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bstract

We show that thermodynamic properties of Pu metal as well as those of Pu(1−x)Mx (M = Al, Ga, In) compounds are poorly described by traditional
FT but rather well modeled when including magnetic interactions. The cluster variation method is used to emphasize that the presence of Ga
toms in the �-Pu phase leads to an important chemical short-range order which stabilizes this phase as a function of temperature and composition.
ur results indicate also that Ga atoms introduce local strain fields in � phase which relax with increasing distance from the Ga atoms. Finally we

how that local relaxations are also essential to predict correct vacancy formation and migration energies in this phase.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Since Seaborg, Mc Millan, Kennedy and Wahl isolated pluto-
ium in 1941 and despite 65 years of research, a fine understand-
ng of this metal and its alloying effects remains a challenge.
t is mainly due to the fact that 5f electrons sit at the boundary
etween localization and itinerancy. From this ambiguity results
strong sensibility at the least perturbation. If at low tempera-

ure, plutonium exhibits very open complex structures (� and �
onoclinic), more compact structures appear (� tetragonal; �,

′, � cubic) before melting at 913 K. Under low pressure (few
bar), three of them disappear (�, �, and �′) [1]. These struc-
ural changes are accompanied by dramatic changes in physical
roperties like density (more than 25% between � and � phase),
hermal expansion (negative for � and �′, very large for the oth-
rs) or elastic and mechanical properties [2]. Unlike the brittle
monoclinic structure, stable at ambient conditions, the high

emperature cubic � phase is ductile. Then, an extension of its

ange of (meta) stability is necessary for engineering applica-
ion. This can be done by small additions of alloying elements
ike IIIB metal (Al, Ga or under quenching In). Compared to
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inding and equation of state

-Pu phase, this small perturbation brings significant changes
n some properties: the thermal expansion coefficient becomes
ositive [3] and local relaxations seem to depend on impurity
oncentrations [4,5].

Aging effects in this complex material can also alter phase sta-
ility or mechanical properties. The decay of plutonium atoms
nto an uranium nucleus and a helium nucleus produces dis-
lacement damages. Helium can be trapped in vacancies, then
ccumulate and form helium bubbles. This local distortion can
reate local pressure or swelling. The knowledge of activation
nergy of these processes (migration plus vacancy energies)
s well as theirs effects, which drive local relaxations, is ines-
imable to understand thermodynamic and kinetic behaviors of
hese alloys [6,7].

Ab initio methods are well designed to calculate the speci-
cities of compounds for which it is difficult to carry out exper-

mental measurements and as a starting point in multi-scale
tudies. Unfortunately, if density-functional treatments (DFT)
n the local density approximation (LDA) are able to reproduce
oughly the main properties of the � phase, such approaches fail
o describe any properties of the � phase. To remedy this, one

f the most promising techniques is the dynamical mean field
heory (DMFT) [8,9]. But, if such calculations can give us a
ne description and some keys in order to obtain a better under-
tanding on the role played by electronic structure (dynamical

mailto:gregory.robert@cea.fr
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Fig. 1. Calculated equilibrium volume without spin polarization are reproduced
by cross (color online). Experimental equilibrium volume (squares) for plu-
t
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the works of Skriver et al. or Antropov et al. and more recent
values obtained by Kutepov and Kutepova [9] on � and � pluto-
nium or those obtained by Niklasson et al. [19] from thorium to
californium using a model based on disordered local moments
92 G. Robert et al. / Journal of Alloys a

uctuation), two main drawbacks limit this approach: computer
ime retrains DMFT to small system (1–4 atoms) and the results
re U-dependent (where U is the Hubbard parameter which gov-
rns the Coulomb repulsion energy). In a material with so many
hases, U parameter can vary in function of phases (from 4 eV
n � phase to almost 0 in � phase), pressure or alloying amount,
nd predictive calculations can hardly be done.

On the other hand, using generalized gradient approxima-
ion (GGA) and spin polarization (SP) calculations bring strong
mprovements on numerous properties of all allotropes of plu-
onium and its alloys: equilibrium volumes, bulk moduli, elastic
roperties or energy differences [9].

However, if ordered compound PuGa2 or PuGa3 show a
trong anti-ferromagnetic coupling or if simply dissolving
ydrogen in plutonium is enough to make the system ferromag-
etic, there is no experimental evidence of magnetic moments
n plutonium or weakly alloyed plutonium with gallium [10].
evertheless, the amount of coherent results points out that cal-

ulations within spin polarization (SP) GGA framework can
eproduce at least qualitatively macroscopic properties. More-
ver, numerical efficiency of such method allows us to predict
r estimate properties for large systems [11].

