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It is shown that angle-resolved valence-band photoemission (PE) spectra of epitaxial close-packed
films of U metal may correctly be described within a one-step model of PE based on a band de-
scription of the U 5f states. It is found that a cross-section minimum at hy = 90 - 94eV, which
previously was assigned to a Fano antiresonance at the 5d — 5§ excitation threshold, is mainly
caused by a Cooper-minimum behavior. Analogous cross-section variations in the region of the
5d — 5f resonances were obtained for a series of other solid actinide systems. The reported results
have severe consequences for the general interpretation of resonant PE data.
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Cross-section variations as a function of photon energy
are frequently used to discriminate between contributions
of different electronic states to photoelectron spectra of
solids. A rather dramatic effect is exploited in resonant
photoemission (PE): Here, the excitation into the PE
continuum is coupled to a transition into a discrete in-
termediate state followed by autoionization leading to a
Fano resonance in the photoionization cross section [1-3].
On resonance, the emission intensity is strongly enhanced
by a constructive interference of the channels, while, off-
resonance, it is decreased by a destructive interference.
Since the channel mixing entails an Auger matrix element
the resonance depends strongly on the spatial localiza-
tion of the states involved [4]. Particularly large effects
have, therefore, been reported for the 4f and 5f states
of rare-earth’s (RE’s) and actinides, respectively [5-9].

Due to their rather localized character, the f states are
mainly responsible for the magnetic properties of these
materials. On the other hand, interactions of f electrons
with valence-band states lead to fascinating many-body
phenomena like Kondo effect, mixed-valence or heavy-
fermion behavior [10]. Resonant PE offers a promising
tool to study such phenomena. Interpretation of reso-
nance PE data may lead, however, to misleading conclu-
sions, if not all arising effects are taken into considera-
tion. It was found, for example, that PE signals related to
nonequivalent atomiclike 4f electronic configurations in
RE’s reveal different enhancements across the 4d — 4f
excitation threshold [11). Resonant PE response from
the 5f states, which exhibit bandlike properties in some
actinides and their compounds [9,12,13] may be more af-
fected by solid-state phenomena like, e.g., the real band
structure of the initial state including hybridization with
valence states of other angular-momentum characters or
crystal symmetry selection rules for the dipole transitions
between initial and both final PE state and intermediate
state of the autoionization channel. A simple physical in-
terpretation of the resonant phenomena for single atoms
has been given earlier within a time-dependent density-

functional technique [2]. Based on the same approach,
the effect of solid-state hybridization on the resonant
photoemission process in solid uranium has been mod-
elled by consideration of a single uranium atom embed-
ded in a spherical drop of jellium [3]. The resonant pho-
toemission is imposed by transitions between the ground-
state configuration of U (5d'°5f3) and the multiplets of
the core-excited 5d°5f* configuration. In particular, the
absorption of a single U atom is totally dominated by
three transitions, located at 96, 102 and 106 eV.

Present consideration is focused on the varation of the
off-resonance photoemission cross-section in the broad
range of photon energies, shown to have a very strong
dependence from the spatial distribution of the 5 f states,
which essentially interferes with the resonance processes
as well. In atomic physics, it has been shown [14] that
the strong variation of the cross section can be caused by
a node in the radial part of the initial-state wave func-
tion, which may lead to the cancelation of the dipole ma-
trix elements for electron transitions into oscillating free-
electron-like final states (Cooper minimum, CM). Energy
positions of the CM were calculated for a large variety of
elements from the periodic table including actinides {15).
Thereby not more than one CM was obtained for each
atomic shell considered and the CM for the 5 f shells were
found to be well separated in energy from the 5d — 5f
resonances. In contrast to the atomic case a series of
CM was recently found for 4d, 5d, and 5f upper shells
in a number of elemental metals [16]. In solid actinide
systems, in particular, the CM may overlap the energy
region of the 5d — 5f resonant excitation.

