 3 for
surface made of an agglomeration of small spheres. '

Lines P', P, S', and S in Table I (Figs. 2 and 3) are
related to different plasmon excitations. The plasmon ex-
citations, which are collective excitations of the conduc-
tion electrons, are usually treated according to the free-
electron model. The excitation energy of a bulk plasmon
is given by this theory as"

EEb =R(4rrne Im)'~
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TABLE II. Peak energies (in eV) of the electron loss and x-ray absorption (Ref. 7) spectra near the
threshold of the 4d excitation [at 1 10 eV (Ref. 13)] in sputtered cerium metal and cerium dioxide.

&iv4
4I

&iv
4II

&Iv
3&iv

&iv

1&iv

ELS

127.7+0.9

121.4+0.3
110.2+0.3

104.0+0.3

Metal
X-ray absorption

124.3

121.5
111.5, 110.4'
105.8, 106.6

103.5

ELS

131.5+0.6
124.5+0.6
121.2+0.5
110.2+0.8

104.5+0.8

Oxide
X-ray absorption

130.8
125.0

107.6, 108~
2'

103.4

Only high-intensity absorption peaks are given for the near-threshold absorption spectrum.

Owing to the experimental conditions (sputtering) the
latter is more likely to be the case in the present experi-
ment, and using Eq. (2) one obtains the value KEs =7.6
eV, which is in good agreement with the 7.9 eV obtained.
It is noteworthy that the intensity of this line is relatively
high. The peaks at 18.7 eV, S, and 21.6 eV, P, are the
second surface and bulk plasmons, respectively.

Peak C, at the low-energy side of the valence range (2.8
eV) is ascribed, by analogy to other rare-earth metals
(Table V), to one-electron intraband excitation within the
conduction band. The 4f excitation threshold of Ce lies
1.9 eV below the Fermi level. ' Nevertheless, we exclude
the identification of this line as a 4f excitation since in
other rare-earth elements the 4f contributions to these
transitions were found to be negligible. These transitions
were not detected by transmission mode ELS, probably
due to the lack of surface sensitivity of this technique.

All the other peaks displayed in the ELS are related to
core-level excitations. For each excitation the transition
can occur into three subgroups according to the location
of the final energy states relative to the Fermi level; i.e.,
below, within, and above the Fermi level. The transitions
related to the first subgroup display sharp narrow peaks,
whereas transitions associated with the second subgroup,
i.e., transitions to the vicinity of the Fermi level, show
broadened and less intense peaks. The transitions of the

third subgroup, with the final states which lie well above
the Fermi level, display wide asymmetric line shapes.

The core-level excitations are interpreted as an electron
transition from the relevant core level into the partially
empty 4f level, or, in the case of the second subgroup,
into the conduction band. The final electronic configura-
tions for the different core-level excitations are given in
the bottom of Fig. 11. For example, the excitations of the

re level &iv &iv &tv and Xrv are transitions
from the ground state 3d' 4f ( F5'2) into the excited con-
figuration 3d 4f . Strong exchange interactions exist be-
tween the 4f electrons and the holes in the core level fol-
lowing the excitation processes. These interactions result
in the splitting of the final configurations and the ex-
istence of several possible transitions below and above the
Fermi level for each core-level excitation. Transitions
into the levels which lie below EI; give rise to well-defined
lines. The x-ray absorption spectra of the 4d excitations,
for example, reveal many well-defined lines below the Fer-
mi level (cf. Fig. 4). The lower resolution of the ELS
technique does not allow the separation of these peaks
which were superimposed into one or two 1ines. The up-
permost split terms are approaching the continuum, well
above the Fermi level. The broadening and asymmetry of
the lines associated with the transitions into these terms
are explained by autoionization of the excited levels into

TABLE III. Peak energies (in eVj of the electron loss, x-ray photoelectron spectroscopy, and x-ray absorption spectra near the
threshold of the 3d excitations in sputtered cerium metal and cerium dioxide.