In this paper, we apply GGA-SP to various properties of plu-
onium and its alloys in order to understand the stabilization
henomena and to obtain physical values as input for other the-
retical tools (classical potential or Monte-Carlo method) within
he limits and the accuracy of this approach. The electronic cal-
ulations are based on two methods that have distinct qualities.
he most accurate method, which is also the most CPU expen-
ive, is an all-electron LAPW method [12]. The second is based
n projected augmented wave (PAW) pseudo-potential approach
13] with a plane-wave basis set that enables efficient calcula-
ions of forces and relaxations on large systems.

More details on these computational techniques can be found
n our previous papers [14–18]. The remainder of the paper is
rganized as follows: in Section 2, we present a review of some
revious calculations on plutonium and its neighbors [14,15]; in
ection 3, we extend this review to ordered compounds of pluto-
ium and on stability in �-Pu alloys [16,17]; Section 4 describes
ork in progress on local relaxations in the �-Pu–Ga solid solu-

ion while Section 5 presents a study on the self-diffusion of
acancies in �-Pu [18].

. Structural stabilities and equation of state (EOS) for
lutonium and its neighbors

It seems clear from literature and from our calculations [14]
hat non-spin-polarized (NSP) DFT (cross in Fig. 1) fails to
eproduce equilibrium volumes (square in Figs. 1 and 2) as well
s elastic properties or cohesive energies of compact structures of
lutonium (5.18 eV for � phase). It is also true for heavy actinides
Am to Lw). Experimentally and from thermodynamic consider-
tions, the most stable cubic structure at zero temperature should

e a body centered cubic (bcc) for Np and face-centered struc-
ure (fcc) for Am and Cm. Using GGA-NSP, bcc-Np or �-Pu
hases are energetically favored but bcc structures are predicted
ower in energy than fcc for heavy actinides.

F
(
a

onium allotropes and its neighbors: (a), (b) and (c) are for Refs. [27–29],
espectively.

Taking into account spin polarization leads to strong changes
n the EOS of compact structures of plutonium but also on
mericium and curium (star in Fig. 2). These transformations
n properties of the ground state are accompanied by large
hanges in structural stabilities but also on energy differences.
f taking into account spin polarization in calculations weakly
ffects equilibrium properties (i.e. equilibrium volume, elas-
ic properties or total energies) of Np or �-Pu, this approach
trongly modifies results for Am, Cm or other allotropes of plu-
onium. For americium or curium, the total energy is lowered
y 1.3 and 1.9 eV/atom, respectively. For � and �′ phases of Pu,
otal energy is reduced approximately by 0.5, 0.3 eV/atom for

phase and 0.2 eV/atom for �. As the total energy of �-Pu is
lmost unchanged (less than 0.05 eV/atom), GGA-SP allows us
o reproduce the right energy sequence with energy differences
lose to experimental data. These results are in agreement with
ig. 2. Calculated equilibrium volume (star) with anti-ferromagnetic order
color online). Experimental equilibrium volume (squares) for plutonium
llotropes and its neighbors: (a), (b) and (c) are for Refs. [27–29], respectively.
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percent) and it leaves energy differences nearly unchanged.
G. Robert et al. / Journal of Alloys a

DLM). Söderlind et al. [9,20] investigated several magnetic
onfigurations including DLM with the same success on these
roperties. These results seem to confirm that the apparition
f large spin moment in GGA can be viewed as an indication
f strong electron correlations. Taking into account spin–orbit
oupling (SOC) mainly affects equilibrium volume but in lesser
anner than SP (some few percent) and leaves nearly unchanged

nergy differences between phases or elastic properties [21].
Other properties are also improved. For example, equilibrium

olumes of compact phases of plutonium or heavy actinides are
eproduced within 5–10%. It is a strong improvement compared
o the 30% inaccuracy (a factor of 2 for Am and Cm) for �, �, �′
nd �-Pu without SP. Cohesive energy of the �-Pu phase is also
educed to a more reasonable value of 3.8 eV. At experimental
olume the � phase is found mechanically stable and the values
f elastic constants are roughly reproduced.

