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Structural stability of Pu ;_,yM, (M=Al, Ga, and In) compounds
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We present results on the structural stability of;PyM, (M =Al,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 addjtignialcal 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 gdtrong

hybridization.
DOI: 10.1103/PhysRevB.68.075109 PACS nuni®er71.15.Ap, 71.15.Nc, 74.70.Ad
. INTRODUCTION ture for PuGg compound are found to be energetically more

favorable than theL12 structure. Therefore, it seems to be

The actinides series in the periodic table, is CharaCterizeﬁnportant to compare the stability of th@15, C32, and
by a progressive filling of the f5shell. It can be divided into D0, structures with superstructures occurring onftreat-
two sub-series: light actinide®a to Np which present 5 ;.o
delocalized states, and heavy actinidée to Lw) with 5f We have undertaken such calculations in the framework
localized states. The light actinides have bondirfgeec-  f first-principlesDF T studies. Although standard local den-
trons ar_1c_i exhibit a band character S|m|Iar_ to thelectrons sity approximation(LDA) energy calculations give accurate
in transition metals. In contrast, heavy actinides show Iocal'results for aluminum, gallium, and indium, the LDA fails to
ized nonbonding & electrons rather similar to thef4elec- reproduce the equilibrium properties 6fplutonium and to

trons in lanthanides. ; : o
Plutonium metal is located at the boundary between thes%\r/]?uamn iﬂ%g?gﬁ:?b'I:g;ic;]reghﬂaf/c;mbzoeunnﬂizoijg::gm t o
two different subseries, and this peculiar location results in ' P P

specific properties such as numerous allotropic form 0 beyond the LDA Rec_ently the LDA'LU. approach has
(a,B,7,6,8',€). Some have very complex open structures een _suc%essfully applied to de_termlne its structural
(a and B: monoclinig and others close-packed structutgs properties: Nevertheless, as the adjustable Hubbarga-
tetragonal ands and &' cubic). rameter.has been defmeq for the peculiar cas@ﬂ this
The cubic delta phase is ductile and this property makes jiéthod is less attractive in the case of alloys with unknown
convenient for engineering applications. As this phase is onljnd variable degrees of Socalization from one phase to the
stable from 593 to 736 K, it is stabilized at room temperatureother.
by small additions of alloying elements like the 1IB metals At the same time, Wang and Slobtained a correct equi-
Al (Ref. 2 and Ga’ Others metals like IitiRef. 4 extend the  librium volume of &-Pu by using the generalized gradient
range of stability of theS phase and retain it in a metastable approximation(GGA) and by considering an antiferromag-
state at room temperature under rapid cooling from high temnetic alignment of spins. Using the GGA with corrections for
peratures. From phase diagrams considerations, it is cleapin-orbit coupling and orbital- polarization effects,dgo-
that the stability of thes phase depends on those of thelind and co-worker¥!! investigates several magnetic con-
PuM (M =Al,Ga,In) compounds. A starting point towards a figurations including models for a disordered magnetic struc-
better understanding of the role of each substituted elemefigre. The more energetically favorable structure was obtained
on the Stablllty ofd plutonium is the calculation of formation for the antiferromagnetic type-| Ordering and random order-
energies of P4M compounds. Particularly, the Pu-In phaseing. An intra-atomic noncollinear magnetism was been con-
diagram is qualitatively simple to understand. It can besjgered in plutonium by Nordstno and Singh-2
viewed as t_he occurrence of ordered compounds based on the Independently on the real physical meaning of magnetism
fec underlying lattice, namely, the Bim and the Pulgcom- i, by ;1onjum which is yet an open question, the introduction
pounds in thel,, structure and the Puln compound in the o¢ maanetic ordering in calculations leads to major improve-
Ly, structure. The Pu-Ga and Pu-Al phase diagrams are moli@ents in comparison to the standard nonmagnetic LDA or
complex(see Table)l If the PyAl and PyGa compounds GGA results. In this paper, we apply this approach to the
are essentially isostructural to the  structure with a slight  study of the structural stability of P, )M, compounds and
tetragonal distortion, new ground-state structures appear it® check its ability to reproduce the major trends of Mu-
the M-rich side, namely, theC15 and C32 structures for (M =Al,Ga,In) phase diagrams as discussed above. As anti-
PuAl, and PuGg, respectively(see Table)l. Moreover, for  ferromagnetic configurations are difficult to generate in com-
PuM ; compounds, hexagonal structures like h@,q struc-  plex alloy structures, we chose to perform all of our alloy

0163-1829/2003/68)/0751096)/$20.00 68 075109-1 ©2003 The American Physical Society



G. ROBERT, A. PASTUREL, AND B. SIBERCHICOT PHYSICAL REVIEW B8, 075109 (2003

TABLE |. Experimental structures from Refs. 1-4. Sgfba tetragonal distortion d112 Strukturbericht
which leads tolg, .

