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The average number of 5f electrons making up the valence state in plutonium metal together with the
electronic fluctuations on each metal site has been a recent subject of debate. For the � phase of Pu, where
compared to the � phase increased localization �more atomiclike character� leads to decreased overlap and
volume increase, an f count close to either 5 or 6 has been proposed depending on the type of electronic
structure calculation. In order to resolve the controversy, we analyze the Pu 4f photoemission spectrum, which
displays well screened and poorly screened peaks that can be used as a measure for the degree of localization.
A simple analytical two-level model already shows on general grounds that the f count for Pu must be between
5 and 5.5. Furthermore, we present detailed Anderson impurity model calculations including the full multiplet
structure for Pu 4f photoemission, which are compared to previous experimental results obtained from 1 to 9
monolayers thin films of Pu on Mg and from Pu metal in the � and � phases. The trend in the satellite to main
peak intensity ratio as a function of the Pu layer thickness gives a clear indication that Pu metal has an 5f5 like
ground state. For the Pu allotropes and thicker films an f count of 5.22 is obtained with a Coulomb interaction
U=4 eV. The 5f fluctuations in Pu metal are very prominent and strongly material dependent. The calcula-
tions give a ground state with 9.6% f4, 58.8% f5, and 31.6% f6 for the � phase and 5.7% f4, 66.4% f5, and
27.8% f6 for the � phase while for the thin films the amount of f5 and the localization strongly increase with
reduced thickness. The obtained findings are in agreement with recent electronic structure calculations for � Pu
using local-density approximation with dynamical mean-field theory and with the branching-ratio analysis of
the Pu N4,5 edge in electron-energy-loss spectroscopy.
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I. INTRODUCTION

The huge environmental problems accompanying the
waste products of the nuclear industry with the need to de-
sign safe storage demand an urgent need to understand the
physical and chemical properties of compounds of the heavy
elements such as uranium and plutonium. There are funda-
mental scientific questions as to the specific nature of 5f
electrons in solids, which are not fully understood. Heavy-
fermion behavior, the Kondo effect, anomalous superconduc-
tivity, valence fluctuations, and complex magnetic phases are
among the characteristic features of correlated 5f electron
systems.1–4

In actinide metals, the outer s and d electron orbitals are
broad and overlap strongly and therefore show a metallic
behavior. Conversely, the 5f orbitals, which have a smaller
radius, display a more atomiclike behavior.5 As the atomic
number of the nucleus increases, the attractive electrostatic
interaction increases, pulling the 5f electron orbitals closer to
the atom. This causes the character of the 5f orbital to
change from overlapping to nonoverlapping. Therefore, in
the actinide series the lightest elements have itinerant 5f
electrons, whereas the heavier actinides have atomiclike 5f
electrons. The lighter elements display superconductivity
while the heavier display magnetism, e.g., curium metal ex-
hibits at high pressure an antiferromagnetically stabilized
crystal structure.6,7 Plutonium is placed at the boundary be-
tween delocalized �lighter elements, such as U and Np� and
localized �heavier elements, such as Am and Cm�. This
unique place of Pu metal is responsible for its amazing

amount of allotropes.8,9 It makes Pu the most complex and
anomalous element in the periodic table. The phase diagram
of Pu metal contains seven allotropes, some with very com-
plex crystal structures, not found in other metals, such as �
Pu �the low-temperature phase� which has a complex mono-
clinic structure, whereas on the other hand � Pu has a simple
face-centered-cubic structure. The � phase, which has a
negative thermal-expansion coefficient and is stable at ambi-
ent pressure and between 592 and 724 K, has a �25% larger
atomic volume than the room-temperature � phase.3

For comparison, in the lanthanides, where the 4f orbitals
are spatially less extended than the 5f in the actinides, the
localization-delocalization transition occurs around Ce, mak-
ing it the most remarkable element in the series. In lan-
thanides, high pressure gives an increased overlap leading to
a delocalization.10 Localization effects are also found in the
3d transition-metal series, e.g., thin films of Mn on Cu�110�
show a dramatic change from delocalized for 4 monolayer
�ML� to localized for submonolayer coverage.11

It is well established that the 5f occupation in the � phase
of Pu metal is close to five electrons.12–14 In the last few
years, a controversy has arisen for �-Pu metal concerning its
f count �i.e., the average number of 5f electrons making up
the valence state�. Different electronic structure calculations
predict different f counts, with local-density approximation
�LDA�+U calculations giving 5.8 to 5.44 �Refs. 15–17� and
dynamical mean-field theory �DMFT� calculations giving
�5.2 �Ref. 18�. The LDA+DMFT method goes beyond the
static model of LDA+U, which makes it an appropriate tool
for studying 5f valence fluctuations.19–21
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A critical test for the Pu electronic-structure calculation is
the absence of any long-range magnetic order.10,22 Localized
electrons have a large exchange interaction, which aligns the
spin and orbital moments. Most mean-field treatments that
explain anomalies of � Pu, such as its expanded volume, also
predict that this phase is magnetic, which is experimentally
not observed. As a matter of fact, no ordered moments have
been observed for both � Pu and �-stabilized Pu with
magnetic-susceptibility measurements,22 �SR,23 and nuclear
magnetic resonance.24,25

Already in 1975, Johansson and Rosengren12 suggested a
5f5 like ground state, however, this solution converges to a
magnetically ordered state. A convenient way to accommo-
date the absence of magnetic ordering in Pu metal was pro-
posed in several recent publications �Refs. 15–17� by choos-
ing a configuration near 5f6. In this case, spin-orbit
interaction splits the 5f shell into completely filled f5/2 and
empty f7/2 states, with the local Coulomb interaction, U, en-
hancing this splitting, which results in nonmagnetic proper-
ties and a low specific heat capacity. Calculations using this
model predict that the ground state of � Pu is fairly similar to
that of Am but less localized.15,17 Due to the weak exchange
interaction for a nonmagnetic 5f6 configuration the equilib-
rium volume of the � phase is in agreement with the
experiment.16,26 However, the calculations in Refs. 15–17 are
not consistent with the criterion of a similar occupation of
the 5f states for all allotropes of metallic Pu and that this
occupation is close to 5.27 It was also suggested that the
double-counting approximation in these calculations, the so-
called around mean-field limit, is not appropriate for actinide
materials.27

