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We present a strongly correlated approach to the electronic structure of actinide metals by deriving a
low-energy Hamiltonian ~H under the assumption that kinetic energy is small compared to Coulomb and
spin-orbit interactions. The ~HPu for Pu metal is similar to the models used for Ce and other lanthanides but
qualitatively different from the ~H presented for the rest of the actinides. With ~HPu, we computed the
photoemission spectrum and specific heat for � and �-Pu and found good agreement with experiment.
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Introduction.—Modeling the actinides and their com-
pounds is challenging because they are generally strongly
correlated materials. Because electronic structure methods,
such as the local density approximation (LDA), often fail
to capture what is observed experimentally at low energies,
theoretical studies of strongly correlated 3d and 4f mate-
rials have traditionally relied on many-body models to
capture such physical phenomena as itinerant ferromagne-
tism, antiferromagnetism, heavy fermion, and non-Fermi
liquid behavior, as well as unconventional superconductiv-
ity. A similar spectrum of behavior is observed in 5f
electron materials; however, novel modeling is needed
because of the multiple competing interactions that appear
in their energy scale hierarchy.

We recall that for 3d electron materials, multiorbital
Hubbard models are commonly evoked, while the periodic
Anderson model (PAM) is standard for describing
4f-materials. Both models treat the Coulomb interaction
by an on-site contribution that penalizes the double elec-
tron occupancy of local atomic orbitals contributing to the
valence band. Kinetic energy is modeled by orbital over-
lap. For lanthanide systems, the f� f overlap is usually
neglected due to the strong localization of the 4f-orbitals.

Similar modeling for actinide materials requires some
different features. One important difference relative to
lanthanide materials is the relevance of the f� f overlap
due to the larger extension of the 5f-orbitals. In the model
to be presented, we let the local electronic structure vary
from site to site, but the local valences are restricted to be
fn or fn�1 due to our assumption of on-site Coulomb and
spin-orbit interactions much larger than kinetic energy
terms. Under this assumption, we derive the lowest-energy
multiplet of each configuration (fn or fn�1) and treat the
kinetic energy as a perturbation. The resulting Hamiltonian
differs from the one in [1–3] by including f� d hybrid-
ization. It is important to note that the lowest-energy
multiplet of each configuration can be derived for any
intermediate coupling scheme between LS and j� j.
The form of the low-energy Hamiltonian remains the
same because the total angular momentum of the multiplet
does not change with the coupling scheme.

Below, we will sketch the derivation of the model,
present calculations of the photo-emission spectrum
(PES), and compare these predictions with the measured
spectra for � and �-Pu. Like the LDA� DMFT treatment
of [4], our simpler model reproduces the low-energy con-
tributions to the PES. We will also compute the specific
heat coefficients �� and ��. However, our most striking
finding will be the cancellation of the f� f hopping at low
energies and the consequent similarity between Pu and Ce
or mixed valent Sm at low energies.

Model.—We start by considering a multiband model for
5f-electrons which includes intra-atomic and interatomic
(hopping) terms for the f-orbitals, plus d� f hybridiza-
tion: H � Hd �Hdf �Hf, where
 

Hd �
X

k;l;�z

�k;lzd
y
klz�

dklz�

Hdf �
X

k;l;�z

Vk;lzd
y
klz�

fklz� � V
�
k;lz
fyklz�dklz�

Hf � HCoul �HSO �HK �HCEF

(1)

with
 

HSO � �
X

i;lz;l0z;�;�0
�lz�;l0z�0f

y
ilz�
fil0z�0

HK �
X

i;r;lz;l0z;�

trlz;l0z�f
y
ilz�
fi�rl0z� � f

y
i�rl0z�

frlz��

HCEF �
X

i;lz;l0z;�

��f�lz;l0z � Blz;l0z�f
y
ilz�
fil0z�:

(2)

