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Low-energy electron-energy-loss spectroscopy of Eu, Gd, and Th: 5s and 5p excitations
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The electronic structure of Eu, Gd, and Tb layers deposited on tungsten (110) and (211) surfaces was
investigated by electron-energy-loss spectroscopy in the energy range from 20 to 50 eV. Losses previous-
ly assigned to plasmon excitation are shown to be due to multiple excitations.

I. INTRODUCTION

The surfaces of rare-earth metals have received consid-
erable attention because their electronic structure differs
particularly strongly from that of the bulk.! Photoemis-
sion and inverse-photoemission spectroscopy (IPES) as
well as low-energy electron energy-loss spectroscopy
(EELS) have been the major tools which have given con-
siderable insight into the complex electronic structure
and photon- or electron-induced electronic transitions.
The interpretation of the spectra is not always unambigu-
ous. For example, the energy-loss spectra due to core-
level excitations usually contain losses with larger loss en-
ergy than the ionization energy, which in the case of the
4d spectra have been attributed to autoionization,?~® but
in the case of the 5p spectra to multiple plasmon excita-
tion.”

In the present paper we examine whether or not the 5p
spectra really contain a plasmon loss contribution or
whether this can also be explained by a correlated one—
electron processes. We do this (i) by studying the depen-
dence of the spectra upon the primary electron energy,
which allows us to vary the sampling depth and the exci-
tation conditions; (ii) by studying the coverage depen-
dence of the spectra of rare-earth adsorption layers on W
(110) and (112), which allows us a comparison between
the quasiatomic state at coverages below the work-
function minimum ¢_;, and the two-dimensional con-
densed state at coverages above ¢,;,. Plasmons can exist
above ¢ ;. but not below.

Rare-earth metals strongly lower the work function of
pure tungsten, similar to alkali and alkaline earth metals.
This has frequently been attributed to a valence-electron
transfer from the adsorbate to the substrate.®”!2 The
present study is also aimed at examining this question.
Previous Auger electron spectroscopy studies indicate
that recombination transitions of the 4d level involving
valence electrons occur only at coverages above ¢,;..
However, this does not solve the question of whether the
valence electrons are transferred to the substrate below
¢min» OF can recombination transitions not be realized in
the atomiclike electron configuration below ¢, in which
the 6p electrons necessary for an optically allowed recom-
bination process to the 4d level are missing. Electron
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transfer to the substrate should be evident in energy-loss
spectra involving transitions to and from valence states
which are occupied in the neutral state of the atom but
lose some of their occupation in the ionized state. For
the 6s and 5d valence electrons, transitions to and from p
levels are allowed. The 5p level has the lower binding en-
ergy and is, therefore, particularly suitable for an EELS
experiment. Our studies focus on the rare-earth metals
Eu, Gd, and Tb. Gd and Tb are trivalent in the metallic
state and have two 6s electrons and one 5d electron, while
Eu has only two 6s electrons. In the atomic state Eu and
Tb are divalent. We assume, as we have done earlier,!?
that the excitation processes in the atomiclike state at
coverages below ¢ . or in the topmost layer of thick
films are similar to those in free atoms. For the con-
densed state we compare our results with x-ray photo-
emission spectroscopy (XPS) data.

II. EXPERIMENTAL PROCEDURE

The experimental conditions were the same as those
described in Refs. 13 and 14. The energy-loss spectra for
Eu, Gd, and Tb deposited on the (110) and (211) faces of
tungsten in UHV conditions (base pressure of 5X 107!
Torr) were investigated. The studies were preceded by a
detailed analysis of various aspects of adsorption of these
metals on the (110) and (211) faces of tungsten, which was
presented in earlier papers.!>!® The influence of coverage
on loss energies and amplitudes was studied. The depen-
dence on primary energy was investigated mainly with
thick layers (about 100 ML). The experiments were per-
formed using a cylindrical mirror analyzer (CMA) in the
first derivative mode, with a modulation voltage of
0.5V,,. The primary energy range was 20-500 eV, the
primary current ranged from a few tenths to a few uA.
Particular attention was paid to the cleanness of the sur-
face. The O:W and C:W Auger signal ratio did not
exceed 1:100 and 1:300, respectively, during the measure-
ments. Coverages (6,) are defined in units of the sub-
strate atomic density.