For a Pu 5f5 ground state the question of the equilibrium
volume was addressed by Savrasov et al.20,28 using LDA
+U+DMFT. Depending on the value of the U parameter,
i.e., the Slater integral F0�5f ,5f� for the Coulomb interac-
tion, DMFT is capable of reproducing both the Hubbard
bands and the quasiparticle peak at the Fermi level. Using
U=4.0–4.5 eV gives a double-minima shape of the total
energy versus volume, with the minima corresponding to the
experimental equilibrium volumes of the � and � phases of
Pu, i.e., corresponding to the itinerant and localized state of
the 5f5 shell. In �-Pu metal, DMFT leads to a nearly com-
plete compensation of the spin and orbital contributions, with
the local magnetic moments averaging out over short time
scales.18,28 Starting from an f5 open-shell configuration,
which is screened by the spd conduction electrons results in
a Kondo resonance being formed at the Fermi level. DMFT
explains the experimental 5f photoemission �PE�,18,29 the
phonon spectrum,21 and the large linear specific heat.30

A ground state with four f electrons treated as localized
and one f electron as delocalized was proposed by Eriksson
et al.31,32 More sophisticated perhaps, in LDA with self-
interaction correction �SIC�, which corrects for the unphysi-
cal interaction of an electron with itself, the f electrons mak-
ing up the valence are taken as core electrons and the
remaining f electrons as itinerant. For the total energy of Pu
metal LDA+SIC calculations give the configurations from f0

to f4 almost degenerate, with f5 slightly higher in energy, and
f6 much higher in energy due to the Coulomb repulsion.33

Thus while these calculations give an apparent f count of �2

for the metallic ground state of Pu metal, it gives f6 in Am
metal and f7 in Cm metal as the lowest energy
configuration.33 Interestingly, the presence of nearly degen-
erate 5f levels in Pu metal indicates that a fluctuating valence
state would be energetically favorable, which brings it in the
realm of the Anderson impurity model.34–36 In solids the
f-electron occupation is noninteger and the Anderson impu-
rity model can be used for arbitrary f count.

The f count can be experimentally obtained from x-ray
absorption spectroscopy �XAS� or electron-energy-loss spec-
troscopy �EELS� using the sum-rule analysis of the branch-
ing ratio at the N4,5 edge �4d→5f electric dipole transition�,
which gives the expectation value of the angular part of the
5f spin-orbit interaction per hole.37–41 Measurement of the
systematic trend in the branching ratio, i.e., the
I�N5� / �I�N5�+ I�N4�� intensity ratio, along the actinide series
and comparison to multielectronic calculations provides evi-
dence that the f count of Pu metal is close to five
electrons.3,7,41,42 Am metal with its closed relativistic sub-
shell acts hereby as a beacon for f6, where the branching
ratio reaches a pronounced maximum, because the electric
dipole transitions from the 4d3/2 core level �N4 edge� are only
allowed to the unoccupied 5f5/2 states, which are absent for
5f6.42,43 While the branching ratio is a valuable tool to mea-
sure the f count, it is not sensitive to localization and valence
fluctuations, unless the spin-orbit interaction is directly influ-
enced by the localization.

Another powerful experimental tool is core-level PE. The
4f PE spectra of Pu display a well screened and poorly
screened peak that can be used as a measure for the f count
and the degree of localization. Satellite structure in PE arises
due to a change in hybridization caused by the core-hole
potential in the final state.44,45 The satellite to main peak
intensity is a function of the hybridization and the energy
difference between the 5f configurations, which depends on
the Coulomb interactions including its multipolar terms.

In this paper we give further evidence for a 5f5 like
ground state for Pu metal in the � and � phases. We present
the results of Anderson impurity model calculations which
give good agreement with the experimental results for thin
films of Pu with different thicknesses. The experimental 4f
PE spectra of 1, 2, 3, 5, and 9 ML Pu thin films on Mg have
been previously published by Gouder et al.46 and show a
dramatic change in the satellite to main peak intensity with
varying layer thickness. The satellite intensity, which is small
for 9 ML, strongly increases for thinner films and becomes
more intense than the main �well screened� peak for 2 and 1
ML Pu. This clearly indicates that there is a reduction in
screening, i.e., increase in localization for thinner layers. A
strong difference in the 4f PE spectrum is also observed
between � and � Pu metal.47–49 The increased satellite struc-
ture in the � phase can be related to a more localized 5f
electronic structure.

The physics of the 5f electron systems at finite tempera-
ture is dominated by the phenomenon of electrons fluctuating
between different configurations. It has been shown
difficult—if not impossible—to account for the valence fluc-
tuations using the electronic methodology of a one-electron
mean-field description. The Anderson impurity model pro-
vides adequate tools to quantify the 5f fluctuations in Pu
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metal. While we find that the 5f electron occupation is the
same for both � and � phases, the valence fluctuations are
considerably different for both systems, evidencing the large
change from localized to delocalized character.

The outline of the remainder of this paper is as follows.
Section II gives a short overview of previous experimental
results for 4f PE of actinide metals and, in particular, Pu
metal. The theory follows in the next section. In Sec. III A
we discuss the implications of the Hubbard model and in
Sec. III B we describe the Anderson impurity model. In Sec.
III C we present a simple model for a two-level system
which allows us to derive some general results about the
nature of the 5f ground state. In Sec. III D we give the the-
oretical details for the full multiplet calculations. The results
of these calculations for thin films and the � and � phases for
Pu are presented and discussed in Sec. IV and the obtained f
counts and f weights are compared with results reported
elsewhere. Finally, the conclusions are given in Sec. V.

II. 4f CORE PHOTOEMISSION AS A PROBE FOR 5f
LOCALIZATION

The peak structure of the 4f PE can be used to track the
degree of 5f localization. In the literature one often finds that
the main peak in the core-level PE spectrum is referred to as
the well screened peak while the satellite peak is referred to
as the poorly screened peak.50 Although this correspondence
is often correct, it is certainly not true in general. In Sec.
III C we show for the case of a two-level system that a nec-
essary and sufficient requirement for the main peak to be the
screened peak is that the core-valence Coulomb interaction
has to be larger than the charge-transfer energy between the
levels in the initial state.

