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Dipole-forbidden f-f multiplet excitations are found to characterize the electron-energy-loss
spectra of Pr, Nd, Sm, Gd, Tb, Dy, Ho, and Er when the primary-electron energy is close to the
binding energy of the 4d electrons. In Sm and Gd the f-f transitions are also detected at lower pri-
mary energies. The identification of the sharp peaks observed in the spectra as f-f excitations .
comes from straightforward comparison with the absorption spectra of the trivalent ions. The exci-
tation energies of the f-f transitions are found to depend very weakly on the chemical environment.
The exchange nature of the f-f excitation process explains the strong decrease of the intensities of
the f-f peaks when the primary energy is raised, and is consistent with the resonant enhancement
observed for primary energies near the 4d-4f threshold. A similar resonance is also observed in the
primary-energy dependence of the intensity of the plasmon peak.

1. INTRODUCTION

Dipole-forbidden electronic transitions, in particular,
spin-forbidden transitions, have been observed and stud-
ied in atoms' and molecules’ by electron-energy-loss
spectroscopy (EELS) for a long time. In many cases it
was natural to associate the excitation mechanism of
these transitions with an exchange process, since their
cross sections are strongly enhanced when the primary-
electron energy E, is close to the excitation energy and
the scattering angle is large.’? In the exchange process,
in contrast to the case of dipole scattering, the primary
electron and the detected electron are different, the latter
being an electron ejected from the sample when the form-
er is captured into an empty state.

In the interpretation of reflection EEL spectra from
solids, however, it has been customary for a long time to
invoke exclusively dipole mechanisms, and to ignore ex-
change. Recently, clear evidence of dipole-forbidden ex-
change transitions has been observed in the inner-shell
excitation EEL spectra of transition metals® and metallic
rare earths.* The exchange mechanism has also been
successfully used to explain the spin-polarized valence-
band EEL spectra of Fe-B-Si alloys,5 Ni,® Fe,” and bee
Co (Ref. 8) in terms of majority spin to minority spin d-
band transitions (Stoner excitations).’® Moreover, the
strong primary-energy dependence of the excitation pro-
cess has allowed the identification of Stoner excitations
also in ordinary (not spin-polarized) EELS. 11!

Data for the transition metals® " !! show that EEL spec-
tra of solids, taken in the reflection mode, contain contri-
butions from exchange transitions whose intensity, for
low E,, can be comparable to that of ordinary dipole-
allowed transitions. However, the identification of such
transitions may not be easy if the involved bands have a
large dispersion. In the rare-earth metals (REM’s) Sm,
Eu, Gd, Tb, Dy, Ho, and Er, in which the f levels retain
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most of their atomic character, exchange excited f-f
transitions give rise to the most pronounced and sharpest
features in the EEL spectra taken at low E,.'>"’ In these
cases, the excitation mechanism consists in the capture of
the primary electron into an empty f state, and the ejec-
tion of another electron from the same f shell. Because
of the sharpness of the f-f peaks it was relatively easy to
study the intensity of these optically forbidden transitions
as a function of E,. A resonant enhancement was ob-
served when Ep reaches the 4d-4f core threshold, con-
sistently with what is expected for an exchange excitation
mechanism. 2

In this work we report new data on metallic Sm, Gd,
Tb, Dy, Ho, and Er, and extend the investigation to Pr,
Nd, and Yb; f-f transitions are found in the EEL spectra
of all the REM’s with unfilled f levels. In all cases the re-
sults follow the same pattern, which can be summarized
as follows: (a) the low-energy part of the EEL spectrum
is characterized, for low E,, by multiplets of f-f transi-
tions; (b) these multiplets agree well with the weak lines
observed in the optical-absorption spectra of the trivalent
ion; (c) the structures in the spectrum of the metal with n
f electrons can also be related to the shake-up features
seen in the x-ray photoemission spectrum of the metal
with n +1 f electrons and in the bremsstrahlung iso-
chromat spectrum (BIS) of the metal with n —1 f elec-
trons; (d) the localized nature of the states involved in the
transitions is reflected in the small linewidths (40-100
meV) of the components of the multiplets and in their in-
sensitivity to chemical bonding; (e) there is a resonant
enhancement of the intensity of all the multiplets when
the primary energy E, reaches the 4d-4f core excitation
energy; and (f) the dipole-allowed plasmon peak is also
resonantly enhanced.