The general agreement between experimental trends and the
tructural hierarchy obtained at T = 0 K incited us to study the
hermodynamic properties of Pu as a function of temperature
nd pressure using a simple Debye–Gruneisen model [15]. It is
oteworthy that if this model suffers of some crude approxima-
ions which will make impossible to reproduce all experimental
pecificities of plutonium like negative thermal expansion for
he � phase, such an approach can only allow us to estimate the
ifferent thermal contributions. Within this framework, we first
alculate Gibbs energies as function of pressure for different
tructures.

Then it is possible to obtain the solid part of the Pu phase
iagram including �, �, � and � phases (Fig. 3). We can evaluate
o at least 60% the part of Helmholtz free energy due to the ionic
hermal term. But the quasi-harmonic approximation is not suf-
cient to obtain a correct description of thermal properties of
ifferent allotropes. More particularly, the electronic contribu-
ion for the �, � and � as well as the anharmonic contribution
or the � phase play an important role to determine the transi-

ion temperatures. Nevertheless, we emphasize that accurately
valuating each of these contributions remains a challenge for
he actual DFT-based calculations.

Fig. 3. The calculated phase diagram [15].
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. Structural stability of Pu(1−x)Mx (M = Al, Ga and In)
ompounds and phase stability of �-Pu alloys

Concerning Pu-based alloys, few total energy calculations
ave appeared since the pioneering band structure study of Wein-
erger et al. [22]. Formation energies are extracted from the total
nergies by subtracting the concentration weighted total energies
f pure fcc Pu and X (X = Al, Ga or In) from the fcc structure.
he calculated formation energies of Pu3M are in disagree-
ent with experiment since these calculations use only the local

ensity approximation to treat electron-exchange and correla-
ion effects [22]. Very recently, the stability of some Pu-based
lloys has been studied using the standard spin-polarized GGA
pproach. Calculations based either on the KKR method within
he atomic sphere approximation [23] or ours on the LAPW or
AW method [17] lead to calculated lattice constants of Pu3M
ompounds in excellent agreement with experiment. Also, these
ompounds display strong negative values of formation energies,
hich characterize Pu–M systems as presenting strong attrac-

ive interactions (Fig. 4) in agreement with the experimentally
nown behavior [24]. Let us mention in our calculations that
or each volume, the structure is optimised with respect to all
egrees of freedom allowed by its space-group symmetry.

It has been argued that alloying effects do not depend on
ong-range magnetic ordering [16]. To give a proof based on
nergetic arguments, we compared the cohesive energies of the
10 structure of PuGa with five different magnetic configura-

ions. The differences between all these configurations are small
less than 13 meV/atom) with respect to the formation ener-
ies of the L10 compound (480 meV/atom) and indicate that the
ong-range magnetic ordering does not contribute to the alloying
ffects between Pu and Ga. The effect of spin–orbit coupling is
imilar to that obtained for plutonium i.e. it affects mainly the
quilibrium volume but in lesser manner than SP (some few
More interesting, these strong attractive interactions favor the
ccurrence of fcc superstructures in Pu–In while more complex
tructures are energetically the most stable ones in the two other

ig. 4. Formation energies of Pu–M alloys for several structures using the GGA-
P (color online).
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the structure around Ga atoms. Such a behavior is in close agree-
ment with results obtained by Cox et al. [5]. Let us mention that
this local disorder increases with composition (almost 0.5 Å).
94 G. Robert et al. / Journal of Alloys a

ystems (Fig. 4). In the Pu–Ga system, PuGa2 in the C32 struc-
ure and PuGa3 in the D019 structure are found to be the most
table phases in the Ga-rich side. In the Pu–Al system, PuAl2 in
he C15 structure and the prototype hexagonal D019 structure are
he most stable in the Al-rich side. Therefore, we can conclude
hat GGA spin-polarized calculations are able to reproduce the
igh negative values of formation energies as well as the differ-
nt structural hierarchies observed in the three systems.

In order to gain insight at the microscopic level into the phase
tability of Pu(1−x)Mx compounds, we inspect the partial densi-
ies of states (DOS) in function of the �-stabilizer amount [16].
s a consequence of local atomic environment, the structural

tability is governed by the competition between Pu(5f)–Pu(6d),
(p)–Pu(6d) and M(s,p)–M(s,p) interactions. Another striking

eature is the presence of a gap related to sp bands in the bot-
om area of the DOS and its concentration-dependent location
nd width. It may be emphasized that the main effect of spin
olarization is to push the occupied 5f and 6d states to lower
nergies. Thus, hybridization with the wide M(sp) band occurs
t lower energies, which explains the more negative formation
nergies.