The experimental 4f PE spectra for � Th, � U, � Np, �
and � Pu, and � Am have been collected in Fig. 1. The large
4f spin-orbit interaction leads to two distinct manifolds, i.e.,
4f7/2 and 4f5/2. The lighter metals �Th, U, and Np� exhibit
asymmetric line shapes for the 4f7/2 and 4f5/2 peaks. In de-
localized systems the peak asymmetry can be fitted by a
Doniach-Sunjic line shape.53 The asymmetry arises from the
sudden creation of the core hole in PE, which gives rise to
the creation of low-energy electron-hole pair excitations. The
peak asymmetry becomes larger with increasing density of
states at the Fermi level. The bulk of screening in the light
actinides is performed by the delocalized 5f electrons54 but
this occurs to varying degrees. Looking along the light ac-
tinide metals, the satellite peaks are present in Th, entirely
absent in U, and weak in Np. Th exhibits asymmetric peaks
indicative of a delocalized metal.51,55 Moser et al.51 ascribed
the observed satellite peaks in Th to sd conduction electrons
while Fuggle et al.50 ascribed them, in accord with the Gun-
narsson and Schönhammer model,45,56 to charge transfer
from the Fermi level to unoccupied screening levels that are
pulled down below the Fermi level when the core hole is
created.

Pu and Am metals start to show broad peaks due to unre-
solved multiplet structure �Fig. 1�. The degree of 5f delocal-
ization is reflected by the satellite peaks at the high binding-
energy �BE� side of the 4f7/2 and 4f5/2 structures. These

satellites are indicative of poor screening of the photoin-
duced core hole. Strong satellite structure is observed in �
Pu,57 which becomes more enhanced in � Pu. The spectrum
of Am consists almost entirely of satellite peaks, with a very
small amount of weight at the position of the main peaks,
which is characteristic for a localized system.

Figure 2 reproduces the experimental Pu 4f PE spectra for
increasing Pu layer thickness �monolayers� on Mg metal
measured by Gouder et al.46 Strong changes in the spectra
occur between a dominant main peak for 9 ML and a domi-
nant satellite peak for 1 ML. The 9 ML spectrum resembles
that of � Pu, whereas the 1 ML spectrum appears very simi-
lar to that of Am in Fig. 1, where the 5f states are almost
completely localized. The experimental spectra for the Pu 4f
PE are compared with calculated results in Sec. IV.

III. THEORY

A. Hubbard model

The underlying physical picture of the electronic structure
of the actinides is that the 5f electrons fluctuate among dif-

In
te
n
si
ty
(a
rb
.
u
n
it
s)

30 20 10 0 �10
Relative binding energy (eV)

4f5/2 4f7/2

�-Th

�-U

�-Np

�-Pu

�-Pu

�-Am

A

B

FIG. 1. The 4f PE spectra for metallic � Th �Ref. 51�, � U �Ref.
51�, � Np �Ref. 52�, � and � Pu �Refs. 47 and 48�, and � Am �Ref.
43�. The A and B indicate the main and satellite peaks, respectively.
The large difference in the satellite peak intensity between � and �
Pu can be ascribed to a change in 5f localization. Intense satellite
peaks on the high binding-energy side of the 4f7/2 and 4f5/2 peaks
are indicative of a poor screening. In � Pu the 5f states are more
localized than in � Pu.
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ferent atomic configurations by exchanging electrons with a
cluster. Quantum mechanically, for short periods of time, the
electrons preserve their atomic character in a superposition
of atomic valence states with different number of 5f elec-
trons while at the same time also maintaining their metallic,
delocalized hopping between neighboring sites. Correlations
are strongest when the electrons are on the same atom while
they are absent for itinerant electrons.

In the Hubbard model,35,36 the electronic properties of a
material are essentially determined by the two parameters,
the transfer integral, V, which is inversely proportional to the
electron hopping time ��=� /V, and the on-site 5f electron
repulsion energy U, i.e., the Hubbard U �defined in Eq. �8��.
For small U /V the electrons are delocalized, whereas for
large U /V the electrons are localized. In core-level spec-
troscopies the core hole with its attractive Coulomb potential
can be used as an internal probe to study the electronic
response.44 In x-ray absorption, a core electron is excited
from a core level into an unoccupied valence state, providing
an element and site-specific probe for the local electronic
structure.58 However, the excited electron remains in the vi-
cinity of the atom and is largely screening the core-hole po-
tential. This means that it is more advantageous to use x-ray
photoemission, where the core electron is excited into a con-
tinuum state, which has no interaction with the atom left
behind.

The photoemission process is given in the sudden ap-
proximation by dipole transitions between the initial and fi-
nal states �Eq. �4��. If in the presence of a core hole the final
state can be described by a linear combination of atomic 5fn

configurations, then only those 5fn configurations in the ini-
tial state are involved in the transition that have overlap in
wave function with the final state.59 The initial state is
�partly� delocalized, i.e., the electrons are hopping between
different atoms, so that their f count fluctuates. However, the
x-ray PE transition takes place in �1 fs �10−15 s�, on which
time scale the 5f electrons are frozen. The result is an instan-

taneous picture over an ensemble average of atoms with dif-
ferent 5fn configurations. Since the different configurations
have different energies in the final state, they can be sepa-
rated and their intensity determined. Such a model has been
fruitfully used, e.g., for core PE from Ce metal and its
intermetallics.45,56 Effects due to the �indirect� interaction be-
tween f levels on different atoms are neglected.

In strongly localized electron systems, such as the 4f of
Gd and Tb metals, the core-level PE is already well de-
scribed by a single 4fn configuration.60–62 In the 3d
transition-metal series, metallic nickel is a typical example of
a correlated electron system, where the PE spectrum shows
distinct satellite structure, which means that several 3dn con-
figurations are involved.59 Other 3d metals, such as cobalt,
have satellites that are substantially weaker,63 which indi-
cates that the satellite structure depends on the mixing of a
large number of 3dn configurations. When delocalization sets
in, an asymmetric line shape starts to appear while the satel-
lite structure diminishes.