II. EXPERIMENTAL PROCEDURE

The Gd and Dy samples were single crystals, while Pr,
Nd, Sm, Tb, Ho, Er, and Yb were in polycrystalline form.
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The samples were mechanically polished with diamond
paste and immediately inserted in an ultrahigh-vacuum
chamber with a fast-load system in order to minimize oxi-
dation. Their surfaces were cleaned by Ar™' sputtering
until the coverage of the contaminants (mainly oxygen)
was less than 0.02 monolayer, as estimated by Auger
spectroscopy.'* The EEL spectra showed appreciable
modifications when the oxygen coverage increased, as
discussed below.

In the low resolution EELS measurements the
primary-electron incidence angle was 60°, and the back-
scattered electrons were collected in a 6° cone along the
normal to the surface and analyzed by a hemispherical
analyzer operated in the constant resolution mode, with
an overall energy resolution of 0.5 eV —full width at half
maximum (FWHM) of the elastic peak. The primary-
electron energies, referred to the analyzer vacuum level,
were measured with an accuracy of ~1 eV. Since the re-
sidual gas pressure in our system was ~2X 1078 Pa and
the time required to complete a set of data for different
E,’s was a few hours, we sputtered the sample while
measuring, to avoid excessive contamination. The clean-
liness of the Sm sample was also checked by x-ray photo-
electron spectroscopy (XPS), by measuring the intensity
of the surface divalent component in the 3d photoemis-
sion spectrum. 1’

High-resolution EEL (HREEL) spectra of Dy were
measured, using a commercial Leybold-Heraeus ELS 22
analyzer, in specular geometry, with an incidence angle
of 60°. In order to obtain high count rates the resolution
was limited to 15 meV. The sample was cleaned by Ar*
sputtering and the spectra recorded within one hour after
the cleaning process at a working pressure of 10~% Pa.
The primary energy was 20 eV.

Because of surface disorder due to the polishing and
sputtering processes, and of the large collection angle for
the low resolution measurements, all our spectra may be
. regarded as essentially momentum integrated.

III. RESULTS AND DISCUSSION

A. EEL spectra

Panels (a) and (e) in Figs. 1-4 show the reflection EEL
spectra of metallic Pr(f?), Nd(f3), Sm(f> configuration
in the bulk and, at least partially, f° at the surface), !5 16
Gd(f7), Tb(f?), Dy(f?), Ho(f'°), Ex(f!!), and oxidized
Yb(f!%) (Ref. 23) taken at different primary energies E,,.
The top spectrum in each panel corresponds to a primary
energy a few tens of electron volts lower than the 4d
binding energy E,;, while the other refer to E, slightly
higher than E,; (second spectrum from the top) and
much higher than-E,;. A marked E, dependence is ob-
served for all these metals, with the exception of Yb. In
particular, the high E, spectra closely resemble the pub-
lished loss functions, 122 showing a broad plasmon peak
at 8—13 eV, and the EELS data of Netzer et al.?* On the
contrary, the low E, spectra display sharp extra struc-
tures.

Panels (b) and () in Figs. 1-4 show energies and inten-
sities of the very faint absorption lines observed in the

optical-absorption spectra of the trivalent ions in solu-
tion. These lines are due to f-f transitions very weakly
allowed in an environment without inversion symmetry (a
typical oscillator strength is ~107°).!7 An f-f transition
can take place either with or without a spin flip of the ex-
cited electron. In the case of an f’ configuration (Eu and
Gd) all the f-f transitions involve spin flip.

