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Structural stability of Pu
„1Àx…M x „MÄAl, Ga, and In… compounds
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We present results on the structural stability of Pu(12x)Mx (M5Al,Ga,In) compounds in the framework of
density functional theory within the local density approximation and generalized gradient approximation
~GGA!. An all-electron linear augmented plane wave method, which includes an additionalp1/2 local orbital in
spin orbit coupling, is used in order to determine the formation energy of these compounds. Using the GGA
and spin polarized calculations, the calculated structural hierarchy is in agreement with the trends observed in
the experimental phases diagrams. The stability of the Pu-M compounds can be related to a strongpdf
hybridization.
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I. INTRODUCTION

The actinides series in the periodic table, is characteri
by a progressive filling of the 5f shell. It can be divided into
two sub-series: light actinides~Pa to Np! which present 5f
delocalized states, and heavy actinides~Am to Lw! with 5 f
localized states. The light actinides have bonding 5f elec-
trons and exhibit a band character similar to thed electrons
in transition metals. In contrast, heavy actinides show loc
ized nonbonding 5f electrons rather similar to the 4f elec-
trons in lanthanides.

Plutonium metal is located at the boundary between th
two different subseries, and this peculiar location results
specific properties such as numerous allotropic for
(a,b,g,d,d8,e). Some have very complex open structur
~a andb: monoclinic! and others close-packed structures~g
tetragonal andd andd8 cubic!.1

The cubic delta phase is ductile and this property make
convenient for engineering applications. As this phase is o
stable from 593 to 736 K, it is stabilized at room temperat
by small additions of alloying elements like the IIIB meta
Al ~Ref. 2! and Ga.3 Others metals like In~Ref. 4! extend the
range of stability of thed phase and retain it in a metastab
state at room temperature under rapid cooling from high te
peratures. From phase diagrams considerations, it is c
that the stability of thed phase depends on those of t
Pu3M (M5Al,Ga,In) compounds. A starting point towards
better understanding of the role of each substituted elem
on the stability ofd plutonium is the calculation of formation
energies of Pu3M compounds. Particularly, the Pu-In pha
diagram is qualitatively simple to understand. It can
viewed as the occurrence of ordered compounds based o
fcc underlying lattice, namely, the Pu3In and the PuIn3 com-
pounds in theL12

structure and the PuIn compound in th

L10
structure. The Pu-Ga and Pu-Al phase diagrams are m

complex~see Table I!. If the Pu3Al and Pu3Ga compounds
are essentially isostructural to theL12

structure with a slight
tetragonal distortion, new ground-state structures appea
the M-rich side, namely, theC15 and C32 structures for
PuAl2 and PuGa2, respectively~see Table I!. Moreover, for
PuM3 compounds, hexagonal structures like theD019 struc-
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ture for PuGa3 compound are found to be energetically mo
favorable than theL12

structure. Therefore, it seems to b

important to compare the stability of theC15, C32, and
D019 structures with superstructures occurring on thefcc lat-
tice.

We have undertaken such calculations in the framew
of first-principlesDFT studies. Although standard local den
sity approximation~LDA ! energy calculations give accura
results for aluminum, gallium, and indium, the LDA fails t
reproduce the equilibrium properties ofd plutonium and to
give an energetic stability for Pu3M compounds.5 For d plu-
tonium, numerous approaches have been used to attem
go beyond the LDA.6 Recently the LDA1U approach has
been successfully applied to determine its structu
properties.7,8 Nevertheless, as the adjustable HubbardU pa-
rameter has been defined for the peculiar case ofd-Pu this
method is less attractive in the case of alloys with unkno
and variable degrees of 5f localization from one phase to th
other.