III. RESULTS

Typical loss spectra of all the adsorbates in the energy
region of the 5p excitation are presented in Fig. 1. These
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FIG. 1. Energy-loss spectra of thick layers
in arbitrary units (X 100 ML). E,=80 eV,
modulation voltage 0.5 V,,. The dashed line
indicates clean W.
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spectra are characteristic for thick layers (about 100 ML)
at the relatively low primary energy E, =80 eV. Cover-
age changes influence not only the peak amplitudes but
also the character of the spectra, which is especially
clearly visible for Eu, as shown in Fig. 2. The Eu spec-
trum changes on both sides of the dominating loss A.
The losses at energies of 32.5 and 34.5 eV are due to 4f
electron excitation in tungsten. For the two other adsor-
bates the coverage influences only the high-energy side of
the main loss but the detection of these changes is rather
difficult due to their overlap with the tungsten 4f and
plasmon losses.

The primary energy dependence of the loss spectra is
shown for Gd in Fig. 3. With increasing E,, new energy
losses at energies 35 eV appear above 80 eV. Their am-
plitudes increase with primary energy and for
E, >400-500 eV the loss with the highest energy (C) be-
comes predominant. This is clearly seen in Fig. 4 for Tb.

Eu/W(110) Ep=80 eV

DERIVATIVE CMA SIGNAL (arb. units) ——

%5 30 25 20 3
— ENERGY LOSS (eV)

FIG. 2. Changes of the loss spectrum with Eu coverage.
E,=92 eV, modulation voltage 0.5 Vip-

25

The dependence of the loss amplitudes on the cover-
ages is presented in Figs. 5-7. Figure 5 shows the results
for Eu layers on the W(110) and W(211) faces. In both
cases a new loss (X) appears at the minimum of the work
function (6,,;,=0.3 and 0.5 ML for the (110) and (211)
faces, respectively). In all three elements the peak-to-
peak height of the main loss ( 4) increases more slowly at
coverages above the work-function minimum. The
features C, in Gd as well as, C and C’ in Tb overlap with
the 4f excitation loss in tungsten. In Gd layers the loss
position shifts continuously from the W 4f, , value (32.5
eV) to the Gd C value; in Tb layers the loss shown

Gd/w(110)
thick layer

DERIVATIVE CMA SIGNAL (arb. units) ——

35 30 25 20
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FIG. 3. Dependence of the loss spectrum of a thick Gd layer
upon the primary electron energy. Plots corresponding to
E,=60 and 80 eV were recorded with a modulation voltage of
1V,,, the others with 0.5 V,,,.
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FIG. 4. Dependence of the main loss amplitudes (4 and C)

(bottom) and their energies (top) on E, (thick layers).
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FIG. 5. Coverage dependence of the observed loss ampli-
tudes for Eu/W(211) (monolayer completion at 6, =0.73, top)
and for Eu/(110) (monolayer completion at 6, =0.53, bottom).
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FIG. 6. Coverage dependences, in arbitrary units, of the loss
amplitudes (bottom) and their energies (top) for Gd, monolayer
completion at §,=0.64. E,=100eV.

remains at the W 4f5 , position up to 8, ;, and then shifts
rapidly to the Tb C loss position (not shown). In Gd lay-
ers the intensity of the W 4/, , peak decreases slowly un-
til 6,;, while shifting in energy due to the overlap with
the Gd C peak and then remains constant due to the
growth of this peak. In Tb layers the intensity of the W
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FIG. 7. Coverage dependence, in arbitrary units, of selected
loss amplitudes for Tb/W(211) (E,=76 eV, monolayer com-
pletion at 6, =1.12, top) and for Tb/W(110) (E, =74 eV, mono-
layer completion at 6, =0.64, bottom).
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TABLE 1. Loss energies (in eV) for thick and thin layers of Eu, Gd, and Tb on W(110) and W(211) faces for various primary elec-

tron energies.

Eu (110 (211) thick oxygen contaminated
E, thick,80 76 76 76 30 150 thick,150 thin,92
0 0.07 0.24 0.35
X 20.0 19.9 19.9 19.9 21.6
A 24.8 24.8 24.8 24.8 24.8 24.8 24.8 24.8
B’ 27.9 27.9
B 294 29.4 29.6 30.0 30.5 27.9
33.7
Gd
E, 80 70 70 30 200 72
0 0.13 0.245
A 23.6 23.6 23.6 23.5 23.6 23.6
B 293 27.6 28.4
C 35.0 35.5 36.2
Tb (110) (211)
E, 80 74 76 30 200
6 0.25 0.13 0.365
A’ 219 219 21.5 21.9
A 229 22.9 22.4 22.7 23.0 23.1
A" 24.1 24.1 23.7 24.1
A" 25.5 25.6 24.8 25.1 25.4
B 28.8 28.6 28.7 28.0
C' 325 32.0
C 36.5 36.8

4fs5,, peak decreases until 6., and then rises due to the
formation of the Tb C loss. Peak B in Gd layers becomes
detectable only above 6,,;,. All the identified losses and
their energy values are collected in Table I for both thin
and thick layers.