The operators fyklz� �
1���
N
p
P

re
ik�rfrlz� and dyklz� �

1���
N
p
P

re
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space with angular momentum l and projection lz (N is
the number of lattice sites).Hd describes a broad d-band (it
can also have s or p-character) that is hybridized with the
f-orbitals viaHdf. InHf,HCoul (not displayed) contains all
the intra- and interorbital on-site f-f Coulomb interac-
tions. � is the spin-orbit coupling, and the matrix elements
�lz�;l0z�0 are: �lz�;lz�� lz�=2, �lz�1#;lz" �

�����������������������������
12� lz�lz�1�
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=2,
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p
=2, and zero for other cases.
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HK describes the f-electron kinetic energy due to orbital
overlap with trlz;l0z being the hopping integrals between the

lz and l0z orbitals of two ions separated by a relative vector
r. In HCEF, Blz;l0z is the Hermitian crystal field matrix [3],
and �f is the average energy of the f-orbitals.

Effective model.—We now consider the strong coupling
limit of H when the intra-atomic interactions HCoul and
HSO are much bigger than the f-f hopping and hybridiza-
tion terms in HK and Hdf. In this limit, we need to
diagonalize the intra-atomic terms (HCoul �HSO) and treat
HK and Hdf as perturbations. The first consequence of this
approach is that no more than two different 5f valences,
5fn and 5fn�1, can appear in the low-energy spectrum,
E� U, where U is the characteristic magnitude of HCoul.
States containing other 5f configurations have energies of
order U higher than the low-energy states. The lowest-
energy multiplet of HCoul �HSO has total angular momen-
tum jL� Sj (for n� 1< 7), where S is the maximum total
spin of the configuration and L is the maximum orbital
angular momentum for that value of S. Either n or n� 1 is
an odd number. We will use J (I) for the total angular
momentum of the f-configuration that has an odd (even)
number of electrons. Therefore, if there are M sites in the
even configuration and N �M sites in the odd configura-
tion, the lowest-energy subspace S of HCoul �HSO con-
sists of ( NM ) different charge configurations, each of which
has a �2I � 1�M�2J� 1�N�M different states due to the
angular momentum degree of freedom.

We use a hard-core boson operator aiIz (ayiIza
y
iI0z
� 0) to

represent the lowest-energy multiplet of the even configu-
ration and a constrained fermion operator ciJz (cyiJzc

y
iJ0z
�

0) to represent the lowest-energy multiplet of the odd
configuration. To first order in the perturbation, the low-
energy effective Hamiltonian ~H results from projecting
HK �Hfd into S:
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(3)

The matrix elements of �r, A, and C are

 �r
JzIz;J0zI0z

� hi; J0zjhi� r; I0zjHKji; Iziji� r; Jzi; (4)

 AIz;I0z � hi; I
0
zjHCEFji; Izi; (5)

 CJz;J0z � hi; J
0
zjHCEFji; Jzi; (6)

where ji; Jzi (ji; Izi) denotes the state of the site i with total
angular momentum J (I) and projection Jz (Iz). These
single atom states are computed using the coupling scheme

(LS, j� j or intermediate) that is adequate for each acti-
nide [5]. The terms of ~Hf correspond to the exchange of
the 5fn and 5fn�1 configurations on sites i and i� r. This
exchange occurs when an electron hops from the site in the
5fn�1 configuration to the site that was in the 5fn state.
~Hfd is a hybridization term for the effective quasiparticles
with ~d orbitals that have angular momentum Jz � Iz and a
dispersion relation ~�k;jJz�Izj. We leave ~�k;jJz�Izj and
~Vk;Jz�Iz as free parameters.

