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Localization of 5/ Electrons in Americium: A Photoemission Study
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X-ray and high-resolution uv photoemission spectroscopy of the conduction band of Am
metal directly reveal that the 5f electrons in Am are localized, in contrast to the 5/ electrons
in the lighter actinide metals. The observed 5f final-state multiplet structure arises from a
trivalent 5/% Am ground state. The withdrawal of the 5f electrons from the Fermi level is
also manifested in the core-hole screening mechanism: The 4f core-level spectrum shows
the poorly screened peak (s,d electrons) to be the most intense one.

PACS numbers: 71.70.Ms, 71.25.Pi, 79.60.Cn

It has been suggested!? that the 5f electrons for
the lighter actinides are itinerant and take part in
the chemical bond whereas the 5f electrons of the
heavier actinide metals are localized. The solid-
state properties of Am indicate that Am is the first
rare-earth-like metal in the actinide series.?
Theoretical calculations* have also supported the lo-
calized picture for Am. The ground-state electron
configuration is assumed to be 5/° (nonmagnetic).
Previous valence-band photoemission spectra of U
metal®>~® provided clear evidence for the itinerant
character of the 5f electrons, which were identified
to be at the Fermi level. Mainly because of the ra-
diation hazard of the heavier actinide metals, only
for Pu metal'®>1? have low-resolution x-ray photo-
emission spectroscopy (XPS) measurements been
published supporting the itinerant description of the
Sf states.

To examine where the 5f electrons become local-
ized in the actinide series we modified a Leybold-
Heraeus LHS-10 photoemission spectrometer, en-
closed in glove boxes to enable XPS and, in particu-
lar, high-resolution ultraviolet photoemission spec-
troscopy (UPS) measurements on highly radioac-
tive material.!> In this Letter, we present photo-
emission spectra of the 4 f core levels (XPS) and of
the conduction band (XPS, UPS) of Am metal,
which holds a key position in the actinide series.

Polycrystalline films of Am metal (5 um thick)
were condensed by evaporation on W substrates'®
and afterwards transferred to the photoemission
spectrometer. The surface Am oxide layer was re-
moved in situ by Ar-ion sputtering. Conduction-
band data were recorded at room temperature with
an energy resolution of 1.30 eV (XPS, Mg K « line)
and 0.12 to 0.17 eV (He1 and He 11 lines, respective-
ly); the Am 4f core levels were recorded with an
energy resolution of 1.0 eV (XPS, Mg K« line).
The base pressure was in the low 10~° Pa range.
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After repeated sputtering cycles no oxygen surface
contamination was detectable in XPS (O 1s emis-
sion), but was in UPS (O 2p emission); the O 2p
signal was slowly growing in time as a result of
segregation of oxygen to the surface. To improve
statistics several sets of spectra were recorded
directly after sputter cleaning. By calculating the
difference spectra the weak oxygen contribution
was determined and finally subtracted.

The conduction-band spectra of Am metal (Fig.
1) show for increasing photon energy that the emis-
sion at the Fermi energy Er becomes less important
compared ‘to that of the structured peak around
2.8-eV binding energy (for Mg K o excitation, Fig.
1, curve d, the structures are not resolved). The
photon-energy—dependent excitation probability for
f electrons in the UPS regime!’ and the order-of-
magnitude-higher probability for 5f electron excita-
tion compared to that for 64 and 7s electrons in the
XPS regime!® give unambiguous evidence of the 5f
character of the emission around 2.8 eV; i.e., the 5f
electrons are withdrawn from the Fermi level. This
is a direct verification of 5f electron localization in
Am, and confirms that Am metal is indeed the first
rare-earth-like metal in the actinide series.

Because of localization of the electrons in the par-
tially filled 5f shell, a fingerprintlike final-state
multiplet structure is expected in the photoemission
spectrum, as for rare-earth metals.!”1® Final-state
photoemission intensities for actinides have been
calculated including spin-orbit interaction (53
through 58, and 5f2, 53, and 53 initial config-
uations, Veal ez al.'® and Beatham et al.,?° respec-
tively). The results for the 5f3 state disagree con-
siderably. One calculation?® yields a slight intensity
rearrangement when changing the main quantum
number or the coupling. The other calculation!®
produces many intense multiplet lines even at high
binding energies, extending, e.g., for the 5f°
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FIG. 1. UPS/XPS conduction-band spectra of Am
metal for (a) 21.1, (b) 40.8, (c) 48.4, and (d) 1253.6 eV
excitation energy.