M,v
1

3d3y2
M,v

2

Ionization
threshold'

901.3

ELS

900.6+ 1 ~ 0

897.9+ 1 ~ 0

Metal
Absorption

899.0
898.0
896.4

XPS

903.0

ELS

901.4+0.3

898.0+0. 1

Oxide
Absorption'

905.6
901.4

XPS

899.9

Mv
3d5y2

Mv

'Reference 15.
Reference 9.

'Reference 1.
Reference 30.

883.3
882.8+0.9

878.0+ 1 ~ 0

882.2
881.5
879.3

884.5 883.4+0.4

879.1

883.7
881.8

881.6
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3+3/2

Ion1zat1on
threshold

207.2

223.3
289.6

Line

1+III
+III

1+II
I

&i'
1~III

Metal

205.0+1
212.0+1
218.5+1
287.0+1
296.0+1

1180.0+2

Oxide

205.7+0.6
212.2+0.7
219.8+0.8
287.0+0.8
292.6+1.0

1181.7+1.1

TABLE IV. Loss energies of the main peaks and excitation
thresholds (Ref. 13) of the 4p, 4s, and 3@3~2 levels in sputtered
cerium metal and cerium dioxide.

Element

58CC

62SI
68«

70Yb

Loss energy
(CV)

2.8
2.6
3.5
5

2.6
5.5

This work

3

TABLE V. Loss energies of one-electron excitations in the
valence range for some rare-earth metals.
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FIG. 11. Final energy levels related to the electron-energy-
loss transitions togcthcr %@1th a thcorct1cal shape of thc Cc con-
duction band (Ref. 8). A point above the peak notation indicates
a dependence of the intensity of the transition on the energy of
the incident electrons.

the continuum. The lines of the second subgroup are
also broad but less intense due to the width of the final
conciuctlon band.

Similar x-ray absorption and ELS were obtained for
other rare-earth elements. ' ' Recently, measurements
of Ce levels were performed by the synchrotron radiation
technique, yielding results which are similar to ours. A
theoretical effort was made to quantitatively calculate the
absorption spectrum of the 4d' 4f~4d 4f transition in
Ce metal. ' The calculated levels range from 103.5 to
123.3 eV (the absolute scale was adjusted). The exchange
interactions between the 4d hole and the 4f electrons are
expected to be stronger than the exchange interactions be-

tween the 4f electrons and other level holes in the Ce.
This fact is demonstrated by the spread of the final levels
in Fig. 11. It is 23 cV for the 4d excitations (4d 4f con-
figuration), 18 eV for the 3d excitations (3d 4f configu-
ration), 14 eV for the 4p excitations (4p 4f configura-
tion), and 12 eV for the 4s excitations (4s4f configura-
tion). It is also reflected by the intensities of the corre-
sponding transitions. For vreaker exchange interactions
fewer terms are located above tlm Feriili level, giving risc
to lower transitions intensities. Thus the 4d excitations of
the third subgroup are characterized by intense peaks

(Xiv,Xiv) (occasionally referred to as "giant resonances")
whereas lower intensity peaks ( M v, M,v ) are found for
the third subgroup transitions of the 3d excitations and
even lower for the 4p and 4s excitations.

B. Transitions in CCO,

Comparison between the ELS of metallic cerium and of
cerium dioxide indicates that some of the peaks are sensi-
tive to the chemical nature of the surface. The most sig-
nificant difference is the disappearance of the surface
plasmons S' and S . This is expected since there are no
conduction electrons in the oxide. It makes the surface
plasmon an excellent probe for the oxidation process of
the metallic surface. On the other hand, "plasmonlike"
peaks appear at somewhat higher energies, 14.2 and 24.2
eV. The appearance of plasmonlike peaks for the oxide is
common to other rare earths and related systems. Their
energies are 14 eV for the light rare earths La (Ref. 24)
and Sm (Ref. 25) and lie between 15 and 16 eV for the
heavier rare-earth oxides. ' Occasionally Eq. (1) is ap-
plied to these line positions with the assumption of a
"quasi-free"-electron model for the valence bands of the
oxides. Such calculations yielded approximately 4 elec-
trons per oxygen atom for the heavy rare-earth oxides and
5.3 electrons for EuO. The same calculations yielded
only 2.8 electrons per oxygen atom for Ce02. This seems
to violate the validity of the quasi-free-electron approxi-
mation in these cases. The assumption that these
plasmonlike features are related to interband transitions
from the O 2p level to an empty d-type band located
above the metallic conduction band is more likely.