Case of Pu.—The effective Hamiltonian ~H describes the
general situation of valence fluctuations between two mag-
netic configurations. For metallic Pu, they are 5f5�J �
5=2� and 5f6�I � 0�, which makes Pu one of simplest
cases to treat because the bosonic 5f6 configuration is
nonmagnetic. Therefore, the corresponding effective boson
can be replaced by an empty site, and cyiJz creates a hole
with angular momentum J and projection Jz. This replace-
ment leads to a simpler form of ~HPu:
 

~HPu �
X

i;r;Jz;J0z

�r
Jz;J0z
�cyiJ0zci�rJz � H:c:� �

X

i;Jz;J0z

CJz;J0zc
y
iJ0z
ciJz

�
X

k;Jz

~�k;Jz
~dykJz

~dkJz � �
~Vk;Jz

~dykJzckJz � H:c:�; (7)

which is an extended version of the infinite U Periodic
Anderson model (PAM) since it includes the f� f hop-
ping term that is significant for 5f systems. The angular
momentum of each fermion is J, and the hopping ampli-
tude �r

Jz;J
0
z

depends on the initial and final values of Jz and

on the bond orientation. These dependencies are direct
consequences of the strong spin-orbit interaction (2).

Self-evident from the form of ~HPu is the existence of
only one effective fermion propagating across the lattice
despite there being 5 and 6 electrons in each of the stable
valence configurations of Pu. This simplification is a natu-
ral consequence of the strong Coulomb intra-atomic inter-
actions [2] and the reason why a ‘‘dual’’ 5f-electron
behavior (some of the 5f-electrons being partially local-
ized) has to be enforced in band structure calculations [6]
to reproduce the properties of Pu.

Far from being evident is the observation that the hop-
ping tensor �r

Jz;J0z
vanishes for the particular case of Pu.

This surprising result is a consequence of the particular
valence of Pu and the ratios between the different single-
particle hopping amplitudes, trlz;l0z � �lz;l0z t

r
lz

,

 tr0 � 20tr; tr1 ��15tr; tr2 � 6tr; tr3 ��t
r; (8)

as computed by Harrison and Wills [7]. (Time reversal
symmetry requires trlz � tr�lz .) t

r
lz;l0z

is diagonal because
we are choosing the quantization axis parallel to r and
assuming invariance under rotations along r (i.e., trlz;l0z is the
hopping tensor of the isolated bond [i, i� r]).

The cancellation of �r
Jz;J0z

is independent of the amplitude
tr and of the crystal structure (it is a property of the bond
between two sites). Briefly, it occurs because there are two
single-particle hopping processes in HK that contribute to
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�r
Jz;Jz

: an electron hops from the 5f6 configuration at site i
to the 5f5 configuration at site i� r with either lz � Jz �
1=2 and Sz � �1=2 or lz � Jz � 1=2 and Sz � 1=2. From
(8), tJz�1=2 and tJz�1=2 have opposite signs so destructive
interference occurs. Pu is the only case for which they also
have the same magnitude [8], thus producing a blocking of
the effective f� f hopping for the lowest-energy J � 5=2
multiplet. (�r

Jz;J0z
is nonzero for the first excited J � 7=2

multiplet.) This blocking implies that the low-energy the-
ory for Pu is the usual PAM used to describe 4f-elements
like Ce (4f1) that also contains a low-energy 5=2 multiplet
and an excited J � 7=2 multiplet. A detailed proof of this
blocking will be given elsewhere [8].

Photoemission.—We will now consider the angle-
integrated photoemission spectrum (PES) that results
from the effective model ~HPu. In the ‘‘sudden approxima-
tion,’’ the T � 0 spectral density A�!� is given by

 A�!� �
X

lz;�;n

jh	njf̂ilz�j 0ij
2��!� En � E0� (9)

where j 0i is the ground state of H in the Np-particle
subspace while j	ni are the eigenstates of H in the Np �
1 particle subspace. The incident photon emits an electron
from a given site leading to a transition to a final state j	ni
whose relative energy equals the difference between the
initial and the final photon energies. According to Fermi’s
golden rule, the probability of such a transition is given by
jh	njf̂lz�j 0ij