The influence of oxygen contamination on Eu and Gd
layers was also studied. Typical spectra for such layers
are shown in Fig. 3 in Ref. 13. Oxidation does not
change the energy of loss A4 but causes clear changes in
the overall shape of the spectra (Table I).

Losses due to 5s electron excitation in thick layers of
all three elements were also measured. The 5s excitation

cross sections are an order of magnitude smaller than
those of the 5p level, and at small coverage no changes
are detectable. The results are shown in Table II, togeth-
er with data from the literature.

IV. DISCUSSION

A. 5s excitations

The presence of two 5s losses is due to the interaction
between the single final-state 5s electron and electrons
from unfilled shells (in this case mainly from the 4f

TABLE II. Binding energies of 5s and 5p and positions of unoccupied 4/- and 5d-state electrons (in eV) referred to the Fermi level.

Eu Gd Tb
5p3n 24.8 23.6 229
5P/ 19.5 (Ref. 7); 18.9 (Ref. 19); 22.8 (Ref. 7); 21.4 (Refs. 19 and 29); 25.6 (Ref. 7); 22.5 (Ref. 29
19 (Ref. 33) 20.4 (Ref. 32) 22 (Ref. 33) 22.6 (Ref. 32)
5P 29.4 29.3 28.8
5p1,2 24.5 (Ref. 19) 27.7 (Refs. 19 and 29); 26.8 (Ref. 32) 28.5 (Ref. 29); 28.7 (Ref. 32)
Sp splitting 4.6 5.7 5.9
5.6 (Ref. 19) 6.6 (Ref. 19) 6.3 (Ref. 29)
5s 40.4; 44.2 46.6; 50.6 51.6; 54.7
Ss 38.7 (Ref. 19); 45 (Ref. 31) 43.1 (Ref. 19); 46 (Ref. 31); 43 (Ref. 29) 48 (Ref. 31); 45 (Ref. 29)
Ss splitting 3.8 4.0 3.1
3.9 (Ref. 21); 3.8 (Ref. 17) 4.0 (Ref. 21); 3.6 (Ref. 17) 3.2 (Ref. 17)
4f 4 (Ref. 27); 8 (Refs. 23 and 26) 0 (Ref. 24); 4 (Ref. 28); 0 (Ref. 25)

5d

4.3 (Refs. 26 and 27)

4 (Refs. 26 and 27)
0 (Ref. 24)
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shell).!” The observed splitting of the peaks, 3.8, 4.0, and
3.1 for Eu, Gd, and Tb, respectively, is identical to the
splitting of the binding energies of the electrons emitted
from the 5s level, as obtained with XPS (Refs. 18 and 19)
(see Table II). However, the absolute values of the bind-
ing energies determined with XPS differ from the loss en-
ergies obtained with EELS. The differences between the
loss energies and the binding energies, AE =E; —Ej, are
1.7, 3.5, and 3.6 eV for Eu, Gd, and Tb, respectively. The
difference between Eu on the one hand and Gd and Tb on
the other may be due to the different 5d occupation. The
same Ss emission splitting, 3.9 eV for Eu (Refs. 20 and 21)
and 4.2 eV for Gd,*! was observed in the gas phase.