Where possible [panels (c) and (g)] the EEL spectra of
the REM with n f electrons are compared with the pub-
lished BIS of the metal with n —1 f electrons or with the
x-ray photoemission spectrum of the metal with n +1 f
electrons.!® The reason for doing this is that, when an
extra electron is added to an atom with n —1 f electrons
by an inverse photoemission process, the system is left ei-
ther in the ground or in the excited states of the f”
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FIG, 1. Energy-loss spectra of (a) Pr and (e) Nd for the indi-
cated primary energies E,. Optical-absorption spectra of (b)
Pr’" and () Nd** from Ref. 17 showing the f-f transitions;
solid lines correspond to transitions involving spin flip, dotted
lines indicate nonflip transitions, and dashed lines represent the
overlap of both flip and nonflip transitions. BIS of (c) Ce and (g)
Pr from Ref. 18 (see text). The scale in the abscissa refers to en-
ergy loss o for (a) and (e), to photon energy for (b) and (f), and to
kinetic energy for (c) and (g) (see text).
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FIG. 2. Same as Fig. 1, but for Sm and Gd. Dashed and dot-
ted lines in (a) and (e) show bulk and surface loss functions, re-
spectively, taken from Refs. 19 (Sm) and 20 (Gd). The energies
of the f° excitations of Sm?>* in (b) have been obtained by a
10% contraction of the spectrum of the Eu®* ion. (g) shows the
x-ray photoemission spectrum of Tb from Ref. 18 (see text). (d)
and (h) show the EEL spectra of oxidized Sm and Gd, respec-
tively [1 langmuir (L)=107° torrs]. Energy scale in (d) and (h)
as for (a) and (e). For the sake of clarity the spectrum at E, =50
eV in (e) has been shifted upward by 20% of the height of the
window.
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configuration. These states show up as distinct features
in the BIS.!® The f-f multiplets observed in the EEL
spectra of the f” metal and those observed in the BIS of
the " ~! metal should therefore be very similar, the main
difference being the energy scale, which in the latter case
is contracted by ~10% with respect to the former one
because of the smaller atomic number Z.'® A similar line
of reasoning holds for the comparison of the EEL spectra
of the f" metal with the x-ray photoemission spectrum of
the metal with n+1 f electrons, with the obvious
difference that the energy scale is now expanded by about
the same amount.?>!® In both cases (BIS or XPS), the
energy zero corresponds to the energy of the ground state
of the " configuration.

On the basis of the comparison with the optical, photo-
emission, and inverse photoemission spectra, it has been
possible to identify the transitions that give rise to peaks
in the EEL spectra. Table I summarizes this information
by giving the quantum numbers S, L, and J of the states
involved.
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FIG. 3. Same as Figs. 1 and 2, but for Tb and Dy. Loss func-
tions from Ref. 21 (Tb) and Refs. 20 and 22 (Dy). The spectrum
at E,=157 eV in (e) has been shifted downward by 10% of the
height of the window.
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The energies of the first peak of the BIS of Ce and Pr
[Figs. 1(c) and 1(g)] appear to be slightly higher than zero
because of the contributions from several excited states
[*H and 3F for Pr,?” and *I for Nd (Ref. 28)]. The peak at
0~=0.8 eV in the Pr EEL spectra (mainly attributable to
3F states) is not clearly resolved because of the experi-
mental resolution of 0.5 eV and the presence of excited
3H, states up to 0.6 eV.?"%
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In contrast to Pr and Nd, in Sm and Gd the f-f transi-
tions are strong also in the spectra taken with E, <E,,;.
The contribution from divalent and trivalent Sm overlap
in the region 2—-4 eV, making it difficult to evaluate their
relative importance in the EEL spectra. The °F transi-
tions of the trivalent f> configuration expected at w~ 1
eV are not observed in the clean sample, and may be
masked by the tail of the elastic peak. The Sm sample

TABLE 1. Labeling of the f-f transitions observed in the EEL spectra of REM’s. Second and fourth
columns give the quantum numbers S, L, and J for the initial and final states, respectively. Excitations
of Sm?>* have been identified with f-f transitions of Eu*".