A technical limitation in the calculation is the number of
configurations that can be taken into account. In our Pu cal-
culation this number is 3, which is sufficient for a physical
description but more configurations are desired to obtain a
better convergence. Ideally, the energy difference between
the fn configuration with lowest and highest energies in the
initial state should be much larger than the mixing V. This
condition is reasonably satisfied in the case of the thinner Pu
films, but becomes more approximate for bulk Pu, and would
be problematic for, say, Fe metal. The model is obviously
less suited for valence photoemission due to the absence of a
core hole, but still works well in the case of strongly local-
ized states, such as heavier rare earths.64

It is interesting to contrast a correlated system against a
one-electron model. In a one-particle band model �where U
=0� the probability that at an instantaneous moment an atom
has n electrons �n=integer� is given by the binomial
distribution35,36

Pn =
z!

n!�z − n�!
� c

z
�n�1 −

c

z
�z−n

, �1�

where z is the degeneracy, i.e., 14 for the f shell and c is the
f count, i.e., the average number of electrons per atom. The
distributions Pn are displayed in Fig. 3 �top� as a function of
the f count. The standard deviation 	=�c�1−c /z�, shown by
the dashed line in Fig. 3 �top�, gives the frequency of the
valence fluctuation. In Fig. 3 �bottom� we show the summed
Pn, defined as 	n=0,kPn for each k as a function of the f
count.

Returning to the Hubbard model, since electrostatic inter-
actions will level out the electron charge distribution, atomic
correlation effects reduce the charge fluctuation on each
atom. Therefore, the fn distributions become narrower with
increasing U /V. For large U /V, we approach the atomic
limit, where the fluctuations are suppressed and the fn distri-
butions become � functions. Hence, it is clear that in metals
fluctuations are the norm and static valences the exception.

FIG. 2. �Color online� The Pu 4f PE spectra for Pu layer thick-
nesses from 1 to 9 ML, showing a gradual increase in the main to
satellite intensity ratio with increasing layer thickness �Ref. 46�.
Spectra are shifted in vertical direction for clarity. The A and B
indicate the main and satellite peaks, respectively. The spectrum for
9 ML Pu resembles that of �-Pu metal, whereas 1 ML Pu resembles
� Am �cf., Fig. 1�.
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B. Anderson impurity model calculations

The configuration interaction in the initial and final states
is taken into account using a cluster model �local ligand-state
version of the Anderson impurity model�.44,59 Consider a par-
ticular atomic site in a cluster of Pu atoms with a basis set of
states 5fn and states k, where k denotes a combination of
appropriate symmetry of orbitals on the neighboring atoms.
X-ray photoemission excites a core electron c to a continuum
state 
, which has no spin-orbit, Coulomb and exchange in-
teractions.

The electronic Hamiltonian H can be written as

H = Hatom + Hcluster + Hmix + Hcont �2�

with

Hatom = 	
�

Ef�f�
†f� + 	

�

Ec�c�
†c�

+ 	
�1�2�3�4


�1�2�Q��3�4�f�1

† f�2
c�3

† c�4

+ 	
�1�2�3�4


�1�2�U��3�4�f�1

† f�2
f�3

† f�4

+ � f 	
�1�2


�1�� · s��2�f�1

† f�2
+ �c 	

�1�2


�1�� · s��2�c�1

† c�2
,

�3a�

Hcluster = 	
�

Ekk�
†k�, �3b�

Hmix = 	
�

V��f�
†k� + k�

†f�� , �3c�

Hcont = 	
�

E

�
†
�, �3d�

where f�
†, c�

†, k�
†, and 
�

† �f�, c�, k�, and 
�� are the creation
�annihilation� operators for the metal 5f , metal core, cluster,
and continuum electrons with energies Ef, Ec, Ek, and E
,
respectively. The index � labels all orbital and spin quantum
numbers.

The Hamiltonian Hatom describes the single atom includ-
ing the 5f and c electrons, which are split by spin-orbit in-
teraction � ·s with parameters �5f and �c, respectively, and
intra-atomic electrostatic interactions with matrix elements

Q� and 
U� determined by the Slater integrals. Hcluster de-
scribes the combinations of appropriate symmetry orbitals on
adjacent sites, which are hybridized with the metal f states of
the central atom as described by Hmix, where V is the transfer
integral �interatomic hopping�. Hcont describes the continuum
states.

The isotropic PE spectrum is expressed as

I�EB� = 	
n,�

�
n�
�
†c��g��2��EB − Ec� ,n + Eg� , �4�

where EB is the binding energy and �g� and �n� are the
initial and the final states with energy Eg and Ec� ,n, respec-
tively. The underscore denotes a hole state. If we restrict us
to the configurations 5fn with n=4,5 ,6, these states are
given as

�g� = ��5f4k2� + ��5f5k� + ��5f6� , �5a�

�n� = �n�c�5f4k2
� + �n�c�5f5k
 + �n�c�5f6
� , �5b�

where hybridization mixes the configurations. �, �, and �
are the coefficients of the ground-state wave function nor-
malized such that �2+�2+�2=1. The squares of these coef-
ficients give the relative weights of the corresponding con-
figurations in the ground state. �n, �n, and �n are the
coefficients of the final-state wave function n, having a
normalization �n�m+�n�m+�n�m=�nm. In the following, we
will omit k and 
 in the notation of the configurations since
this does not lead to any ambiguity.
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FIG. 3. �Color online� The fn distributions in a one-electron
model. Top panel: the binomial distribution Pn as a function of the
f count, i.e., the average number of f electrons per atoms �cf., Eq.
�1��. The integer values n are indicated for each Pn curve. For an f
metal without electron correlation the distributions give the prob-
ability that a particular atom has n electrons. The maximum of each
Pn curve is at an f count of n. The integral under each curve is equal
to 1. The standard deviation ��1 /2� �dashed line� gives the fre-
quency of the valence fluctuation. Correlation effects will narrow
the width of each distribution and reduce the value of the standard
deviation. Bottom panel: the summed binomial distributions, de-
fined as 	n=0,kPn, plotted for the indicated k values as a function of
the f count. The f weights are given by the vertical distances be-
tween the curves. It can be verified that the total probability is
always equal to 1.
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Equation �5a� allows a nonmagnetic ground state, where
f6 imposes a singlet ground state on the hybridized state,
making it nonmagnetic. The magnetic moments of the f5 and
f4 are compensated by those of k and k2, respectively. This is
called Kondo shielding, where the neighboring conduction
electrons cloak the local magnetic moment that should be on
the Pu.