Another difference between the oxide and the metal is
the shift towards higher energies which occurs for the
other valence-band region transitions in the oxide. Thus
for example, the 5p~4f transition (peak 0„) is shifted
2.6 eV, which is relatively a large shift as in comparison
to other rare-earth systems [where the maximum reported
shift is 1.3 eV, for Gd (Ref. I)]. The transition which is
correlated to peak Oi is shifted by an even higher energy
value (9.1 eV). (It should be mentioned that this peak is
the only one that has a different shape and intensity ratio
for the AR Ce and the AR CeD2. ) We ascribe it to the
Ss~4f transition as in the metal. Although its final en-

ergy lies we11 above the Fermi level, the very big chemical
shift is quite surprising.
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At the low-energy range we find for the oxide a transi-
tion Rt 4.8 cV. This linc CRn bc attributed to R valcncc-
to-conduction band transition of an electron that belongs
to the oxygen atoIn. The 0 2p valence level 1n Cc62 is
found 5 eV (Ref. 26) or 6 eV (Ref. 27) below the Fermi
level, in agreement with this assumption. Also at low pri-
mary clcctron energies) when thc spectra ls mainly duc to
the surface contamination overlayer, the peak at 4.8 CV

dominates the spectrum, which confirms the assignment
of this peak to the 0 2p transition.

In addition to the valence-band region, two peaks of the
core-level excitations exhibit a pronounced chemical

ependence. Peak &Tv of the 4d excltatlons I the metal
lS I'CplacCd by two OtllC1 pCRkS, Xlv Rlld Xlv (Figs. 5 alld

6 and Table II). Peak Xl of the 4s excitations is shifted
towards higher energies (Table IV). It is possible that the
sensitivity of these transitions to the chemical environ-

ment is due to the location of the corresponding final

states which 11c well Rbovc thc Fermi lcvcl. By analogy to
these results, one would expect to detect chemical shifts
also for the other core-level transitions into the final states
which lie above the Fermi level (i.e., the third subgroup
transitions). However, the intensities of these peaks are
very small and chemical shifts could not be detected. It is
noteworthy that the chemical sensitivity of the 4d transi-
tions of the third subgroup (i.e., into final state above the
Fermi level) has been found only for the light rare
earths, ' ' not for the heavy ones.

For metallic cerium the relative intensities of the peaks
in the valence-band region which were not related to
core-level excitations depend on the energy of the primary
electron beam. In order to illustrate this dependence, the
intensity ratios of the peaks I", S', and C to that of peak

OII are plotted in Fig. 12 as a function of the primary en-

ergy of the incident electrons. Peak 01'I has been chosen.

as the reference because its intensity (normalized to the in-

60-

20

tensity of the elastic peak) was almost unchanged through
all the primary energy range. The energy dependence of
the ratio between the intensity of the surface plasmon to
that of' the bulk plasmon, S'/P', is also plotted in Fig. 12.
As indicated by this figure, the energy dependence is very
pI'onounced below about. 500 CV. In this range the intensi-

ty of the bulk plasmon has a minimum around 270 eV,
whereas that of the surface plasmon exhibits two maxima.
The intensity ratio of the surface to bulk plasmon exhibits
a sharp maxiInum at 270 CV. Above about 1000 CV the
peak intensities become almost independent from the pri-
mary energy of the incident electrons. The resemblance
between the curves S'/011 and C/011 may indicate that
the interband excitations (C transitions) are into surface
states.