Element S+, o (eV) iy 4 References
Pr f? *H, 0.8 ’F 17,26
2.6 p 17
Nd £3 s, 1.6 ‘F 17,26
2.3 ‘G 17
3.7 ‘D, 2L, 17
Sm f? °Hs 1.0 °F 17,26
2.7 ‘Fs ) 17,26
3.3 6p 17,26
Sm f° F, 2.7 ’Le, °G 17
3.3 SH 17
Gd £’ 85, 4.5 1 17,25,26
5.0 °D 17,25,26
6.2 G 17,25,26
6.7 °F 25,26
7.2 °H 25,26
Tb f* "Fe 2.6 D, 17,25,26
3.6 G, °L 17,25,26
4.4 51, °F 17,25,26
5.2 G, °K 25,26
6.1 SH _ 26
8.0 51, °F 26
Dy f° °H s, 1.0 H, SF 17,25,26
33 417 4M2l/27 41‘419/21 4K17/2 17’25’26
3.9 *G,*L, *M 11,3, *K 152, *L 19 2 17,25,26
4.3 *Hys 0, *Hy gy *K 132, 4G 17,26
5.2 4y 26
6.3 ‘H,*G 26
Ho f'° A 0.7 ’1, 25,26
2.8 G, K 17,25,26
3.6 5G, G, H, 3L, 17,25,26
4.4 Mo, 'Lg, °G, 17,25,26
7.0 3K 26
Er f! s, 0.8 i 17,25,26
1.4 T s 17,26
2.4 2H\1 .2, *F1 ) 17,25,26
34 2K15/2, 4Gn/z, 4G9/z, 4G7/2 17,25,26
5.1 2L, 4D, 17,25,26
Yb £ 3F, 1.3 ’Fs ), 17,25
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has been deliberately oxidized in order to follow the spec-
tral change during oxygen chemisorption. The reason for
doing this is that oxygen completely removes the f°
configuration for exposures higher than 10 langmuir
(L).39 While oxygen chemisorption shifts the broad
plasmon peak and gives rise to a new structure at @ =1
eV, it only shifts down the f-f peak at w=2.7 eV by 0.1
eV. This shift might be due to the modified weight of the
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FIG. 4. Same as Figs. 1 and 2, but for Ho and Er. Loss func-
tions from Ref. 22. (h) shows the EEL spectrum of oxidized Yb.
The spectra at E,=140 eV and E,=180 eV in (a) have been
shifted by 10% of the height of the window upward and down-
ward, respectively. The spectrum at E, =140 eV in (e) has been
shifted upward by 10% of the height of the window.

f* and f© contributions in the 2.7-eV peak. The new
structure at =1 €V can be attributed to °F excited states
of the f° configuration. It should be noted incidentally,
that the dependence of the spectra on the oxygen expo-
sure rules out the possibility that the sharp peaks ob-
served in Sm could be related to residual oxygen contam-
ination. The spectra of oxidized Gd, already discussed in
Ref. 12, show a behavior similar to the Sm case. In par-
ticular, the f-f transitions are only affected in their inten-
sities. Both in the clean and oxidized surfaces these tran-
sitions occur at the same energies within the limit of our
experimental accuracy, as expected from the strong local-
ization of the f levels.

The f-f peaks in the EEL spectra of Tb, Dy, Ho, and
Er are weaker than in Sm and Gd. This finding is con-
sistent with the expectation of an f-f excitation probabil-
ity that is proportional to the product of the number of f
electrons () times the number of empty f states (14—n),
which has its maximum at n =7. Moreover, most of the
peaks fall within an energy range (3—5 eV) where the sur-
face loss function Im[ —1/(e+1)] has a maximum.?®??
In addition, dipole-allowed single-particle excitations
contribute to the spectrum in this energy range.?! The
bump at w=4.4 eV in Er does not correspond to any
strong f-f transition in the Er*™ ion,!"2%2% but coincides
with a broad maximum of the surface loss function. ??

