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bstract

We present an improved version of our recently proposed ab initio Gutzwiller method to study solids with strong local Coulomb interactions as a
orrection to first principles DFT-LDA (density functional theory in the local density approximation). The variational (Rayleigh-Ritz) parameters
re the probabilities of atomic configurations. The quasiparticle spectrum is obtained from the eigenvalues of an effective Hamiltonian with
enormalized hopping and on-site terms. Our method includes both an ab initio, parameter free, realistic description of the energy bands, as well
s strong correlation aspects of the coherent part of the spectrum. It can be considered as an improvement to the LDA + U method, which has the

ame starting Hamiltonian but where the interactions are calculated only at the mean-field level. Application to �-plutonium is presented, with
articular attention to possible scenarios to discriminate between localized and less localized states due to spin–orbit coupling. This provides new
nsight into the still controversial electronic structure of this element.

2007 Published by Elsevier B.V.
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. Introduction

The electronic structure of �-phase plutonium is still con-
roversial, since many different types of calculations reproduce
he experimentally observed large equilibrium volume of this
igh-temperature phase, in contrast to the paramagnetic results
f standard Density Functional Theory in the Local Density
pproximation (DFT-LDA) [1]. Attempts to overcome this dif-
culty can be classified into two categories: methods which
ssume a magnetic ground state, either ferro- or antiferro-
agnetic, and methods which try to better describe the correlated

spects of 5f electrons. To the first category belongs the approach
here spin polarization in the generalized gradient approxima-

ion improves the equilibrium volume in both the ferro- and
ntiferro-magnetic states, with the lowest-energy ground state

eing predicted to be antiferromagnetic [2,3]. This mechanism
s in disagreement with experiments, which do not observe any

agnetism [4]. The second category includes the methods of
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DA + U [5,6], DMFT [7,8] and our own ab initio Gutzwiller
pproach [9], where a local Hubbard-like term is added to a
and Hamiltonian and the average Coulomb interaction of the
DA, the double counting correction, is subtracted. The differ-
nces between the different calculations of the second category
esides in the way this interaction term is treated.

. Method

Generalizing the density matrix approach of Nozières [10], which is equiva-
ent to the traditional Gutzwiller method [11], we recently proposed [9] a method
o find an approximate Gutzwiller Ground State (GGS), |�G >, of a multiband
ight-binding Hamiltonian H that includes a local Coulomb interaction term for

subset of correlated orbitals (the f-orbitals in the present case). With usual
otations, this Hamiltonian reads:

=
∑

i�=jαβ

tiα,jβc
†
iαcjβ +

∑

iασ

ε0
iαniα + 1

2

∑

i,α�=β

Uαβniαniβ (1)

here α is an individual particle state that can be either an �mσ or jmj state,

epending on the most convenient basis used to describe electronic states, either
S or jj coupling. The hopping matrix element tiα,jβ and the on-site ε0

iα (which
llows for a possible spin–orbit splitting) are obtained from an ab initio LMTO
alculation [12,13]. As in LDA + U or LDA + DMFT, ε0

iα has been corrected
rom its LDA value to avoid double counting. The interactions Uαβ can be
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states is increased. This scenario is illustrated in Fig. 1 for a rect-
angular model with an f-bandwidth W of 4 eV and no spin–orbit
term in the upper panel. The middle panel shows the effect of
spin–orbit splitting on the electronic structure. The lower panel
86 J.P. Julien et al. / Journal of Alloys a

btained from constrained LDA calculations and can be expressed in terms of
he Slater integrals (for f-states, this requires F0 to F6) in either basis. The
utzwiller method is a variational method where the probabilities of atomic

onfigurations are treated as variational parameters to minimize the ground state
nergy EG = Tr(ρGH). Explicitly, this leads to find a one-electron effective
amiltonian Heff,

eff =
∑

i�=jαβ

t̃iα,jβc
†
iαcjβ +

∑

iα

εiα,niα + C (2)

ith renormalized hopping parameters t̃iα,jβ = √
qiαtiα,jβ

√
qjβ as well as renor-

alized on-site energy levels εiα = ε0
iα + 2eiα(∂ln(

√
qiα)/∂niα). The factor qiα,

hich reduces the kinetic energy and causes a band narrowing, is the appropri-
te quantity to examine for partial localization: it is equal to one in uncorrelated
avefunctions and is smaller than 1 otherwise. It is related to the variational
robabilities:

qiα = 1√
niα(1 − niα)