In this contribution we discuss an application of reso-
nant PE to U metal, where the 5 f states reveal dispersion
in the binding energy (BE) range between 0.5 eV and
2 eV and their itinerant description is appropriate [13].
We performed density-functional calculations of photo-
electron energy distribution curves (EDC’s) based on an
one-step model of PE for close-packed (fcc or hep) phases
of U metal. Good correspondence between theory and ex-




~y

periment over a wide range of photon energies is obtained
for thin films of Acp U metal. The calculated EDC’s are
in agreement with the experimental spectra also in the
energy region of the 5d — 5f resonance (up to hv ~
103eV), although mixing of the single-partical direct PE
channel and the many-body autoionization channel has
not been taken into account in our model. We show that
an intensity drop of the Fermi-level (EF) peak at 90 -
94eV and its enhancement at 98¢V photon energy, that
previously had solely been assigned to the Fano reso-
nance [7-9,17-20], are mainly caused by the solid-state
CM, while resonance effects are only a minor contribu-
tion here. Similar results obtained for the polycrystalline
U metal and the intermetallic compound UPd; suggest
that crystal symmetry and change of lattice parameters
have a rather small effect on the PE intensity variations
in the photon energy range considered. As in the case of
the U systems, our cross-section calculations for fee Pu
metal disclose the solid-state CM, which is located close
to the 5d — 5f excitation.

Ordered close-packed films of U metal were prepared
by in-situ deposition of U onto a liquid nitrogen cooled
W(110) substrate followed by annealing of the ”as de-
posited” system (for details see Ref. [13]). PE exper-
iments were performed at the Berliner Elektronenspe-
icherring fiir Synchrotronstrahlung (BESSY) using radi-
ation from the plane-grating monochromator beamline
SX700/I1. Photon energies were varied within the range
from 60eV to 145eV. The incidence angle of photons
was chosen to be 35° relative to the sample surface. A
rotatable hemispherical electron-energy analyzer was em-
ployed to take PE spectra with an overall-system energy
resolution of about 100meV (FWHM) and an angular
resolution of 1°. The base pressure in the experimental
set-up was in the range of 1x10~8 Pa.

A series of normal-emission valence-band PE spectra
taken from an ordered U film at different photon ener-
gies is shown in Fig.1. The spectra are normalized to
the photon flux. All spectra except those taken just be-
low the 5d — 5f excitation threshold at hv = 90eV
and 94eV reveal similar triangle-like shapes character-
ized by a sharp peak at Er and a series of less in-
tense features within the first 2eV below Ep. While
the former reveals no clear dispersion, the higher-BE fea-
tures change their positions with photon energies. At
hv = 90eV and 94 eV, the Fermi-level peak becomes sup-
pressed, whereas the features at higher BE’s are much
less affected. The experimental data were compared to
normal-emission EDC’s for (0001) and (111) surfaces of
hep and fec U metal, respectively, calculated for vari-
ous in-plane nearest-neighbor distances a in the range of
values a = (3.2%0.2) A estimated from the LEED exper-
iment. In all cases better agreement between experimen-
tal and theoretical results was obtained for the hcp ar-

- rangement. The applied relativistic layer KKR method

(see, e.g., Ref. [21] and references therein) has the ad-

vantage to account for surface contributions to the PE
signal. In the calculations, use was made of the local
density approximation (LDA) and the surface was de-
scribed by a simple truncation of the bulk. The final
states were described by time-reversed LEED states. In
order to account for the finite experiment angular reso-
lution the calculated PE signals were integrated within a
cone of 2°,

The calculated EDC’s for an ideal hep structure and
a = 3.0 A are presented in Fig.1. ”As calculated” EDC’s
were broadened by a Gaussian to account for a finite
experimental resolution. Linear dependence of lifetime
broadening from binding energy in a form 0.05 (BE -
Erp) was assumed. All theoretical EDC’s were consis-
tently normalized to equal intensities of the simulated
and the experimentally observed Fermi-level peaks at
hv = 65eV. Note, that in contrast to the experimen-
tal spectra the theoretical EDC’s contain no background
of inelastically scattered electrons. For all PE spectra
shown in Fig.1, good agreement between experimental
and calculated dispersions and intensities is obtained.