In contrast to all the other REM’s discussed so far, no
low-energy sharp structures are present in the case of me-
tallic Yb, as expected from its complete f-shell
configuration (f'*). The spectra we measured are in per-
fect agreement with those by Onsgaard and Chorken-
dorff’! and Bertel et al.,?? and are therefore not reported
here. The spectra are characterized by two broad peaks,
the first at ®=4.3 eV, due to the surface p]asmon33 with
substantial contribution from dipole interband transi-
tions*"3* and the second one at w=9 eV, the bulk
plasmon loss.*® An f-f transition at 1.28 eV is expected
to be present in the case of the f2?* configuration of
Yb**+.1:25 This configuration can be obtained by oxidiz-
ing the clean metal.?* We therefore exposed the Yb sur-
face to oxygen, until a strong 4d-4f threshold appeared in
the EEL spectra at energy loss =182 eV, pointing to
the presence of empty f states.*’ The EEL spectrum of
Yb after this treatment (40 L oxygen exposure) is shown
in Fig. 4(h). The spectrum is in fair agreement with those
reported by Bertel et al.’? as far as the high-energy-loss
region is concerned, but shows a double peak in the low-
energy-loss region. The first structure falls at 1.3 eV, in
good agreement with what is expected for the f-f transi-
tion,'”?> whereas the higher-energy peak, at 2.5 eV, is
unexplained.

The EEL spectrum of Eu has been measured by Bauer
and Kolackiewicz!? at low primary energy. A sharp peak
is present in their spectrum at ©=3.9 eV. This feature
must have the same nature (%S, —°I transitions) as the
strong peak at ®=4.5 eV in the Gd spectrum, since the
two metals have the same f’ configuration. The 12%
difference in energy between the two is again accounted
for by the difference in nuclear charge.

A broad peak at ®=4.5 eV has been observed in Tm
by Onsgaard et al.>> We argue that this feature contains
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contributions from f-f excitations. In fact, the absorp-
tion spectrum of Tm®" is characterized by strong lines
between 4 and 5 eV.!72® Moreover, the BIS of Er(f)
shows a broad bump at an energy ~4 eV higher than the
position of the 3H, state (ground state of the f,
configuration of Tm). !

B. Intrinsic width and chemical shifts of the f-f transitions

In order to study the intrinsic linewidth of the f-f
transitions and their energy shifts in the ionic, metallic,
and oxidized states, we measured the loss spectrum of Dy
a second time using a HREELS apparatus with an energy
resolution of 15 meV. As shown in Fig. 5, the peak of Dy
at =1 eV is now resolved in its components, a strong
line at 0.44 eV (FWHM 40 meV) and three weaker and
broader structures at 0.73, 0.96, and 1.12 eV
(FWHM)~ 100 meV). The energies of the first three
peaks coincide within 10 meV with those of the f-f tran-
sitions in the Dy ion.*°

Heavy oxidation (3000 L oxygen exposure) shifts the
structures by a few tens of millielectron volts towards
higher energies. The very small linewidth and sensitivity
to the environment of these transitions are consistent
with the localized nature of both the initial and final
states involved, and point to a common energy depen-
dence of both states on the chemical bonding. These re-
sults are in agreement with the data of Bauer and
Kolaczkiewicz on Eu, Gd, and Tb.!®> These authors ob-
serve no difference in the f-f peaks appearing in the EEL
spectra of atomically dispersed and single-crystal rare
earths.

C. Resonant enhancement of the EEL spectra

Figures 6-9 show the intensity of the plasmon peak
and of some of the f-f peaks as a function of the
primary-electron energy E,. The intensities have been
normalized to the height of the elastic peak, and no back-
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FIG. 5. High resolution EEL spectra of clean Dy (solid line)
and oxidized Dy (dashed line). The oxygen exposure was 3 X 10°
L. Primary energy was 20 eV, and energy resolution was 15
meV. The arrows show the energies of the f-f transitions in
Dy** (Ref. 36).

ground subtraction has been attempted. The solid line at
the bottom of each figure is the 4d —4f absorption
threshold measured by EELS with E,~2000 eV. If we
assume that the dominant contribution in the spectra
comes from a two-step scattering process (elastic
diffraction preceded or followed by inelastic scattering),
as in the dipole-scattering case,®’ the normalized data
should grossly mimic the primary-energy dependence of
the f-f excitation cross sections, geometric and
diffraction effects being largely canceled by the normali-
zation to the intensity of the elastic peak.