Unit Cell DimensiongA)

Structure Struktur-
Phase Type Symmetry bericht a b c
PuAl SrPby Tetragonal Ls, 4.499 4.499 4.538
PuAl CsCl Cubic Al12 10.769 10.769 10.769
PuAl, Cu,Mg Cubic C15 7.874 7.874 7.874
PuAl; PuAl Hexagonal C36 6.084 6.084 14.427
PwGa¢ AuCug Cubic Ly, 4.507 4.507 4.507
PuGa Tetragonal L10 6.640 6.640 8.066
PuGa AlB, Hexagonal C32 4.258 4.258 4.138
PuGa NizSn Hexagonal DO0yq 6.300 6.300 4514
PwIn AuCug Cubic Ly, 4.702 4.702 4.702
Puln AuCu Tetragonal L10 4.811 4.811 4.538
Pulrg AuCug Cubic Ly, 4.607 4.607 4.607

calculations with a simple ferromagnetic ordering includingence in radius is related to a shorter distance between first
pure 5-Pu. neighbors atoms in this peculiar structure. Nevertheless as
In Sec. Il the details of the electronic structure calcula-written above, these differences have no influence on final
tions are presented. Section Il contains the results and thefesults. Finally we use#,,,R=10 for planes waves con-
discussion. A brief summary and the conclusions of thisvergencgwhereR,, is the atomic sphere radius, akg.yis
work are given in Sec. IV. the plane wave cutoffand a cutoff energ¥,,; in second-
variational-step equals 60 eV for spin-orbit coupling.

II. COMPUTATIONAL DETAILS

The electronic structures and total energies are calculated Ill. RESULTS AND DISCUSSION

using the all-electron full-potential linear augmented plane- As already mentioned in Sec. |, magnetic interactions
wave (FP-LAPW) method™® The self-consistent calculations coupled with the GGA improve the structural properties of
are performed with a fully relativistic treatment of the core 5-Pu. In a first step, we tested the influence of different ap-
states and a scalar-relativistic treatment including spin-orbit

coupling (SOQ for the valence states. The generalized gra-  TABLE I1. Experimental and theoretical results for equilibrium
dient approximation GGARef. 14 is used and magnetic volume of 5-Pu.

configurations are taken into account. The basis sets are
standard and include &, 6p, 7s, 7p, 6d, and 5 partial  Element  Approximation Theoretical results ~Experimental
waves for Pu, 8 and 3 for Al, 3d, 4s, and 4 for Ga, and used results

4d, 5s, and 5 for In.

It has been shown that such a method used in the frame- LSDA GGA
work of scalar-relativistic treatment including spin-orbit in- py fcc nonmagnetic ~ 16.59 18.05
teraction introduces a sensitivity of equilibrium properties without SOC
with respect to muffin-tin radii. To suppress this dependencey fcc ferromagnetic ~ 19.34 27.80 24.99
which originate from the missing qgb,, radial basis func- without SOC
tions, the new extension developed by Kueesl!®is used. Pu fcc nonmagnetic 17.59 19.60
Additional p4/, local orbitals are included in the basis set. with SOC
Then this set is well adapted to a correct treatment pf 6 py fcc ferromagnetic ~ 18.19 25.51
semicore states modified by SOC. Moreover, in order to ob- with SOC
tain more flexibility in the radial basis functions and to de-py fcc  antiferromagnetic  19.41 23.47
crease the basis set size, new local orbitals (ARW) for with SOC
5f partial waves of Pu are includéd.
For DO;g, DO,,, L, , andL, structures(Strukturber- Al fce 1583 16.61 16
icht), we used 2 poin(%s in the i2rreducible Brillouin zone Ga fec 17.90 19.82 196
' " Infcc 2490  27.79 269

For 40 andC15 structures, we used &Qoints, 126k points
for C32, 189k points forL, , and finally 270k points for  aspy at 320 °C from Ref. 1.
S-plutonium. Bfrom Ref. 22.
All structures have been calculated with a muffin tin ra-C orthorhombic phase from Ref. 22.
dius of 2.5 Bohr excepted fa€32 (2.2 Bohp. This differ-  “etragonal phase witb/a=1.52 from Ref. 22.
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TABLE Ill. Formation energyEL, ,, using the LDA for B Plutonium Aluminium alloys %
. Hoxx Y Qrrer e e e e )
Pu-Al alloys (in eV/atom. AN /
F N\ / ]
o \ 7 3
non- ferro- non- ferro- -0.100 \\ La i
magnetic magnetic  magnetic magnetic : N ! 73
Element  without SOC without SOC with SOC with SOC 3 N PO / 3
B -0.200 DO, gen} /, E
Ly,PuAl;  0.068 ~0.269  -0.144 0283  § L8 / g
Ly PUAl 0.211 0239  —0.045 —0.231 % osmf- ~. / E
Ly PuAl 0.030 —0.159 -0.124  —0.136 - Sy v, / :
1 3 WO ‘Bpo,, ;
-0.400 \\\ * // E
K ~ / 3
proximations on the equilibrium properties of pusepluto- s }qg E
nium. The results are summarized in Table Il. The most _sef 3
stable configuration is obtained for an antiferromagnetic-type I TTUI TTIE TUUI ST PRI ST T T

configuration, followed by ferromagnetic orderA ( Y %

~0.2 eV/atom). Nevertheless in both cases the resulting net

magnetic moment per atom is weak due to a cancellation of FIG. 1. Formation energies of Pu-Al alloys for several structures
the spin moment by the orbital moment. Let us emphasiz&'sing the GGA-spin polarization.