Dispersions along the I'-A direction in the Brillouin
zone of the hcp U are shown in the inset in Fig. 1. There
are five experimental occupied bands in the region be-
tween Er and 2eV BE, which are correctly reproduced
by the calculations. According to our eigenvector analy-
sis all electronic states shown in the inset reveal predom-
inantly f character, although its amount decreases from
90% for the flat bands calculated within the first 0.5eV
below Er to about 50% for the lower laying bands with
more pronounced dispersion. Except the photon-energy
range approximately from 90 to 94eV our calculations
predict larger transition probabilities from the more lo-
calized Fermi-energy 5 f states than from the 5f bands at
higher BE’s, that is in agreement with the experimental
observations. At 90eV and 94eV photon energy, the in-
tensity of the Fermi-level peak becomes suppressed, an ef-
fect that previously had been attributed to a destructive
Fano interference of direct PE with a 5d — 5 f autoion-
ization channel [7-9,17-20]. Surprisingly, our theoreti-
cal EDC’s reproduce this intensity variations, although
channel mixing was not taken into consideration in the
calculations. Obviously, the usual interpretation of this
phenomenon in terms of only Fano antiresonance is not
complete. This conclusion is of high importance for the
interpretation of resonant PE studies of U systems, in
particular, if the degree of localization of the 5f states is
determined from the Fano-profile assymetry parameter,
which value strongly depends on the depth and energy
position of the intensity drop in the preresonance region.

To understand the drop in PE intensity at Er we ana-
lyzed, first, the angle dependent part of the dipole matrix
element and found that from their symmetry properties
all five valence bands (see inset in Fig. 1) are expected to
contribute to PE spectra. According to dipole angular-
momentum character selection rules, for f states only
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transitions into d or g final states are allowed. Qur cal-
culations for the hep U reveal a certain depletion of those
upper d- and g-partial electronic densities of states, that
are allowed by crystal symmetry for the transitions from
the 5f occupied bands, in the energy range from 90 to
94 ¢V above Er. However, similar experimental inten-
sity variations of the Fermi-energy feature were observed
for polycrystalline samples of U metal [7,18] and for a
large variety of U compounds [7-9,17,19,20). It is very
unprobable that all studied U systems, independent of
their composition and crystal symmetry, reveal similar
depletions in the electronic structure of the empty states
at such high energies.

Thus, the energy dependence of radial dipole coupling
between valence 5 f states and continuum ed and £g states
is suspected to cause the system-independent intensity
variations. The radial wave functions entering the re-
lated matrix element M7 freg,ed ar€ obtained by outward
integration of the one-electron Dirac equation at fixed
energies 5y = Ep (initial state) and ¢ (final state), re-
spectively, and by matching to spherical functions at the
Wigner Seitz (WS) cell radius, r = ry,. The poten-
tial used in the Dirac operator is obtained from a self-
consistent relativistic linearized muffin-tin orbital LDA
calculation. The values obtained for transitions from the
5f initial states into ed final states are more than one
order of magnitude smaller than those for the transitions
into the eg states and, therefore, are not accounted for
in the further consideration.

For free atom bound states, the amplitudes of the elec-
tron wave functions decay exponentially at large distance
to the nucleus, and the transition matrix elements are cal-
culated by integration over the whole space. In a solid,
periodic Bloch states are formed and for direct transi-
tions all translationally equivalent WS cells give the same
contributions to the integral. Therefore, the upper limit
of integration of renormalized wave functions is changed
now to the ry, value [16]. As a result, in contrast to
the free atom case, our calculations reveal several min-
ima of |M"[? for U metal (two in the region 60 eV <
hr < 350 eV, see Fig. 2). Note that the results pre-
sented in Fig.2 have only a qualitative meaning: They
do not include the joint density of states as well as surface
effects or crystal symmetry selection rules, which are ac-
counted for in the complete calculations, Fig. 1. For r,,
= 1.7 A (corresponding to hcp U with a = 3.0 A) alow
laying minimum is found in the region of the Fano an-
tiresonance, whereas a high laying minimum is observed
at a photon energy of 265 eV that is approximately 50
eV above the convential CM calculated for U atoms [15].
If the excitation energy is close to the energy region of
the CM in U metal a node of the radial wave function
of the continuum PE final state shifts with increasing
energy toward the outer extremum of the 5f wave func-

. tion (inset in Fig. 2) causing alternating in sign (marked

in the inset) contributions to the radial matrix element.

Under certain conditions (compare final states reached
with 55-eV and 94-eV photons) this may lead to a can-
celation of the M™. In contrast to narrow 5 f bands at
Er, broad 5f hybrid bands at higher BE’s do not reveal
pronounced CM intensity variations. Smearing of the
solid-state CM’s for bandlike hybridized electronic states
is a well-known phenomenon [22], that can be explained
by contributions into PE intensity of valence electrons
with different angular momentum character.