At the same time, Wang and Sun9 obtained a correct equi
librium volume of d-Pu by using the generalized gradie
approximation~GGA! and by considering an antiferromag
netic alignment of spins. Using the GGA with corrections f
spin-orbit coupling and orbital- polarization effects, So¨der-
lind and co-workers10,11 investigates several magnetic co
figurations including models for a disordered magnetic str
ture. The more energetically favorable structure was obtai
for the antiferromagnetic type-I ordering and random ord
ing. An intra-atomic noncollinear magnetism was been c
sidered in plutonium by Nordstro¨m and Singh.12

Independently on the real physical meaning of magnet
in plutonium which is yet an open question, the introducti
of magnetic ordering in calculations leads to major improv
ments in comparison to the standard nonmagnetic LDA
GGA results. In this paper, we apply this approach to
study of the structural stability of Pu(12x)Mx compounds and
to check its ability to reproduce the major trends of PuM
(M5Al,Ga,In) phase diagrams as discussed above. As a
ferromagnetic configurations are difficult to generate in co
plex alloy structures, we chose to perform all of our all
©2003 The American Physical Society09-1
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TABLE I. Experimental structures from Refs. 1–4. SrPb3 is a tetragonal distortion ofL12
Strukturbericht

which leads toL60
.

Phase
Structure

Type Symmetry
Struktur-
bericht

Unit Cell Dimensions~Å!

a b c

Pu3Al SrPb3 Tetragonal L60
4.499 4.499 4.538

PuAl CsCl Cubic A12 10.769 10.769 10.769
PuAl2 Cu2Mg Cubic C15 7.874 7.874 7.874
PuAl3 Pu3Al Hexagonal C36 6.084 6.084 14.427

Pu3Ga z AuCu3 Cubic L12
4.507 4.507 4.507

PuGa Tetragonal L10
6.640 6.640 8.066

PuGa2 AlB2 Hexagonal C32 4.258 4.258 4.138
PuGa3 Ni3Sn Hexagonal D019 6.300 6.300 4.514
Pu3In AuCu3 Cubic L12

4.702 4.702 4.702
PuIn AuCu Tetragonal L10

4.811 4.811 4.538
PuIn3 AuCu3 Cubic L12

4.607 4.607 4.607
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calculations with a simple ferromagnetic ordering includi
pured-Pu.

In Sec. II the details of the electronic structure calcu
tions are presented. Section III contains the results and t
discussion. A brief summary and the conclusions of t
work are given in Sec. IV.

II. COMPUTATIONAL DETAILS

The electronic structures and total energies are calcul
using the all-electron full-potential linear augmented pla
wave~FP-LAPW! method.13 The self-consistent calculation
are performed with a fully relativistic treatment of the co
states and a scalar-relativistic treatment including spin-o
coupling ~SOC! for the valence states. The generalized g
dient approximation GGA~Ref. 14! is used and magneti
configurations are taken into account. The basis sets
standard5 and include 6s, 6p, 7s, 7p, 6d, and 5f partial
waves for Pu, 3s and 3p for Al, 3d, 4s, and 4p for Ga, and
4d, 5s, and 5p for In.

It has been shown15 that such a method used in the fram
work of scalar-relativistic treatment including spin-orbit i
teraction introduces a sensitivity of equilibrium properti
with respect to muffin-tin radii. To suppress this depende
which originate from the missing ofp1/2 radial basis func-
tions, the new extension developed by Kuneset al.16 is used.
Additional p1/2 local orbitals are included in the basis se
Then this set is well adapted to a correct treatment ofp
semicore states modified by SOC. Moreover, in order to
tain more flexibility in the radial basis functions and to d
crease the basis set size, new local orbitals (APW1 lo) for
5 f partial waves of Pu are included.17

For D019, D022, L10
, and L12

structures~Strukturber-

icht!, we used 20k points in the irreducible Brillouin zone
For 40 andC15 structures, we used 40k points, 126k points
for C32, 189k points for L11

, and finally 270k points for
d-plutonium.