The total energy for an atomic configuration �n in the
absence of hybridization �i.e., in the limit of V→0� is given
as

En  n�� +
1

2
n�n − 1�U , �6�

where �� represents the kinetic energy of a single electron in
the � shell and U is the intra-atomic Coulomb interaction, the
so-called Hubbard U. From this the excitation spectrum is
obtained as

�n = En+1 − En = �� + nU �7�

and U satisfies the relation

En+1 + En−1 − 2En = U , �8�

which is consistent with the definition used by, e.g., Savrasov
et al.20 and Shim et al.18

For the final state in the presence of a core hole with
energy �c� the total energy of the configuration c��n is

Ec� ,n = �c� + n�� +
1

2
n�n − 1�U − nQ , �9�

where Q is the core-valence Coulomb interaction.
For our case it is convenient to set the energy E5=0 and to

define the charge-transfer energy �E6−E5=��+5U. Then
the initial-state configurations have the relative energies

E�5f4� = − � + U , �10a�

E�5f5� = 0, �10b�

E�5f6� = � . �10c�

From Eq. �9� the final-state configurations have relative en-
ergies

E�c�5f4� = E�5f4� + Q = − � + U + Q , �11a�

E�c�5f5� = E�5f5� = 0, �11b�

E�c�5f6� = E�5f6� − Q = � − Q . �11c�

The energies of the initial- and final-state configurations
are located on parabolic curves, as can be seen from Eqs. �6�
and �9�. The �fractional� f counts corresponding to the state
of minimum energy are


n�initial =
11

2
−

�

U
, �12a�


n�final =
11

2
−

�

U
+

Q

U
, �12b�

for the initial and final states, respectively. Therefore, in or-
der to fully screen the final-state core hole requires 
n�final
− 
n�initial=Q /U additional 5f electrons. Typical values for
the Coulomb interactions are 1�Q /U�1.25. How much
screening charge can be mobilized within the core-hole life-
time ��1 fs� depends on the size of the 5f hopping.

C. Illustrative two-level model for core-level photoemission

We first present a simple analytical model that qualita-
tively explains the relative satellite intensity of the core PE
and the 5f screening as a function of the hybridization. With
this model we will already be able to draw some important
conclusions regarding the f count, without having to resort to
detailed calculations of the spectra. The important point here
is that we do not a priori assume any definite character of the
ground state. We show that if the energy positions of the two
main configurations fn and fn+1 are reversed in the PE final
state, due to the Coulomb interaction with the core hole, then
the ground state must have predominantly fn character.

In the sudden approximation the photoemission intensities
In corresponding to the final states n can be obtained using
Eqs. �4� and �5� as

In = �
n�
†c�g��2 = ���n + ��n + ��n�2, �13�

hence the peak intensity depends on the wave-function coef-
ficients of the initial and final states. In order to derive useful
analytical expressions we will consider only the two main
configurations, and omit configurations of higher energy, as
well as multiplet and band structure. We will make no a
priori assumption of the 5f count.

The Hamiltonian in matrix form for a ground state con-
sisting of two configurations is

H = �0 V

V �
� �14�

with basis states ��n� and ��n+1� that have an energy differ-
ence �=E��n+1�−E��n� and mixing �hybridization� V
= 
�n+1�H��n�, where we choose V�0. The hybridized
ground state is

�g� = cos ���n� + sin ���n+1� �15�

with

tan 2� =
2V

�
. �16�

Thus the angle � is a measure for the hybridization in the
ground state �0���� /2�. We can distinguish the following
two cases: �i� ��0, where 0���� /4 and ��n� has the low-
est energy and �ii� ��0, where � /4���� /2 and ��n+1�
has the lowest energy.

For the final state, after creation of a core hole, the Hamil-
tonian in matrix form is
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H = �0 V

V � − Q
� �17�

with basis states �c��n� and �c��n+1� that have an energy differ-
ence E�c��n+1�−E�c��n�=�−Q. For simplicity we take the
mixing V the same as in ground state. Since the Coulomb
interaction between the core hole and 5f electrons is attrac-
tive, Q�0. The final states corresponding to the main �m�
and satellite �s� peaks are

�m� = cos ���c��n� + sin ���c��n+1� , �18a�

�s� = sin ���c��n� − cos ���c��n+1� �18b�

with

tan 2�� =
2V

� − Q
�19�

so that �� is a measure for the hybridization in the final state
�0����� /2�. We define the main peak as the peak arising
from the bonding state and consequently it has lower energy
than the satellite peak, i.e.,

E�s� − E�m�  ��� − Q�2 + 4V2, �20�

is always positive.
In the sudden approximation, the satellite to main peak

intensity ratio is obtained using Eq. �13� as44

Is

Im
= � 
s�
†c�g�


m�
†c�g�
�2

= � cos � sin �� − sin � cos ��

cos � cos �� + sin � sin ��
�2

=tan2��� − �� . �21�

The peak corresponding to the final state with the largest
amount of � electrons, i.e., with the largest �c��n+1� character,
is called the well screened peak while the other peak is the
poorly screened peak. The well screened peak is always
pulled down in energy by an amount Q �cf., Eq. �17��. How-
ever, whether the well screened peak is either the main or the
satellite peak depends on the sign of �−Q. Therefore, we
can distinguish the following two cases:

�i� No level reversal between ground and final states, �
−Q�0, where 0����� /4 and E�c��n+1��E�c��n�, so that
the main peak has primarily �c��n� character and is therefore
the poorly screened peak. Consequently, the satellite peak
has mainly �c��n+1� character and is the well screened peak.

�ii� Level reversal between initial and final states, �−Q
�0, where � /4����� /2 and E�c��n��E�c��n+1�, so that
the main peak has primarily �c��n+1� character and is therefore
the well screened peak.

Furthermore, it is useful to recognize the following sym-
metry. In the ground state, Eqs. �15� and �16� are invariant
under simultaneous interchange of ��n�⇔ ��n+1�, �⇔� /2
−�, and �⇔−�. In the final state, Eqs. �18� and �19� are
invariant under simultaneous interchange of �c��n�⇔ �c��n+1�,
��⇔� /2−��, and �−Q⇔Q−�.