∑

L′
i

√
p(iα : unocc,L′

i)p(iα : occ,L′
i) (3)

Here, p(iα : occ,L′
i) or p(iα : unocc,L′

i) represent the probabilities of the
tomic configuration of site i, where the orbital α is occupied or unoccupied and
here L′

i is a configuration of the remaining orbitals of this site. This result is
imilar to the expression obtained by Bünemann et al. [14], but it is obtained
ore directly by a density matrix renormalization. Similarly to what happens in
DA + U method [15], a detailed study of the derivative involved in the formula
f εiα, shows that the renormalizations push down levels that are more than
alf filled, and lift up those that are less than half filled. This important feature
ill have great consequences on the behavior of the Pu-f states that include the

pin–orbit interaction, as we shall see later.
Since we include all valence electrons, we separate the spd electrons, which

ave their q-factors set to one since LDA is assumed to give reasonable results
or these electrons, from the f-states, where we allow for flexible q-factors and
enormalized on-site effects. This opens the possibility of treating Hamiltonians
ike Eq. (1) from a first principles approach. The low energy physics, close to
he Fermi level EF, i.e., the coherent part of the spectrum, which is given by the
igenvalues of Eq. (2), is known to be well described by the Gutzwiller method
16], and allows comparison with the photoemission spectra in this region.

. Summary of previous calculations without spin–orbit
oupling

Our previous papers that neglected spin–orbit coupling [9]
ere a step along the way to a more realistic description of
u. These calculations were performed in an �mσ basis and the
alence states of the LMTO part were the 7s, 6p, 6d, 5f of Pu with
6 fully hybridized orbitals per site, the remaining orbitals being
reated as core states. The crystal field splittings on f-orbitals,
hich are directly accounted for by the LMTO method, lift the
degeneracy into the six-fold (including spin) T1, the six-fold
2 and two-fold A2 symmetries. In the first simplified paramag-
etic version, we took an average occupation per f-orbital in the
xpression for q-factors, leading to a single q for all f-orbitals,
egardless of the crystal field splitting. Consequently, the num-
er of inequivalent atomic configurations necessary to perform
he Gutzwiller part reduces to 14, because all atomic configu-
ations having the same electronic occupancy are equivalent in
his model. Within this model we were able to get the double-
ell feature of the total energy–volume curve, in agreement with

MFT results [7], with the absolute minimum close to the den-

ity of the � phase, and a local minimum at the experimental
alue of δ. The quasiparticles density of states (DOS) in the
icinity of EF was in rather good agreement with photoemission
mpounds 444–445 (2007) 285–287

xperiments [17]. We have also performed a more involved cal-
ulation, including crystal field splitting with three different q’s,
ne per crystal f-symmetry with (6 + 1) × (6 + 1) × (2 + 1) =
47 variational parameters; the DOS at the equilibrium δ-volume
as not sensitive to this detail. This reflects the small f-crystal
eld splitting in plutonium. However, the total energy curve lost

ts double-well feature, having therefore a single minimum at the
osition of the absolute one. So an improved version is necessary,
specially to include spin–orbit.