2. The electron can be emitted either from an
atom in the 5f5 or 5f6 configuration. The first transition
leads to final 5f4 configuration whose energy is too high in
the large U limit. Therefore, because the final atomic state
is a 5f5 configuration, only the second transition contrib-
utes to the ‘‘low-energy spectrum’’ (j!j � U). To com-
pute the low-energy PES with ~HPu, we have to project f̂lz�
into S. Then,

 

~A�!� � �5=2

X5=2

Jz��5=2;n

jh ~	njc
y
i5=2Jz

j ~ 0ij
2��!� En0�

� �7=2

X7=2

Jz��7=2;n

jh ~	njc
y
i7=2Jz

j ~ 0ij
2��!� En0�;

(10)

with En0 � En � E0. Here, we are keeping not only the
lowest-energy J � 5=2 multiplet described by cyi5=2Jz

, but

also the excited J � 7=2 multiplet described by the cyi7=2Jz
fermion operator. This is necessary if we want the PES
spectrum over a range of 	1 eV away from the Fermi
level. To understand the origin of (10), we first note that
the electron emitted from the nonmagnetic 5f6 configura-
tion can have total angular momentum J � 5=2 or J � 7=2
(l � 3 and S � 1=2). In the low-energy subspace S, this
corresponds to the creation of an effective hole (5f5 con-
figuration) with J � 5=2 or J � 7=2. The coefficients

 �J �
X

lz;�

jhi; J; Jzjf̂lz�ji; I � 0ij2;

are the probabilities of the final state belonging to the low-
energy subspace with total angular momentum J � 5=2 or
7=2. By using a simple LS coupling scheme, we obtain
�5=2 ’ 0:15 and �7=2 ’ 0:28. The ratio �5=2=�7=2 will be
smaller for a more realistic intermediate coupling scheme
[5], but that level of accuracy is not required here given the
lack of high-resolution resonant PES data. The J � 7=2
multiplet has a diagonal spin-orbit energy ’ 0:75 eV rela-
tive to the J � 5=2 multiplet [see (2)]. Since cyiJJz creates a
hole in the closed shell 5f6 configuration, the low-energy
PES of H is obtained from the inverse PES spectrum of
~HPu [compare Eqs. (9) and (10)].

Because of the lack of controllable approaches for solv-
ing the PAM, we will assume that the intersite correlations
between f-states are weak within the energy scale of the
PES experiment and use the single-impurity approxima-
tion. Specifically, we used the variational method intro-
duced by Gunnarsson and Schönhammer [9] where we
assumed a uniform density of states for the d-band and a
bandwidth of 2D withD � 5 eV. To minimize the number
of free parameters, we set the crystal field term to zero and
assumed ~VkJJz � V. V and D determine the effective
hybridization parameter � � 
V2=D. We define ~�f as
the energy of the (unhybridized) 5f5 (J � 5=2) configura-
tion relative to the Fermi level. We used ~�f � �2 eV and
� � 0:15 eV for �-Pu and � � 0:2 eV for �-Pu.

Angle-integrated PES measurements were performed on
polycrystalline samples of �-Pu and �-Pu. We used a
tunable Laser Plasma Light Source to measure the resonant
PES with incident photon energy h� � 115 eV, and a He
lamp with h� � 40:8 eV to obtain higher energy resolu-
tion. The resonant PES spectrum is only available for �-Pu.
The instrumental resolution was 60 meV for h� � 40:8 eV
and 150 meV at resonance [10]. For h� � 40:8 eV, the
photo-ionization cross sections for Pu-6d and Pu-5f orbi-
tals are similar while for h� � 115 eV, the Pu
5f-character dominates the spectral density [11].

To compare with our theory for the low-energy spec-
trum, we performed a data analysis that separates the low
and high-energy contributions. We fitted h� � 40:8 eV
experimental data for �-Pu and �-Pu by a nonlinear re-
gression method using a convolution of three peaks, the
Fermi function, and the background. Each peak contained
a Lorentzian and a Gaussian component as well as intrinsic
asymmetry. The calculated density of states was convo-
luted with the Fermi function for T � 77 K and an experi-
mental resolution of 60 meV. The experimental data,
fittings, and theoretical predictions are plotted in Fig. 1.
All spectra were normalized to maximum intensity.