configuration, to energies as high as 15 eV. High-
resolution UPS valence-band spectra of actinide ox-
ides,?! exhibiting localized 5f electrons, do not
display high-energy multiplet components but a sin-
gle broad 5f emission close to Ex. We therefore
compare in Fig. 2 the UPS conduction-band spectra
of Am to that of Sm?? which displays a final-state
multiplet quartet for the “‘trivalent’ bulk (4f° ini-
tial configuration) and a triplet for the ‘‘divalent”
surface (4/° initial configuration). Optical absorp-
tion spectra of PuCl; (5f° state) reveal an energy
separation between the °H and ®P levels of 2.4 eV 2
(Sm metal, 4 eV). A surface-induced energy shift
and broadening of the triplet or even a contribution
from divalent surface (5f7 initial configuration,
broad single line) may modify the relative intensity
of the multiplet structure of Am. The energy posi-
tion of the 5f electrons for ‘‘trivalent’> Am metal
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FIG. 2. Conduction-band spectra of Am, Pu, and Sm
metal for 40.8-eV excitation.

has been recently calculated?* under the assumption
of electron screening of the photoionized Am atom
(““tetravalent” Am) in a ‘‘trivalent” surrounding.
The value of 2.0 eV for the energy position of the
®H final-state multiplet component is in good agree-
ment with the experimental value of 1.8 eV.

To show the different character of the 51 elec-
trons the UPS valence-band spectrum of Pu? has
been added in Fig. 2. In contrast to Am the strong-
est emission for Pu is just found at Er and is due to
itinerant 5f electrons. No final-state multiplet
structures representative of localized 5f electrons
(/3 initial configurations as for trivalent Sm) can be
detected; structures at 0.8, 1.5, and 2.5 eV are diffi-
cult to attribute either to electron density of states
or to beginning 5f electron localization.

The actinide 4/ core levels also reflect the degree
of 5f electron localization by the screening mecha-
nism?%2”: The 4f core-hole potential pulls screen-
ing levels, that are not occupied in the ground state
(i.e., above Ef), down below Ey into the occupied
part of the conduction band. The occupation of
these levels, either by 5f or by {6d, 7s} electrons,
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FIG. 3. XPS 4f-core-level spectra of Am and Pu met-
al.

lowers the total energy of the final state character-
istically; the occupation probability depends critical-
ly on the hybridization with the conduction states
in the initial state (5f states delocalized,
4£13577(6d, 75} final state: ‘‘well screened’’ peak
at low binding energy; Sf states localized,
4f135£%(6d, 7s}* final state: “‘poorly screened”
peak at high binding energy). The 4f core levels of
Am metal are shown in Fig. 3. The spectrum is
dominated by nearly symmetric 4fs5,, and 4f7,
lines; each line is accompanied by a satellite at 4 eV
lower binding energy which has not been previously
observed for any actinide. The main peak is attrib-
uted to ‘‘poor screening’’ by {6d,7s} conduction
electrons. The satellite is due to ‘‘good screening’’
by 5f electrons; its intensity is weak since the 5/ hy-
bridization is poor, i.e., the 5f states are almost
completely localized. The energy position of the
satellite has been recently calculated?* to be 3.8 eV,
in good agreement with the experimental result.

For comparison the 4f core levels of Pu metal are
also shown in Fig. 3. The spectrum is dominated by
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a very asymmetric 4f doublet corresponding to
good screening by bandlike 5/ electrons. Because
of the very high density of 5f states at Ey a large
number of low-energy electron-hole pairs are gen-
erated along with the photoemission process, induc-
ing the strong asymmetry?® of the 4f core lines.
The origin of the 2.5-eV satellite on the high-
binding-energy side of the Pu 4f5, line is not quite
clear at the moment. It may be either induced by a
very weak oxygen contamination?® or due to poor
screening by {6d, 7s} electrons. Even if the small
structure is a genuine satellite due to poor screen-
ing, the dominant screening is by itinerant 51 elec-
trons.

Thus photoemission conduction-band as well as
4 f-core-level spectra show clearly that Am is the
first elemental metal in the actinide series that has
localized 5f electrons like a rare-earth metal. The
comparison of Am and Pu metal proves that the
transition from delocalized to localized 5/ behavior
in fact takes place between Pu and Am.
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