. Effect of spin–orbit coupling on the Gutzwiller
ethod

Here, we show how the spin–orbit effects can be included in
ur Gutzwiller approach, first by a simpler approximation and
hen by more refined calculations. The inclusion of the spin–orbit
erm ξl · s in the band structure mainly splits the f-states into a
/2 subset with degeneracy 6, and a 7/2 subset with degeneracy
. The 5/2 subset has an on-site energy lowered by a factor of
2ξ, while the 7/2 states are pushed towards higher energies by
factor of +3/2ξ. Our first LDA estimate of ξ for �-Pu, at its

xperimental volume, is of the order of 0.4 eV which is slightly
igher than the value of 0.28 eV for �-Pu [18]. This separation of
n-site energies cause the 5/2 states to be filled first: the average
ccupation of f-levels, which is close to 5.5 electrons, has 4.5
lectrons in the 5/2 states and only 1 electron in the 7/2 states.
hese differences affect both the bandwidth renormalization q�

nd, more importantly, the effective on-site levels ε�, because
f the tendency to lower states more than half filled, i.e., the
/2 states and the opposite behavior for the 7/2 states that are
ess than half filled. In this way, the splitting between 5/2 and 7/2
Fig. 1. Schematic effect of spin–orbit coupling of f-states (see text).
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[16] D. Vollhardt, Rev. Mod. Phys. 56 (1984) 99.
ig. 2. Total, 5/2 and 7/2 projected Gutzwiller quasiparticles for a large inter-
ction of 0.9 Ry (about 12 eV). The Fermi level is indicated by a vertical line.

resents the result of a Gutzwiller approach on the former one:
he reduction of the bandwidth with different q factors and the
owering of 5/2 states which could gain more electrons due to
ncreasing the separation between the 5/2 and 7/2 states. One
ould imagine that the extreme limit of this simplified model,
here the 5/2 states are full and the 7/2 states are empty, could

ead to a metal–insulator transition, with a non-magnetic state
= 0 and could be an argument for explaining the absence of

xperimental magnetism. After minimization, we obtain that for
ny number of f-electrons, between 5 and 6, the renormalizations
f levels produce at least a pinning of EF at the bottom of 7/2
OS. Therefore, one has a nearly full 5/2 DOS, which can have a

educed bandwidth and an enhanced, by a factor of 1/q, DOS and
n empty 7/2 DOS. The lower panel of Fig. 1 illustrates this situ-
tion for the case of 6f electrons. For a different set of parameters
spin–orbit coupling and/or f-bandwidth), it was even possible
o get a gap between the 5/2 and 7/2 DOS. So if the number of
-electrons is slightly smaller than 6, as suggested by our LDA
esult, it is possible to have at the same time a nearly full 5/2
and leading to a reduced total angular momentum, J ∼ 0, as
ell as an enhanced DOS at EF (for less than 6f electrons) that

ncreases the electronic specific heat term with respect to LDA
alculations, which are too small when compared to experiment.

To clarify this point, we have performed more realistic
etailed ab initio Gutzwiller calculation with the correct bands
or all states instead using the simplified rectangular f bands.
n fact, we do not observe such drastic behavior as obtained

or the rectangular DOS, even for interaction energy U as large
s 0.9 Ry (about 12 eV); note that 0.3 Ry (4 eV) is usually con-
idered to be a more realistic value. From the perspective of
hese calculations, one can consider Pu to be close to this kind

[

[

mpounds 444–445 (2007) 285–287 287

f peculiar metal–insulator transition while remaining metallic.
he oversimplification of the rectangular model is neglecting the
ne details of the DOS and the mixing, through hybridization,
f the f-orbitals with spd states. This modifies the position of
F, and also leads to tails in the DOS (see Fig. 2) that prevent

he possible appearance of the gap we obtained between 5/2 and
/2 states in the rectangular model as well as the pinning of EF
t the bottom of 7/2 band.

. Conclusion

We have investigated the electronic structure of �-Pu with
he Gutzwiller method, and have now included spin–orbit inter-
ctions in jj coupling. An oversimplified model with only a
ectangular correlated f band was shown to possibly lead to an
pproximately J = 0 state. We have also shown that a more com-
lete model where hybridization between f and other orbitals is
ncluded prevents this scenario from occurring.
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