All structures have been calculated with a muffin tin r
dius of 2.5 Bohr excepted forC32 ~2.2 Bohr!. This differ-
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ence in radius is related to a shorter distance between
neighbors atoms in this peculiar structure. Nevertheless
written above, these differences have no influence on fi
results. Finally we usedkmaxRmt510 for planes waves con
vergence~whereRmt is the atomic sphere radius, andkmax is
the plane wave cutoff! and a cutoff energyEcut in second-
variational-step equals 60 eV for spin-orbit coupling.

III. RESULTS AND DISCUSSION

As already mentioned in Sec. I, magnetic interactio
coupled with the GGA improve the structural properties
d-Pu. In a first step, we tested the influence of different

TABLE II. Experimental and theoretical results for equilibrium
volume ofd-Pu.

Element Approximation
used

Theoretical results Experimenta
results

LSDA GGA

Pu fcc nonmagnetic
without SOC

16.59 18.05

Pu fcc ferromagnetic
without SOC

19.34 27.80 24.92a

Pu fcc nonmagnetic
with SOC

17.59 19.60

Pu fcc ferromagnetic
with SOC

18.19 25.51

Pu fcc antiferromagnetic
with SOC

19.41 23.47

Al fcc 15.83 16.61 16.6b

Ga fcc 17.90 19.82 19.6c

In fcc 24.90 27.79 26.1d

ad-Pu at 320 °C from Ref. 1.
bfrom Ref. 22.
corthorhombic phase from Ref. 22.
dtetragonal phase withc/a51.52 from Ref. 22.
9-2
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proximations on the equilibrium properties of pured pluto-
nium. The results are summarized in Table II. The m
stable configuration is obtained for an antiferromagnetic-t
configuration, followed by ferromagnetic order (D
;0.2 eV/atom). Nevertheless in both cases the resulting
magnetic moment per atom is weak due to a cancellatio
the spin moment by the orbital moment. Let us emphas
that all the results are in complete agreement with previ
calculations.9–11

For each compound, the total energies provided by
LAPW method are obtained for different values of the v
ume; let us mention that at each volume, each structur
optimized with respect to all degrees of freedom allowed
its space-group symmetry. A fit based on Murnaghan’s eq
tion of state determines the equilibrium total energy and
equilibrium volume. Since the total energies of the pure m
als are treated in the same way, the formation energy o
alloy is obtained by substracting the weighted sum of to
energies of the constituent elements from the total energ
the compounds:

EPu~12x!Mx

f 5EPu~12x!Mx

min 2~~12x!EPu
min1xEM

min!.

It should be noted that thefcc structure is used for pure
Pu, Al, Ga, and In even if the ground states of Pu and Ga
different. Taking into account the orthorhombic structure
the Ga ground state lowers the relevant formation energie
PuGa compounds by;0.1 eV/atom per Ga atom.

As for d plutonium, we examine the consequences of d
ferent approximations on formation energies of the protot
Pu3Al, PuAl, and PuAl3 , compounds in theL12

, L10
, and

L12
structures, respectively~see Tables III and IV!. Total

energy calculations performed without magnetic interacti
but including spin-orbit coupling corrections lead to form
tion energies of Pu3Al in good agreement with previou
results5 ~see Table III!. The formation energies calculate

TABLE III. Formation energyEPu12xMx

f using the LDA for
Pu-Al alloys ~in eV/atom!.

Element

non-
magnetic

without SOC

ferro-
magnetic

without SOC

non-
magnetic
with SOC

ferro-
magnetic
with SOC

L12
PuAl3 0.068 20.269 20.144 20.283

L10
PuAl 0.211 20.239 20.045 20.231

L12
Pu3Al 0.030 20.159 20.124 20.136

TABLE IV. Formation energyEPu12xMx

f using the approximation
for Pu-Al alloys ~in eV/atom!.