Within our theoretical approach we simulated experi-
mental results for polycrystalline U metal [7] by integrat-
ing the calculated PE intensities within a rather large
escape cone of 25° (not shown). We performed also cal-
culations of matrix elements (Fig. 2) and PE intensities
(Fig. 3) for intermetallic compound UPd; [17]. Like
in the experiments [7,17] in all cases, drops of the 5f-
derived PE at Er were obtained in the region of hy =~
90 - 94eV. Our calculations reveal the common behav-
ior of cross-section variations for various U systems, that
are characterized by different crystal symmetries, spe-
cific band structures or crystal-symmetry selection rules
related to properties of the angular part of the wave func-
tions. This result can be understood by the fact that the
CM behavior is mainly determined by the initial radial
wave function that is of course very much similar in all
solids considered. It explains also similar intensity varia-
tions with minima of the 5 f signal at about 92eV photon
energy followed by an increase of the 5f PE cross section
at hv > 98eV observed for a series of other U systems
(7-9,17-20).

Should the Cooper mechanism be regarded as the only
reason for the observed intensity variations in the con-
sidered region of photon energies? The contribution of
the Fano resonance to the cross section can be estimated
from a direct comparison of the calculated and experi-
mentally observed Fermi-level peak intensities as a func-
tion of photon energy. The experimental (open circles)
and the theoretical (solid circles) constant initial states
(CIS) profiles for hcp U and UPd3 are shown in Fig. 3.
As evident from the figure, the observed intensity varia-
tion in the energy range from about 60eV to 103eV can
be predominantly explained by direct PE. An additional
enhancement of the signal at hv = 98V, which may be
assigned to resonant excitations, does not exceed 20 % of
the total intensity. In all studied U systems the situation
is reversed for the photon-energy range from 105eV up
to about 120eV. Here, the calculated direct PE response
is only a minor contribution to the measured intensity
that indicates in fact the Fano-resonance behavior. The
CIS profiles depicted in Fig. 3 can be compared to a x-ray
absorption spectrum (XAS) taken for hcp U in a partial
electron yield mode with 1-eV kinetic energy electrons.
Note, that details of the lineshape of the XAS spectrum
reflects a rather complicated broad multiplet structure
of the 5d°5f>*1 intermediate state that do not directly
relate to the 5d spin-orbit splitting [19]. In difference to
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the CIS experiment, not only direct 5 f — g and reso-
nant excitations but also PE from the rest of the valence
band, 6p, 6s, and 5d core levels as well as Auger elec-
tron channels contribute to the XAS spectrum. Since
the latter contributions are not influenced by the Cooper
mechanism, the relative intensity in the energy region 90
- 103eV as compared to the signal in the region 105 -
120€eV registrated in the XAS spectrum is higher than
that obtained in the CIS experiment and by theoretical
calculations.

Similar to U systems the matrix-element calculations
were performed for another actinide meta] - fee Pu. As
in the case of U, the obtained results reveal a series of
the solid-state Cooper minima (Fig. 2) with the lowest-
energy one located at 97 eV in a vicinity of the Pu
5d — 5f excitation. The presented results have severe
consequences for the interpretation of resonant PE data
taken for solid systems with overlaping CM and Fano
resonances in particular if details of the Fano profile are
intended to be studied.
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FIG. 1. Experimental valence-band PE spectra (solid lines
through data points) and calculated EDC’s (solid subspec-
tra) of hcp U metal taken at different photon energies and
normal-emission geometry. Inset represents calculated bands
along the I'“A direction compared with experimentally de-
rived dispersions (solid circles).

FIG. 2. | Mg, ., |? calculated for hcp U -metal and UPd,
as well as for fcc Pu metal at different hy. Inset shows the
radial parts of wave functions of hep U for initial (5f at Er)
and final (eg at 55 eV and 94 eV above EF) states.

FIG. 3. Experimental (open circles) and calculated (solid
circles) intensity variations of the Fermi-level peak for hcp U
(present study) and UPds (experimental data from Ref. 17
as a function of photon energy. Inset: XAS spectrum taken
in partial electron yield mode with 1-eV electrons for hep U.
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