B. 5p excitations

If dipole selection rules are obeyed, the 5p electron
may be excited to empty d or s states. In our case the 6s
states are probably occupied, so that 5p excitations can
occur only to 5d states which are empty in Eu or occu-
pied with one electron in Gd and Tb. The A loss which
is predominant in this energy region is due to the transi-
tion to the 5d level, because only levels with the same
main quantum number and, therefore, a large wave-
function overlap, show strong resonance effects.®?? How-
ever, the optically forbidden transition from the 5p to
unoccupied 4f states cannot be excluded a priori. The
difference AE =E; —Ejy between loss energy and binding
energy is now different for all three elements: 5.9, 2.2 eV
and 0.3 eV for Eu, Gd, and Tb, respectively (compare the
losses A4 in Table I with the 5p;,, binding energies of
Refs. 19 and 29 in Table II). An unequivocal decision be-
tween the 4f and 5d transitions cannot be made on the
basis of existing energy-level data. Absolute energy
values from band-structure calculations?>~2° are not ac-
curate enough to be used in a comparison between
difficult materials. Experimental data are available from
inverse-photoemission spectroscopy?®?’ and photoemis-
sion spectroscopy.?® They give the following values of
the 4f and 5d positions: E, =8 eV (Refs. 26 and 27) for
Eu and E;;=4 eV (Refs. 26 and 27) or 4.9 eV (Ref. 28)
for Gd, E;;=4.3 eV (Ref. 27) for Eu and E;; =0 (Refs.
27 and 28) for Gd, all energies being referred to E.
Thus, the difference AE =E,;—Es, is approximately the
same for the two elements and the AE values cannot be
used to distinguish between transition to 4f and to 5d
states. A hint at a 4f transition is given by the compar-
ison of the amplitude and structure of the 4 peaks of Gd
and Tb, which is very reminiscent of the 4f multiplet
structure of the XPS spectra of the two materials.!’
Therefore, at least at low energies, Ep, at which dipole
selection rules are irrelevant, a 5p —4f excitation inter-
pretation of loss A4 appears plausible. This interpretation
cannot, however, explain the absence of the
5p34fnt1_55p%4 " 14+e Auger deexcitation process in
Eu.? This suggests that in Eu the loss 4 is not due to an
excitation to the 4f level but rather to the 5d level. From
the 5p°5d! configuration of the excited Eu, no deexcita-
tion with electron emission is possible. On the other
hand, the 5p25d? configuration of excited Gd and Tb al-
lows the process 5p°5d?— 5p°—+e, and electrons of prop-
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er energies have actually been recorded in the emission
spectra of those elements.?

Loss B is separated from loss 4 by 4.6, 5.7, and 5.9 eV
for Eu, Gd, and Tb, respectively, which corresponds ap-
proximately to the binding-energy differences of the 5p; ,,
and 5p, , levels, 5.6, 6.3, and 6.1 eV, respectively (Table
I.!%?° The initial state of this loss is accordingly the
5p.,, level, and the final state, as in loss 4, is the 5d level
(or possibly the 4f level at low excitation energies). The
remaining losses will be discussed separately for the vari-
ous materials.

1. Eu

For Eu a new feature X at 20.0 eV appears in the loss
spectrum above ¢,;.. This loss may be related to a par-
tially empty (6s6p)? band near the Ep in the 2d crystal
which forms above ¢_;,, as seen in the accompanying
structural changes.'>!® This interpretation is supported
by the energy of loss X, which is 4.8 eV lower than that of
loss A. Loss A4 had been attributed above to a 5p —5d
(or at low energies to a 5p —4f) excitation and the 5d
level was placed 4.3 eV above Ez. Moreover, the increase
of the loss A with increasing coverage (Fig. 5) slows
down when loss X appears, which is evidence for compet-
ing excitation processes, 5p — 5d(4f) and 5p —(6s6p)>.

The weak loss B’ is visible only at low coverages (Fig.
2) and is, therefore, interpreted as a transition to an emp-
ty 4f atomiclike state. The 5p binding energies of Eu in
the atomic state, 32.5 and 26.7 eV are 8 eV larger than
those in the metallic state, 24.5 and 18.9 eV.!? The ener-
gy of loss B’ which disappears at ¢ ;, is 7.9 eV larger
than that of loss X (Table II, and Fig. 2) which appears
at ¢;,. Therefore, loss B’ in the atomiclike state of the
layer is attributed to a similar excitation as loss X is in its
metallic state; that is, to a 5p — 6p transition.