Using the above symmetry conditions we obtain for the
satellite to main peak intensity ratio,

Is/Im = R for ��� − Q� � 0, �22a�

Is/Im = R−1 for ��� − Q� � 0, �22b�

where R is a function given by the parameters appearing in
the Hamiltonians for initial and final states,

R = f��,V,Q� . �23�

Using that Q�0, the conditions for Eq. �22� can be rewritten
as

Is/Im = R for �� � 0� � �� � Q� , �24a�

Is/Im = R−1 for 0 � � � Q . �24b�

R is a complicated expression but we can write it as a
series expansion in V. For small hybridization �i.e., V� ���
and V� ��−Q��, Eqs. �16� and �19� can be approximated in
the different cases as

� = V/� for � � 0, �25a�

� = V/� + �/2 for � � 0, �25b�

�� = V/�� − Q� for � − Q � 0, �25c�

�� = V/�� − Q� + �/2 for � − Q � 0, �25d�

and substitution into Eq. �21� gives

R =
Q2V2

�2�� − Q�2 −
2Q2�2� − Q�2V4

�4�� − Q�4 + O�V�6. �26�

According to Eqs. �24b� and �26�, Im / Is is in lowest order
proportional to the square of V when ��n� and �c��n+1� have
the lowest energy in initial and final states, respectively, i.e.,
when level reversal takes place between initial and final
states.

In all other cases, according to Eqs. �24a� and �26�, Is / Im
is in lowest order proportional to the square of V, thus when
��n+1� has the lowest ground-state energy or when ��n� and
�c��n+1� have the lowest energy in initial and final states, re-
spectively. In this case there is no level reversal between
initial and final states.

We will now apply this to the measured Pu spectra. We
assume that � and U remain approximately constant for the
thin films and allotropes of Pu. We can furthermore expect
the localization to decrease, i.e., V increases, with increasing
Pu layer thickness and also, as is generally accepted, the
localization decreases going from the � to � phase. There-
fore, the experimental PE spectra in Figs. 1 and 2 show that
Im / Is increases with increasing V, which corresponds to the
scenario that 0���Q. Hence, � is positive and �−Q is
negative, which means an energy reversal between the levels
in the initial and final states. From the condition that ��0
we reach the important conclusion that E��n+1��E��n�. This
means that the f count is between n and n+0.5 while it
cannot be between n+0.5 and n+1, where n is an integer. We
now have to decide which are the two main configurations in
the case of Pu metal. Assuming an f count in Pu metal be-
tween n=6 and 6.5 would not be realistic since the heavier
neighbor metals Am and Cm are close to f6 and f7,
respectively,3 and Pu should have less electrons. Therefore,
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the fact that the main to satellite intensity ratio increases with
increasing hybridization leaves no other conclusion than that
the f count is between 5 and 5.5. This means that from the
trend in the PE satellite we can exclude a ground state in
which the main configuration is f6 with some f5 mixed in, as
has been proposed in some theoretical studies.15–17

Of course, the real situation includes in addition also other
fn configurations at higher energies, notably a small amount
of f4, as well as multiplet structure, which gives a wide en-
ergy spread of the levels in each configuration, thereby af-
fecting the peak intensity ratio. To take this into account the
cluster model introduced in Sec. III B will be used to evalu-
ate the PE in a more accurate way in the following sections.

D. Full multiplet calculations

In the cluster model, the Hamiltonians �Eq. �2�� for the
initial and final states �Eq. �5�� are calculated in SO3 sym-
metry using Cowan’s code,65 neglecting crystal-field interac-
tion and band-structure dispersion. The code calculates the
wave functions in intermediate coupling using the atomic
Hartree-Fock with relativistic corrections.66 The obtained
Hartree-Fock values of the Slater integrals and spin-orbit pa-
rameters for initial and final states are listed in Table I. The
photoemission is calculated using Eq. �4� with the Slater in-
tegrals empirically reduced to 80% to include intra-atomic
relaxation effects.67 The number of levels for each configu-
ration �n is equal to the binomial �4�+2,n�, which becomes
quite large, e.g., in the PE transition 5f6→4f135f6
 there are
3003 and 48 048 levels in the initial and final states, respec-
tively.

The effects of configuration dependent hybridization are
taken into account by introducing two reduction factors

Rc �=0.6� and Rv �=0.8�. Upon creation of a core hole c is
created, the 5f wave function is contracted so that the hy-
bridization strength V between c�5f4 and c�5f5 is reduced to
RcV. Furthermore, the hybridization between 5f5 and 5f6 is
taken as V /Rv since the 5f wave function is more extended
with increasing 5f electron number. The calculated PE lines
are broadened by a Lorentzian of �=0.2 eV �half width at
half maximum� to account for intrinsic line width �core-hole
lifetime� and a Gaussian of 	=0.3 eV for instrumental
broadening and the results are presented in Sec. IV.

IV. RESULTS AND DISCUSSION

The experimental 4f PE spectra of Pu, discussed in Sec.
II, were fitted using the cluster model calculation described
in Sec. III. Good overall agreement was obtained for fixed
values �=1.5 eV, U=4 eV, and Q=4 eV and varying the
mixing parameter V for the different Pu thin films and allo-
tropes. �, U, and Q determine the relative energies of the
different configurations in the initial and final states �Eqs.
�10� and �11��. Figure 4 shows a schematic picture of the
obtained relative energy positions for the configurations be-
fore hybridization. In the initial state, 5f5 is the lowest con-
figuration with 5f4 and 5f6 at 2.5 eV and 1.5 eV higher
energy, respectively. This is in good agreement with the cal-
culation of Pu by Johansson and Rosengren, who showed
that the f5 configuration is stable compared to the f4 and f6

configurations with �2.5 eV and �1.5 eV,
respectively.12,27 In the final state, the c�5f6 configuration is,
with respect to the c�5f5, pulled down in energy by an amount
Q due to the core-valence Coulomb interaction. The energy
difference between these two final-state configurations is �
−Q=−2.5 eV �cf., Eq. �11��. A point to note, which is cru-
cial for the screening, is that the relative energy positions of
5f5 and 5f6 are reversed in the final state compared to the
ground state �cf., Fig. 4�.