Element

non-
magnetic

without SOC

ferro-
magnetic

without SOC

non-
magnetic
with SOC

ferro-
magnetic
with SOC

L12
PuAl3 20.046 20.329 20.239 20.362

L10
PuAl 0.086 20.336 20.135 20.348

L12
Pu3Al 20.049 20.278 20.148 20.257
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with the GGA vary only slightly from the LDA. Including
magnetic interactions leads to much more negative value
all prototype structures, the strongest variation being w
GGA ~see Table IV!. The effect of magnetic interactions is t
increase the stability of PuAl compounds in agreement w
experimental data.18 In the same way, the calculated volum
of the Pu3Al compound using the GGA and ferromagnet
order, i.e.,V>24 Å3/atom, is in close agreement with th
experimental value,V>23 Å3/atom, keeping in mind tha
the ground state structure of the Pu3Al compound is only a
slight tetragonal distortion of theL12

structure.
In Figs. 1–3 we report the formation energies of thefcc

superstructures as well as the formation energies of theC15,
C32, andD019 structures. As seen in Sec. I, the Pu-In pha
diagram is characterized by the occurrence of theL12

and

L10
structures as ground states while in the Ga-rich side

the Pu-Ga system, theC32 andD019 structures are the mos
stable structures. In the Al-rich side of the Pu-Al system,
C15 structure is the ground state while a more complex h
agonal structure thanD019 is found to be the most stabl

FIG. 1. Formation energies of Pu-Al alloys for several structu
using the GGA1spin polarization.

FIG. 2. Formation energies of Pu-Ga alloys for several str
tures using the GGA1spin polarization.
9-3
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structure for the PuAl3 compound. For simplicity, theD019
structure is kept as an hexagonal prototype structure. F
Fig. 3, Pu3In in the L12

structure, PuIn in theL10
structure

and PuIn3 in L12
structure are found to be the ground sta

On the contrary, by comparing the stability of all the studi
structures in the Pu-Ga system, PuGa2 in the C32 structure
and PuGa3 in the D019 structure are found to be the mo
stable phases in the Ga-rich side~Fig. 2!. At the end, in the
Pu-Al system, PuAl2 in the C15 structure and the prototyp
hexagonalD019 structure are the most stable phases in
Al-rich side ~Fig. 1!. All the present results are in agreeme
with the experimental facts~Table I! and we can conclude
that both the GGA and ferromagnetic order are able to rep
duce the different structural hierarchies observed in the th
systems.

In order to gain insight at the microscopic level into t
phase stability of Pu(12x)Mx compounds we inspect the pa
tial densities of states~DOS! of Pu3Al PuAl, and PuAl3 com-

FIG. 3. Formation energies of Pu-In alloys for several structu
using the GGA1spin polarization.

FIG. 4. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.
07510
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pounds in Figs. 4, 5, and 6, respectively. The total DOS
decomposed into contributions from each angular mom
tum channel of the constituent atoms. The DOS ofd pluto-
nium calculated near the equilibrium volume is reported
comparison~Fig. 7!. For d plutonium, the main difference
between the LSDA19 and spin polarized GGA is a split of 5f
states which appears when the gradient correction term
taken into account. In the compounds, although the DOS
dominated by these split 5f bands, the binding properties ar
mainly governed by hybridization between 6d and 5f states
for Pu and 3s and 3p states for aluminum.

With respect to the DOS ofd plutonium the energy range
calculated in PuAl compounds is expanded towards low
ergies: the bottom of the valence band is located around 4
below the Fermi level for plutonium, 7 eV for Pu3Al, 7.8 eV
for PuAl and 9 eV for PuAl3 . The most striking feature is the
presence of a gap in the bottom area of the DOS and
concentration-dependent location and width. Moreover p

s

FIG. 5. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.