2. Gd

The high-energy loss C is seen only at energies E, > 80
eV and increases rapidly with energy, finally dominating
this loss region at the expense of loss 4 (Figs. 3 and 4).
Loss C (35.5 eV) appears only at higher primary energies
E,. It is attributed to a two-electron process involving a
5p —5d transition and a transition from the 5d level to
continuum states € with a high density of states because it
is absent in Eu, which has no 5d electron. The 5p —5d
excitation which causes loss A requires an energy of 23.6
eV (Table I), which leaves 11.9 eV for the 5d —¢ excita-
tion. Taking the work function of the analyzer (=5 eV)
into account, emitted electrons are expected with an en-
ergy of 6.9 eV. Electrons with 7.0-eV energy have indeed
been detected in the secondary-electron spectrum.? A
bulk plasmon excitation would require an energy of 13.3
eV (Ref. 13) and is, therefore, excluded as a simultaneous
excitation process. Also, the loss energy shifts with in-
creasing Gd coverage from the W 4f value (32.5 eV) con-
tinuously towards the value found in thick Gd layers
(Fig. 6), indicating the existence of loss C already below
¢ min» Which is in the atomiclike state, in which no
plasmon excitation is possible.
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At the primary energies at which loss C becomes clear-
ly visible, that is, at E,~100 eV (Fig. 4), loss B
(5p,,,—5d) is replaced by some less-pronounced
features (Fig. 3), which, by analogy to loss C, are assigned
to two-electron excitations overlapping with loss B. Be-
cause of this overlap, no analysis of this part of the spec-
trum is possible. The emission probably also involves 6s
electrons. This is suggested by a comparison of oxygen-
contaminated and clean layers. Measurements at E, =72
eV show that loss C is much weaker in the oxidized state.
The loss height ratios C:A4 are 1:11.4 and 1:5.5 for
oxygen-contaminated and clean surfaces, respectively.
Oxidation causes a valence-electron transfer from metal
to oxygen, so that the emission accompanying the 5p ex-
citation is less probable. In Eu the B loss disappears
completely upon oxidation, which shows that the 6s elec-
trons are necessary for this feature in the 5p loss spec-
trum.

3. Tb

The terbium spectrum (Fig. 1) shows, in addition to
losses A4, B, and C, which are also seen in Gd, several
less-intense features (A4, 4",A4'"',C'). The Ilosses
A'—A'" are best seen in the films below ¢ ; , in particu-
lar on the (211) surface, in thick films at low primary en-
ergies (E,~50 eV). Therefore, they are assigned to
atomiclike transitions in the topmost layer. In the atomic
state the lowest levels of Tb have configurations 4f85d 6s2
and 4f°6s2, which are separated by only 0.035 eV.3° In
the energy range up to 5.5 eV there are many transitions
from these states to excited states involving changes in
the occupation of the 4f, 5d, and 6s levels.®® If the
5p — 5d excitation is accompanied by one of these excita-
tions, a large number of closely spaced losses is possible,
so that a reliable assignment is not possible. The observa-
tion that in Gd (the 4/ configuration) no satellites of loss
A are observed suggests that the occupation of the 4f
level in Tb (the 48 or 4/° configuration) plays an impor-
tant role for the probability of the excitations which
cause the losses 4'— A"’ in the atomiclike state.

Loss C is of the same nature as loss C in Gd, which is

16 511

due to a two-electron excitation 5p —5d,5d — ¢ into the
continuum. The energy difference between loss C and
loss A4, 13.7 eV, is approximately equal to the volume
plasmon loss 13.5 eV, and loss C is observed only above
&min» Which is in the two-dimensional condensed state.
Therefore, plasmon excitation simultaneous with 5p — 5d
excitation cannot be excluded. However, electrons with
approximately the correct energy for the 5p —5d,5d —¢
transition are found in the emission spectrum.? Loss C’
is tentatively assigned to a two-electron excitation
5p —5d,4f —5d.

V. CONCLUSIONS

The loss spectra of Eu, Gd, and Tb depend strongly
upon coverage. This is due to the change of the electron-
ic structure of the adsorption layer with coverage. The
results presented also show that even at very low cover-
ages the 6s electrons are not transferred to the substrate
because no losses due to 5p-—6s excitation were ob-
served. Therefore, the layer is not ionic but consists of
strongly polarized atoms.

Our results refute the widely accepted picture that
plasmon losses make a large contribution to the energy-
loss spectrum in the valence region as well as in the 5p re-
gion.” The plasmon losses have energies of 7.8, 13.3, and
13.5 eV for Eu, Gd, and Tb, respectively.!> Multiple
plasmon losses should occur at 15.6, 26.6, and 27 eV, but
such losses were not observed here even at the highest
primary energies. For the 29.4-eV loss in Eu and the 35-
eV loss in Gd, plasmon excitation simultaneous with
5p —5d excitation can be excluded as a possible cause,
also in conjunction with a 5p — 5d excitation; in Tb such
a simultaneous excitation, however, can possibly cause
the 36.5-eV loss.
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