TABLE I. Atomic Hartree-Fock values of the Slater integrals Fk

and Gk, and the spin-orbit parameters � in eV for the initial- and
final-state configurations in the photoemission process, Pu 5fn

→4f135fn
, calculated using Cowan’s code.

n=4 n=5 n=6

5fn configuration F2�5f ,5f� 10.282 9.700 8.996

F4�5f ,5f� 6.741 6.317 5.810

F6�5f ,5f� 4.955 4.628 4.241

��5f� 0.334 0.307 0.279

4f135fn configuration F2�5f ,5f� 11.162 10.687 10.148

F4�5f ,5f� 7.370 7.020 6.626

F6�5f ,5f� 5.439 5.167 4.862

��5f� 0.395 0.368 0.342

��4f� 3.538 3.538 3.537

F2�4f ,5f� 6.116 5.787 5.445

F4�4f ,5f� 2.703 2.536 2.366

F6�4f ,5f� 1.680 1.573 1.464

G0�4f ,5f� 1.632 1.531 1.427

G2�4f ,5f� 2.059 1.927 1.793

G4�4f ,5f� 1.614 1.509 1.404

G6�4f ,5f� 1.264 1.182 1.099

initial state final state

f 4

f 5

f 6

c f 4

c f 5

c f 6
�Q

Q

FIG. 4. �Color online� Energy level diagram for the configura-
tions in the initial and final states before hybridization using the
parameters obtained from a best fit to the experimental PE spectra:
�=1.5 eV, U=4 eV, and Q=4 eV, which corresponds to E�5f4�
=2.5 eV, E�5f5�=0 eV, and E�5f6�=1.5 eV for the ground state
and E�c�5f4�=6.5 eV, E�c�5f5�=0 eV, and E�c�5f6�=−2.5 eV for
the final state. In the final state, the 5f5 and 5f6 configurations are
reversed in energy compared to the ground state due to the large
core-valence Coulomb interaction Q.
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The spectra with V varied between 0.1 and 1.0 eV for the
fixed values of �, U, and Q are shown in Fig. 5. The gradual
energy shift of the spectra with V is due to a change in
hybridization energy. Both the 4f7/2 and 4f5/2 structures con-
sist of a broad manifold, where one can distinguish a peak at
low BE and a peak structure at �3 eV higher BE. The rela-
tive intensity ratio of these features shows strong gradual
changes as a function of V. For V�0.3 the intensity of the
low BE feature is small and increases quadratically with V.
The low BE feature is clearly dominant for V�0.6. As the
c�5f6 configuration has the lowest energy, the low BE peak
has mainly c�5f6 character and is the well screened peak. For
weak screening �small V� the intensity of the well screened
peak has low intensity while for strong screening �large V�
the well screened peak has high intensity. This screening
process is in agreement with the simple analytical model
presented in Sec. III C.

In Fig. 6 we compare the experimental results for the 1, 2,
3, 5, and 9 ML Pu thin films with the calculated Pu 4f PE
spectra for V=0.25 eV, 0.35 eV, 0.4 eV, 0.45 eV, and 0.55
eV, respectively. In Fig. 7 the experimental results for Pu
metal in � and � phases are compared with the calculated
spectra for V=0.55 eV and 1.1 eV, respectively. In all cases
there is a good agreement between calculated and measured
spectra. Note that in the calculations we neglect any inelastic
photoemission processes, such as represented by a Shirley
background correction or an electron-energy-loss function.
These processes are responsible for most of the “back-
ground” intensity above the peaks.

The calculated f weights �in percent� in the ground state,
obtained from the 4f PE spectra shown in Figs. 6 and 7, are
listed in Table II for the different Pu thin films and allot-

ropes. The f weights are also graphically represented in Fig.
8, which shows their systematic change from localized to
delocalized character in Pu metal. From the weights, we can
derive the f count, 
n�=	npnn, as well as the standard devia-
tion, 	=	npn�n− 
n��2, where pn is the weight of fn. These
values are also shown in Table II.

The PE of � Pu resembles the 9 ML Pu thin film, with
V=0.55 eV, whereas � Pu requires a much larger value V of
1.1 eV. Thus as one would expect, � Pu is more delocalized,
resulting in f4, f5, and f6 weights of �10%, 60%, and 30%,
respectively. This is still far away from an itinerant model,
where the probability that at an instantaneous moment an
atom has n electrons is given by the binomial distribution in
Eq. �1� and shown in Fig. 3. In this one-electron model an f
count of 5.22 gives a very flat distribution over all configu-
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FIG. 5. Calculated 4f PE using Anderson impurity model with
the transfer integral V varying from 0.1 to 1.0 eV and �=1.5 eV,
U=4 eV, and Q=4 eV. The gradual energy shift of the spectra
with V is due to a change in hybridization energy.
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FIG. 6. The 4f PE for Pu thin films. Experimental results �dots�
for 1, 2, 3, 5, and 9 ML �from Ref. 46� and calculations �drawn
lines� for V=0.25, 0.3.5, 0.4, 0.45, and 0.55 eV ��=1.5 eV, U
=4 eV, and Q=4 eV�, cf., Table II. The arrows A and B indicate
the main and satellite peaks, respectively
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FIG. 7. The 4f photoemission for Pu metal in � and � phases.
Experimental results �dots� �from Ref. 48 and 49� and calculated
results �drawn lines�. Parameters used in the calculation can be
found in Table II.
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rations from n=0 to 14, with f4, f5, and f6 weights of 18.2%,
21.6%, and 19.2%, respectively, and a standard deviation 	
=1.81. However, taken only over the three configurations it
gives a standard deviation 	=0.63. Table I gives 	=0.36 and
0.29 for � and �-Pu metal, respectively.

It is interesting that in our model the f count is almost
constant for the different Pu metals. Its value of 5.22 is the
same for the � and � phases of Pu metal and for layers
�5 ML Pu, and for a 1 ML thin film reduces only to a
slightly lower value of 5.16. The constant f count arises pri-
marily from the fact that the relative energy positions of the
different 5fn configurations remain fixed. This means that �
and U have the same value for the different Pu metals. In
fact, independent of which calculational approach one is us-
ing, most theories conclude that the 5f occupation for all
phases of Pu deviates less than 0.1 electron.14,68,69

The similar f count for � and � Pu is in agreement with
EELS measurement. Both allotropes have practically the
same N4,5 branching ratio, which means they have the same
number of f electrons, assuming the angular momentum cou-
pling does not change.42

The obtained values for the f weights can be compared
with those reported by Cox et al.,70 who modeled the Pu 4f

PE using the Gunnarsson-Schönhammer approach45 without
taking into account the multiplet structure. Using U
=4.4 eV and Q=6 eV, these authors find a more atomiclike
ground state for both Pu allotropes, namely, 97% f5 and 3%
f6 for � Pu and 6% f4, 88% f5, and 6% f6 for � Pu, hence
yielding in both cases an f count of �5. Because these au-
thors do not include multiplet structure in their model calcu-
lation, the obtained valence fluctuations are smaller. Multi-
plet structure causes the levels to spread in energy, thereby
increasing the mixing between nearby levels of different con-
figurations. This demonstrates the importance of the presence
of multiplet structure in the description for the fluctuating
nature of the ground state.