FIG. 6. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.
9-4



in
A

e
c

ur

s
n

om

s-
y

.
at
if

m

f
rla
d

e-
st
th

-

om
n
a

th
th

ady
p
In

l
a-
e
ys

-
e-

dy

e e

e

STRUCTURAL STABILITY OF Pu12xMx (M5Al, Ga . . . PHYSICAL REVIEW B 68, 075109 ~2003!
tonium 5f states become more and more localized with
creasing aluminum concentration. Depending on the
amount, an overlap of 3p states of Al and 6d states of Pu is
observed.

As a starting point, the bonding effects could be analyz
on the basis of the local first-neighbor environment of ea
atom. For plutonium rich compounds, aluminum is only s
rounded by plutonium atoms. As the 3s states are only
weakly hybridized with Pu states, this 3s states become
localized in an atomiclike configuration leading to an ope
ing of a gap in its originally metallicspstates. This feature is
enhanced by a greater first-neighbor distance in the c
pounds (dAl-Pu53.24 Å in Pu3Al) than in pure aluminum
(dAl-Al 52.86 Å). Then the gap is smaller in PuAl and di
appears in PuAl3 , as aluminum is now mainly surrounded b
other Al atoms, restoring the metallicsp band character
Moreover, for the three compounds, the gap width is gre
for spin down channel than for spin up channel due to d
ferent spin-polarized 3pAl-6dPu bands.

In a similar way, plutonium neighboring governs the co
petition between 3pAl-6dPu and 6dPu-5 f Pu interactions and
the localization of 5f bands. In Pu3Al, plutonium is mainly
surrounded by plutonium atoms and a strong 6d-5 f hybrid-
ization leads to a broad 5f band. In PuAl3 , the absence o
Pu-Pu first-neighbors interactions leads to a weaker ove
of plutonium 6d and 5f orbitals and then to more localize
5 f states.

In order to summarize, hybridization effects b
tween Al and Pu are governed by three kinds of fir
neighbor interaction competitions depending on
Al amount: Pu(5f )-Pu(6d), Al(3p)-Pu(6d) and
Al(3s,3p)-Al(3s,3p) interactions. All these features still ex
ist in the more complex structures as theC15,C32 andD019
ones. Let us mention that our results are quite different fr
those of Ref. 5, since their calculated LDA DOS are no
magnetic ones. However, it may be emphasized that the m
effect of spin polarization is to push the occupied 5f and 6d
states to lower energies. Therefore, hybridization with
wide Al-sp band occurs at lower energies which explains

FIG. 7. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.
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more negative formation energies as seen in Table IV.
The partial DOS for Pu3Ga and Pu3In are reported in

Figs. 8 and 9. They display the same general trends alre
observed in Pu3Al. The main difference comes from the ga
widths: respectively 0.5, 1.5, and 1.0 eV for Al, Ga, and
compounds. The gap widths seem directly related tospbands
obtained at Pu3M volume for the pure metals. Although A
and In exhibit broad parabolicsp bands, Ga shows a separ
tion between 4s and 4p states around 2.5 eV below th
Fermi level. This behavior favors a larger gap in the allo
for which there is no first- neighbor Ga-Ga interaction.

IV. CONCLUSION

In this work, we have applied first-principles GGA FP
LAPW calculations with a ferromagnetic ordering to d
scribe formation energies of Pu(12x)Mx (M5Al, Ga, and In!
compounds. The validity of these approximations, alrea

FIG. 8. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.

FIG. 9. l-projected DOS near theoretical equilibrium volum
using the GGA1spin polarization. The Fermi level is set at 0.
9-5
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used ford plutonium,9–11 was successfully checked for the
compounds. We have shown the weak effect of spin-o
coupling on formation energies, the main effect being due
the ferromagnetic-type ordering.

The bonding properties and chemical stability were d
cussed on the basis of densities of states. As a consequ
of local atomic environment, structural stability is govern
by the competition between Pu(5f )-Pu(6d), M (p)-
Pu(6d), and M (s,p)-M (s,p) interactions. In the near fu
ture, we plan to carry on calculations of several ordered co
pounds all based on afcc underlying structure in order to
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