The common characteristic of all the intensity versus
E, curves is the clear enhancement observed when E, is
close to the 4d binding energy, in correspondence with
the onset of th 4d —4f threshold. Note that different
excitations in the same metal have a different dependence
on E,. This result rules out the possibility that the ob-
served enhancement is an artifact due to the attenuation
of the elastic peak when a 4d hole is created. In Fig. 9
the E, dependence of the 4.5-eV peak of Er is also shown.
This structure, containing contributions from the surface
plasmon as well as interband transitions, shows a much
weaker jump. In this case, the weak resonance can be at-
tributed to an enhancement of a background of multiple
losses which involve f-f transitions.
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FIG. 6. Normalized intensities of the plasmon peak (crosses)
and of some f-f peaks (dots) in the loss spectra of Pr and Nd
plotted as functions of the primary-electron energy. The ener-
gies of the peaks are indicated in the figures. The solid lines
show the EEL spectra of the 4d —4f core threshold measured
with E,=2000 eV. In this latter case the energy scale refers to
energy loss w.
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losses which involve f-f transitions.

As already discussed in Ref. 12, a new exchange col-
lision channel opens when E, reaches the 4d-4f excita-
tion threshold. In the new process [sketched in Fig.
10(b)] the energy lost by the primary electron falling into
an f-state (f;) excites a 4d electron into another 4f state
(f;) @daf"+e~ —-4d®4f"*?). The intermediate
4d°4f" 72 state decays, via a super Coster-Kronig transi-
tion, into a 4d'°4f" excited state (excitation energy w)
plus an outgoing electron at energy E, —w. This same
final state can also be reached by a normal exchange exci-
tation of the f-f transitions [Fig. 10(a)]. Therefore, the
two processes can interfere constructively, giving rise to
the observed behavior of the intensities of the f-f peaks
when E, reaches E ;. 12 This mechanism is analogous to
that of resonant photoemission. In the EELS case, how-
ever, the intermediate state contains two extra f electrons
instead of one. This intermediate state cannot be reached
in oxidized Yb, which has thirteen electrons in the f
shell. Therefore, the loss peak at 1.3 eV in this system
should not resonate. Our measurements confirm this ex-
pectation within the experimental accuracy.

The 4d-4f optical thresholds are characterized by
several sharp lines followed by a broader peak at an ener-
gy ~10 eV higher. 3% The sharp lines are very weak in
Sm and Gd, and grow in intensity in the heavier elements
(Dy,Ho,Er), where they become more and more optically
allowed.* The sharp jump in the f-f cross section in
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FIG. 7. Same as Fig. 6 but for Sm and Gd. For the sake of
clarity the intensity curve of the 4.5-eV loss of Gd has been
shifted upward by 1 unit.
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Nd, Pr, Sm, and Gd occurs at an energy E’ which corre-
sponds to the edge of the broad and strong optical-
absorption peak. In the heavier rare earths the energy E’
gets closer to that of the sharp absorption lines. In other
words, there is an enhancement in the intensity of the ex-
change excited transitions related to the dipole cross sec-
tion of the 4d-4f core excitation. This finding is in agree-
ment with the proposed resonance mechanism.