Compared to the values for � Pu in Table II, the LDA
+DMFT calculations by Shim et al.18 gives the same f count
of 5.2 but with a more delocalized ground state of f4, f5, and
f6 weights around 8%, 62%, and 30%, respectively. This
difference can be ascribed to the fact that our cluster model
does not include band structure. However, LDA+DMFT cal-
culations have so far only been performed for 5f valence PE
and not for 4f PE, where the core hole breaks the translation
symmetry.

V. CONCLUSIONS

The 4f core-level photoemission spectra of Pu metal ex-
hibit screened and unscreened peaks which can be used as a
measure for the degree of localization. Increased localization
�more atomiclike� leads to decreased overlap which results in
a volume increase. There is a competition between localiza-
tion �electron-electron interaction� and delocalization �ki-
netic energy�. The many-body crystal wave function has to
reduce to many-body atomic wave functions as the lattice
spacing is increased. Strongly correlated electron systems
can be studied by an Anderson impurity model or by DMFT,
where the intra-atomic Coulomb interaction and hybridiza-
tion are considered at the same footing. Electron correlation
effects depend on the lattice phase, e.g., when the distance
between the atoms is small, the correlation effects may not
be so important, since the hybridization, and consequently
the bandwidth becomes large.

Using first a simple analytical model for a two-level sys-
tem we show that an increase in the main peak with in-

TABLE II. Ground-state 5f weights �in %� for the Pu films with different thickness and for � and � Pu
metal as obtained from the calculated 4f PE spectra shown in Figs. 6 and 7. The corresponding values of V
are given �with �=1.5 eV, U=4 eV, and Q=4 eV� together with the derived f count, 
n�=	npnn, and
standard deviation, 	=	npn�n− 
n��2, where pn is the weight of the 5fn configuration.

V
�eV� 5f4 5f5 5f6 
n� 	

1 ML 0.25 1.3 81.4 17.3 5.16 0.16

2 ML 0.35 2.6 74.7 22.7 5.20 0.21

3 ML 0.40 3.4 72.1 24.5 5.21 0.23

5 ML 0.45 4.2 69.9 25.9 5.22 0.25

9 ML 0.55 5.7 66.4 27.8 5.22 0.29

� Pu 0.55 5.7 66.4 27.8 5.22 0.29

� Pu 1.1 9.6 58.8 31.6 5.22 0.36

FIG. 8. �Color online� Graphical presentation of the distribution
of 5f weights �in percent� in the ground state for the Pu films with
different thickness and for � and � Pu metal as obtained from 4f PE
�values given in Table II�.
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creased mixing proves that the ground state has mainly 5f5

character instead of 5f6. Since for Pu we find that Q��, the
well screened peak is the main peak, i.e., has the lowest
energy, and for small hybridization the main to satellite peak
intensity increases with the square of the mixing.

The Pu 4f photoemission spectra are analyzed using an
Anderson impurity model including full multiplet structure,
where we obtain the on-site Coulomb interaction U and the
5f weights under the assumption that the core-ionized atom
can be described as an impurity state. An Anderson impurity
model is justified as long as the mixing �hybridization� be-
tween the different 5fn configurations is small compared to
their energy separation. From comparison with the 4f PE, we
obtain a value for the 5f Coulomb interaction U=4 eV for
Pu metal. This is an important experimental verification of
the theoretical value of 4.0–4.5 eV used in the LDA
+DMFT approach18,20,28,29,71 that explains the equilibrium
volume, the paramagnetism,18 5f photoemission,18,29 linear
specific heat,30 and phonon spectrum.72 Moreover, also the
values obtained for the relative energies of the different 5fn

configurations agree well with the calculated values by Jo-
hansson and Rosengren.12

The observed changes in the Pu 4f photoemission are
very well reproduced by the Anderson impurity model cal-
culation, where the main peak structure is due to well
screened c�5f6 states and the satellite structure is caused by
poorly screened c�5f5 states. For 1 ML Pu, most of the inten-
sity is in the satellite peak, whereas for 9 ML Pu the intensity
has mostly shifted to the main peak. The calculation gives an
f count of 5.22 with only a minor gradual change for ultra-
thin films. The obtained f count disagrees with LDA+U cal-
culations that come up with close to six 5f electrons for � Pu
�Refs. 15–17� but is fully in agreement with recent LDA

+DMFT calculations18 and with recent results from the
branching-ratio analysis in EELS and XAS.3

The strong changes in the PE spectral shape can be ex-
plained by a gradual change in mixing �hybridization� of the
5f states with adjacent orbitals as a function of localization.
This change in mixing has important consequences for the
fluctuations in the 5f electron distribution, showing that the
5f states become more localized in thinner films. The result
for � Pu is similar as for the 9 ML film but is quite different
than for � Pu. While for both phases the f count is the same,
the mixing of the 5f electrons in the � phase is twice that of
the � phase, as might be expected from the more delocalized
5f state in � Pu metal. We demonstrate the importance of
including the full multiplet structure in the Anderson impu-
rity model calculation to obtain an appropriate description of
the valence fluctuations in the partly localized material. Fur-
ther improvements can be made by taking also into account
band dispersion. However, such calculations have so far not
been done in the presence of a core hole.

The results confirm that the 5f localization increases for
thinner layers, which causes the shape of the f orbital to
change to a less overlapping orbital. Therefore if the possi-
bility of magnetism, which has always been anticipated but
never observed in Pu metal, is realized, it would be for the
thinnest films, where the localization is strongest due to re-
duced hybridization.10 This effect should be distinguished
from the magnetic-moment formation that occurs for Pu im-
purities in palladium alloys which is driven by the charge
transfer.73
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