Figures 1(a) and 1(b) also show the comparison between
the fits and the calculation based on ~HPu. The peak closest
to EF corresponds to transitions from the nonmagnetic 5f6

state to the J � 5=2 5f5 lowest-energy multiplet. The
second peak comes from the transitions to the first excited
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J � 7=2 multiplet. The splitting between these two peaks
is mainly determined by the spin-orbit coupling. The
J � 7=2 peak has an intrinsic additional broadening due
to the finite value of �r

Jz;J0z
for this multiplet. This broad-

ening is of the order of the single J � 7=2 bandwidth W ’
0:35 eV. We incorporated it into the J � 7=2 peak. Our
low-energy effective model does not reproduce the spectral
weight that appears at energies * 1:5 eV because this
contribution comes from the high-energy states that were
projected out in the derivation of ~HPu. Since only the
nonmagnetic (J � 0) 5f6 configuration appears at low
energies, these states must correspond to the J � 5=2
and J � 7=2 multiplets of the 5f5 configuration that have
higher energy because they do not obey the Hund’s rules
(like 6P and 6F states) and 5f4 final states at even higher
energies. Although the energy scales are different, similar
low- and high-energy contributions to the PES have been
measured for SmS [12] that is a 4f analog of Pu because
the Sm ion fluctuates between Sm2� (4f6) and Sm3� (4f5).

Our calculation also misses some spectral weight be-
tween the two peaks because only the 5f contribution is
included, while the measured PES contains contribu-
tions from the broad d-band. This contribution is reduced
when the energy of the incident photons is in resonance
with the 5f-component (h� � 115 eV). The main differ-
ence between the measured spectra for h� � 40:8 eV
(5f-resonance) and h� � 115 eV appears between the
two peaks [Fig. 1(b)]. Thus, a significant amount of the
measured spectral weight between the two peaks (for h� �
40:8 eV) comes from off-resonance effects that are beyond
the scope of our calculation [13].

The parameters obtained from fitting the PES spectra
lead to the following values of the specific heat coeffi-
cients: �� � 44 mJ=mol K2 in good agreement with the
measured value of 42:3 mJ=mol K2 reported in [14]
and 33–55 mJ=mol K2 reported in [15]. Our �� �
9 mJ=mol K2 is smaller than the value of 17 mJ=mol K2

reported in [16]. These parameters also place � and �-Pu in
a mixed valence regime with f-occupancies: hnfi � 5:14

for �-Pu and hnfi � 5:25 for �-Pu (nf �
P
lz;�f

y
ilz�
filz�).

Discussion.—The cancellation of the f� f hopping
tensor at low energies is a unique characteristic of the Pu
metal that makes its low-energy model qualitatively simi-
lar to the one used for Ce or mixed valent Sm [12]. This
similarity could be the common root for explaining the
huge volume expansions observed in both elements. There
are several implications of immediate relevance: Magne-
tism is strongly suppressed in ~HPu when the concentration
of f-electrons differs significantly from an integer value,
and our results place both � and �-Pu in the mixed valence
regime in agreement with the observed lack of magnetic
ordering [14,17]. In contrast, a serious limitation of band
structure calculations is that the ad hoc hypothesis of
partial localization leads to magnetic ordering in �-Pu [18].
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FIG. 1 (color). Measured angle-integrated PES for �-Pu (a)
and �-Pu (b). Experimental data and fit (explained in the text) are
shown in black lines. The different peak components obtained
from the fit are shown as blue lines, while the result of (10),
convoluted with the experimental conditions (see text), is shown
in red. Panel (b) also shows the h� � 115 eV Fano resonance
scan for �-Pu as a green line.
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