From these results, we can perform an accurate Ising-like
luster expansion and study the stability of the � phase as
function of temperature and composition. Such a model is

arameterized by a set of effective cluster interactions (ECIs),
hich are dependent on the local atomic configurations.
From these ECIs obtained from fcc superstructures, we are

ble to obtain the Gibbs energy of mixing of the � solid solu-
ion [17]. The most important result is that taking into account
he chemical short-range order (CSRO) within the framework
f the cluster variation method (CVM) leads to a strong stabi-
ization of � Pu–M solid solutions (Fig. 5 reproduces results
btained on Pu–Ga system). Once again, DFT calculations
ased on GGA-SP are able to reproduce many properties of

u–M alloys. The CVM treatment underlines the essential role
layed by the CSRO in the stabilization of plutonium-based solid
olutions.

ig. 5. Calculated solid Pu-rich part of the Pu–Ga phase diagram. Dashed line:
olubility limit of Ga in �-Pu without CSRO (ideal entropy of mixing). Full line:
omplete phase diagram with CSRO.
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. Local relaxation around gallium impurity

EXAFS data [5] show significant departure from fcc behav-
or for the Pu atoms neighboring a Ga atom in a 3.3 at.% Ga
-stabilized Pu. Faure et al. [4] have studied such a behav-
or as function of Ga composition. While non-spin-polarized
DA calculations do not reproduce the experimental inter-
tomic distance [25], in a very recent study, Sadigh and Wolfer
11] have shown that spin-polarized DFT is able to predict the
bserved departure from fcc symmetry for an alloy composition
f 3.2 at.% Ga. Here, we propose to study plutonium–plutonium
nd plutonium–gallium distances as a function of composition
sing a supercell of 108 atoms. Five different compositions have
een chosen up to 10 at.% Ga.

For the two last ones, namely 6.5 and 9.2 at.% Ga, three
ifferent configurations have been used, each of them display-
ng CSRO similar to that obtained by the CVM treatment. In
ables 1 and 2, we report Pu–Pu and Pu–Ga averaged inter-
tomic distances of the first three shells divided by distances
btained in the case of a perfect fcc lattice. A preliminary anal-
sis indicates that plutonium–gallium interatomic distances are
horter than plutonium–plutonium interatomic distances in the
rst shell while it is the opposite case in the second shell for
ll the studied compositions. In the third shell, interatomic dis-
ances are quite similar, showing that relaxation effects display
short-range character. The standard deviation σ points out that

ocal environments around both Pu and Ga atoms are disordered.
or instance, for 3.7 at.% Ga, a difference of ≈0.1 Å (≈0.3 Å)

s obtained between the shortest and the longest bonds around
allium (plutonium) atom in the first shell. These values indicate
hat the local structure around Pu atoms is more disordered than
able 1
u–Pu interatomic distances for successive shell divided by distance obtained
or these shells in a perfect fcc lattice, σ is the standard deviation

a (at.%) First
shell

σ Second
shell

σ Third
shell

σ

.9 1.001 0.048 1.000 0.071 1.000 0.062

.9 1.002 0.065 0.999 0.085 1.000 0.079

.7 1.003 0.083 0.998 0.119 1.000 0.107

.5 1.005 0.127 0.996 0.184 1.000 0.157

.3 1.006 0.138 0.995 0.198 1.000 0.169

able 2
u–Ga interatomic distances for successive shell divided by distance obtained
or these shells in a perfect fcc lattice, σ is the standard deviation

a (at.%) First
shell

σ Second
shell

σ Third
shell

σ

.9 0.950 0.000 1.018 0.000 0.990 0.000

.9 0.956 0.001 1.023 0.012 0.995 0.022

.7 0.958 0.044 1.021 0.033 0.995 0.036

.5 0.967 0.062 1.030 0.140 1.001 0.102

.3 0.973 0.080 1.025 0.103 1.001 0.110
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Fig. 6. Interatomic distances divided by first shell distance in a perfect fcc lattice
as function of Ga composition. Full symbols ( , , �): Pu–Pu ratio. Empty

symbol ( , , �): Pu–Ga ratio. Squares ( , ) reproduced experimental

values obtained by Faure et al. [4] and diamond ( , ) those obtained by Cox
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a atoms, respectively (color online).