Five of the transitions that are related to core-level exci-
tations exhibit primary energy dependence both in cerium
metal and in cerium dioxide. These lines are denoted in

Flg. 11 by points which appear above thc corresponding
llllc IlotatloIls. Thrcc of tllcsc llncs, Xlv, Mv, RIld Mlv
(Figs. 4, 5, 7, and 8) belong to the first subgroup, i.e., their
final state lies below the Fermi level and the other two,

N»1 (Fig. 9) and Xl (Fig. 10), belong to the third sub-

group. The transition Xlv (Fig. 5) exhibits energy depen-
dence only in the oxide. The general trend in these peaks
ls R stlollg cllllaIlcclllcllt, of tllc llltcllsltlcs wl'tll decreasing
primary energy. A possible explanation of this trend is
that the lines X,'„and X'„which. were related to
p~f(b, l =2) and s~f (Al =3) electron transitions, are
optically forbidden. For incident electrons with energies
well above the excitation threshold, the electron-energy-
loss process (as wdl as x-ray absorption effects) can be ac-
counted for in terms of dipole (optical) transitions. For
low primary energies, however, multipole transitions of
higher order take place. This increases the probabihty
of the optically forbidden transitions. For the Nv, Mv,
and Mlv lines which are related to d~f (b,/=I) transi-

tions (though optically allowed), the addition of higher
IIlultipole tcrIDs Rt low primary cnclglcs lncrcascs thc
transition probabilities. Such behavior was also observed
in EI.S of the 3d transitions in GaAs and in Ge for pri-
mary energies below 100 eV. However, it seems that for
cerium thc hlghcr IDultipolc transltlons contribute at
higher primary energies. It is noteworthy that while the
b, l =1 transitions which are affected by the primary ener-

gy variation are associated with final states below the Fer-
mi level (i.e., the first subgroup), the corresponding
b, l =2,3 transitions are associated with fmal states above
thc Fermi 1cvcl.

6

Is
LUI-

I I

0 1000 2000
INCIDENT ELECTRON ENERGY (eV)

FIG. 12. Dependence of the intensity ratios of several peaks
in the valence-band region on the incident-electron energy.

Using the EI.S technique we measured various excita-
tlolls for metallic sputtered ccrlu111 alld Rs-received ccrlulll
dlox1dc. Wlthln 'tllc valence-band lcg1011 wc follnd collec-
tive transitions, i.e., plasmons, typical of the metallic
state. For the oxide the surface plasmons di.sappeared and
thc bulk plasIDons shift to hlghcl cncI'gles dlsplaylng
plasmonlike peaks. These plasmonlike peaks were attri-
buted to interband transitions from the 0 2p levd into an
empty d-type bRnd.

Cole-lcvcl cxcltatlons foI' metallic ccrluID Rx'c sumHla-
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rized in Fig. 1. The details of the final states are summa-
rized in Fig. 11. Owing to exchange interactions, the
terms of the final states are widely spread around the Fer-
mi level. Therefore the core-level excitations were divided
into three subgroups according to the position of the final
states as follows:

(a) Levels below the Fermi level. These are almost lo-
calized lcvcls and glvc risc to narrow peak shapes.

(b) Levels in the vicinity of the Fermi level. The 4f
terms in this region overlap the conduction band. The
line shapes of these transitions may, therefore, be
broadened and less intense.

(c) Levels above the Fermi level. The transitions into

these levels produce wide and asymmetric line shapes due
to autoionization processes.

The transitions associated with the third subgroup are the
most sensitive towards chemical changes (i.e., they display
the largest chemical shifts in the oxide) due to the un-
screened nature of the corresponding final states. Some of
the ELS peak intensities (e.g. , the plasmons and some of
the core-level excitations) depend on the primary energy
of the incident electrons. However, for primary energies
above about 1000 CV this dependence becomes weak and
the intensities are almost unaffected by the primary ener-

gy varlatlons.
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