As far as the core-level-related enhancement of the
dipole-allowed plasmon excitation is concerned, we note
that in Pr and Nd the resonance is weaker than in the
other metals, and has a shape similar to that of the reso-
nance of the f-f transitions. Since each point of the spec-
tra shows similar behavior in intensity, as a function of
E,, the effect could be attributed to a background of mul-
tiple losses that involve f-f transitions. In the other
REM’s, however, the plasmon resonance is sensibly
stronger than that of the rest of the spectrum, and cannot
be attributed to spurious effects. Moreover, the shape of
the intensity curves becomes broader and the maxima fall
at an energy ~ 10 eV higher than those observed for the
f-f cross section. An increase in the plasmon intensity
when E, is close to the binding energy of the 5p or 4d
core levels has been observed by Stenborg and Bauer in
Sm and Yb.3* We suggest that the plasmon excitation
mechanism sketched in Fig. 10(c)—i.e., plasmon creation
induced by the capture of the primary electron into an f
state—should be particularly effective in all the REM’s
because of the localization of the f electrons, and should
give a contribution not much smaller than that of the
normal process sketched in Fig. 10(d). Both processes
have a resonant counterpart, shown in Figs. 10(e) and
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FIG. 10. Schematic diagrams describing the electron ex-
change excitation mechanism of (a) the f-f transitions (b) its
resonant counterpart. (c) Plasmon shake-up process related to
the temporary capture of a primary electron into an f state and
(d) normal plasmon excitation process. The resonant counter-
parts of processes (c) and (d) are shown in (e) and (f).

10(f). In process (f) the plasmon is an “intrinsic plasmon”
excited by the switching on of the d core hole when the
primary electron at E, falls into an f state. The creation
of this intrinsic plasmon when the excitation energy is
only slightly above the core threshold, however, should
be detectable also in the optical-absorption spectra. On
the contrary, no plasmon satellite is found in the pub-
lished optical data.*’ For this reason we suggest that the
process that contributes the most to the plasmon reso-
nance is that given by Fig. 10(e), i.e., the increase in the
“f-plasmon” excitation probability due to the resonance
enhancement of the cross section for the capture of the
primary electron into an f state when E, ~E ;.

The cross sections of the f-f and of the plasmon exci-
tations in Gd show a maximum at about 120 eV followed
by a monotonic descent with the exception of the reso-
nance region. A similar maximum was found in Eu by
Bauer and Kolaczkiewicz.!? In this metal the intensity of
the f-f transitions grows monotonically from 20 to 100
eV. The initial increase and the maximum at ~ 100 eV
can be explained if we assume that the primary electron
has the highest probability to decay into an f state when
it is in a g state. This holds if the selection rules for the
emission of the virtual photon are similar to those for a
real photon. The partial density of states with / =4 has a
maximum at about 70 eV above the mean potential for a
free electron in a sphere with radius equal to the Wigner-
Seitz radius of Gd.*' Accordingly, the photoemission
cross section of the f levels in Gd (which is mainly due to
4f -—4g transitions) also has a maximum at about 100
eV.* The decrease of the f-f cross sections at high E,
can be easily understood in terms of the energy depen-
dence of the exchange mechanism.* This behavior is
common to all the investigated REM’s.

IV. CONCLUSIONS

We have shown that the energy-loss spectra of the
rare-earth metals are characterized by sharp peaks due to
exchange-excited dipole-forbidden f-f transitions. This
attribution is supported by the comparison between the
EEL spectra of the metal with n f electrons and the
optical-absorption spectra of the corresponding trivalent
ion and the BIS (x-ray photoemission spectrum) of the
metal with n —1 f electrons (n +1 f electrons). The f-f
peaks are particularly evident for primary energies close
to the 4d binding energy, but in Sm and Gd they are
strong also for E, much smaller than E,;. The core level
related resonance of the f-f multiplets fits nicely into the
picture of an electron-exchange excitation of the f-f
transitions. An enhancement of the intensity of the
plasmon peak when E, reaches the 4d core threshold—
particularly evident for the heavy rare-earth metals—is
also found. In our opinion this effect points to a scatter-
ing mechanism in which the plasmon is excited by the
temporary capture of a primary electron into an f state.

On the basis of our results, we predict that exchange-
excited sharp multiplets of dipole-forbidden transitions
should be detectable also in other systems with unfilled
localized levels, such as the transition-metal oxides.
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