Fig. 6 shows interatomic distances divided by the distance of
he first shell of a perfect fcc lattice as function of Ga composi-
ion. The agreement between our calculations and experimental
esults is good. Moreover, we find that the Pu–Ga distance
epends on the number of Ga atoms in the first nearest neighbor
nn) shell of Pu atoms. For instance, Pu–Ga distances are higher
or Pu atoms with three Ga atoms ( in Fig. 6) in their first
hell (as observed in 9.8 at.% Ga alloy) than for Pu atoms with
wo Ga atoms ( in Fig. 6). These latter ones are also higher
han Pu–Ga distances obtained for Pu atoms with only one near-
st neighbor Ga atom ( in Fig. 6). These results seem quite
ndependent of Ga composition. Moreover, we can observe that
u–Ga distances for Pu atoms with three nearest neighbor Ga
toms are similar to those found in the Pu3Ga compound (in
he L12 structure). Then we can conclude that the evolution of
he averaged Pu–Ga distance as a function of Ga composition
s related to the increasing number of Pu atoms with three or

ore Ga atoms in their nearest neighbor shells. It is important
o emphasize that the percentage of such Pu clusters increases
ith Ga composition but depends also on CSRO of �-Pu–Ga

olid solution and then on its thermal treatment.

. Vacancy and migration energy in delta plutonium

As a first step, we study the influence of magnetic con-
gurations on mono- and di-vacancies energies, namely anti-
erromagnetic (AFM), ferromagnetic (FM) and disordered mag-
etic structures (DM).

For unrelaxed ionic positions, both mono- and di-vacancies
re not very sensitive to the long-range magnetic ordering. It
s due to the fact that the bonding properties of �-Pu originate
ainly in the formation of a local spin moment in Pu atoms
hich strongly modifies the hybridization of the 5f states with
ther s, p, and d states with respect to non-magnetic calculations
21].

l
v
i
t
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The vacancy formation energy represents around 40% of the
u cohesive energy (around 1.5 eV) as usually found for transi-

ion metals. It is a great improvement compared to the value of
.5 eV obtained without spin polarization [26]. The other impor-
ant point is that the formation of di-vacancies does not require
dditional energy with respect to the formation of two isolated
ono-vacancies. This result indicates that vacancy clusters are

s stable as isolated vacancies. Such vacancy clusters eventually
ead to the nucleation and subsequent growth of voids. How-
ver, it is clear that such a process is thermally activated via the
iffusion of mono-vacancies to form clusters.

If atomic relaxations are taken into account, the inward relax-
tion is of the order of 3% (7% for di-vacancies), as usual for
ransition metals. The energy of the di-vacancy is still similar to
he energy of two isolated vacancies. Nevertheless, the relaxed
nergy and the forces acting on atoms are more sensitive to the
agnetic configuration: the relaxed energy is more important

or the disordered (DM) (≈0.5 eV) than for the ordered (FM-
FM) (≈0.2 eV) magnetic configuration. For DM, the absence
f the long-range magnetic ordering can create a more complex
ariation of the local spin moment in Pu atoms according to
heir locations with respect to the vacancy. Without spin polar-
zation, relaxation effects lead to an exothermic value of the
acancy formation energy (−3.5 eV) [26]. Once again, these
esults underline the importance of spin polarization in such
alculations.

In a work in progress, we expand this approach in order to
btain a reliable value on the migration energy of a vacancy.
reliminary results have been obtained for FM ordered cells
ith 108 atoms. The climbing image nudged elastic band

NEB) [30] method has been applied to determine the potential
nergy barrier. Typically three slab replicas between the initial
nd final states are sufficient to produce a smooth minimum
nergy path. Such calculations give us an encouraging value of
.85 eV.

We can expect that DFT–GGA-SP-based calculations are also
ble to give us reasonable values or keys in order to understand
efect properties in these alive materials.

. Conclusion

In this paper, we have presented a review of our spin-polarized
FT calculations for thermodynamic and point defects of Pu as
ell as for thermodynamic and structural properties of � phase
u–Ga alloys. Based on these calculations, we conclude that
P-DFT are able to give energy differences between the differ-
nt allotropes which are consistent with the gross features of
he experimental phase diagram of Pu. The CVM treatment of
SRO leads to a strong stabilization of the �-Pu–Ga solid solu-

ion as a function of composition and temperature. The effects
n local deformations on the stability of the solid solution have
een studied by using supercell techniques including CSRO. We
nd that spin-polarized DFT accurately predicts Pu–Ga bond
engths as compared to recent EXAFS measurements. For the
acancy-formation in �-Pu, we find that the formation energy
s higher than the migration energy, which is in agreement with
he experimental results.
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