that all the results are in complete agreement with previous
calculationg™ 11 with the GGA vary only slightly from the LDA. Including

For each compound, the total energies provided by théagnetic interactions leads to much more negative values of
LAPW method are obtained for different values of the vol-all prototype structures, the strongest variation being with
ume; let us mention that at each volume, each structure iISGA (see Table IV. The effect of magnetic interactions is to
optimized with respect to all degrees of freedom allowed byincrease the stability of PUAI compounds in agreement with
its space-group symmetry. A fit based on Murnaghan’s equa&xperimental dat# In the same way, the calculated volume
tion of state determines the equilibrium total energy and th@f the PyAl compound using the GGA and ferromagnetic
equilibrium volume. Since the total energies of the pure metorder, i.e.,V=24 A%atom, is in close agreement with the
als are treated in the same way, the formation energy of a@xperimental valuey=23 A%atom, keeping in mind that
alloy is obtained by substracting the weighted sum of totathe ground state structure of the Alicompound is only a
energies of the constituent elements from the total energy dflight tetragonal distortion of the;  structure.

the compounds: In Figs. 1-3 we report the formation energies of the
; min i i superstructures as well as the formation energies o€tt
Eryy M= Eryy oM, (LX) Epy +XEyT). C32, andD 0, structures. As seen in Sec. |, the Pu-In phase

. diagram is characterized by the occurrence of Iﬂig and
It should be noted that thfec structure is used for pure Ly, structures as ground states while in the Ga-rich side of

Pu, Al, Ga, and In even if the ground states of Pu and Ga arg,
- P : e Pu-Ga system, theé32 andDO0,4 structures are the most
different. Taking into account the orthorhombic structure for able structures. In the Al-rich side of the Pu-Al system, the

the Ga ground state lowers the relevant formation energies ) X
9 g 15 structure is the ground state while a more complex hex-

PuGa compounds by 0.1 eV/atom per Ga atom. X
As for & plutonium, we examine the consequences of di1E_agonal structure thad 0,4 is found to be the most stable

ferent approximations on formation energies of the prototype

Plutonium Gallium alloys

PWwAI, PuAl, and PuA}, compounds in the.; , L; , and Pnq(...,....,....,....,....,....,..,.,...t,,...,....;)G-
Ly, structures, respectivelysee Tables Il and Iy Total AN ¥E
energy calculations performed without magnetic interactions -o.100f \\ /3
but including spin-orbit coupling corrections lead to forma- E\ /’ E
tion energies of PJAl in good agreement with previous 02005_ AN ;3
results (see Table Ill. The formation energies calculated £ ] \\ La /
S E Y /
3 3 \ D /
TABLE IV. Formation energ)ELUl v using the approximation E.o.aoo;- ) Df,‘; 6 A E
—x"'x hl E
for Pu-Al alloys(in eV/atom. 2 W =0 /
o \\\ 40 * /I ]
-0.400 - 3
non- ferro- non- ferro- E RN / 3
magnetic magnetic  magnetic magnetic : ?‘:0- c1s ,Qlll;, 3
Element  without SOC without SOC with SOC with SOC -0.500f- By 3
Fi e bepei s wmnbe o elasees fa s oo s Lo aaee Fase s T o o
Ly, PuAl;  —0.046 -0.329  -0239 0362 o W BN e I
LlOPuAI 0.086 —0.336 —0.135 —0.348
lePu3A| —0.049 —0.278 —0.148 —0.257 FIG. 2. Formation energies of Pu-Ga alloys for several struc-

tures using the GGA spin polarization.
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P Plutonium Indium alloys In PuAl L, at Volume=22A*3/atom
(] ']
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FIG. 3. Formation energies of Pu-In alloys for several structures Energy (V)

using the GGA- spin polarization. FIG. 5. I-projected DOS near theoretical equilibrium volume

using the GGA-spin polarization. The Fermi level is set at 0.
structure for the PuAlcompound. For simplicity, th®049
structure is kept as an hexagonal prototype structure. Fromounds in Figs. 4, 5, and 6, respectively. The total DOS are
Fig. 3, Puyln in the L4, structure, Puln in thd:_lo structure  decomposed into contributions from each angular momen-

and Pulg in L, structure are found to be the ground state.!U™ channel of the constituent atoms. The DOSyqfluto-

. . . .nium calcul near th ilibrium volume is reported for
On the contrary, by comparing the stability of all the studied lum calculated near the equilibrium volume is reported fo

. comparison(Fig. 7). For § plutonium, the main difference
structures in the Pu-Ga system, Py@athe C32 structure o : : . :
and PuGa in the D0O4g structure are found to be the most between the LSDA and spin polarized GGA s a split off5

stable phases in the Ga-rich sidiig. 2). At the end, in the states which appears when the gradient correction term is

i taken into account. In the compounds, although the DOS are
Pu-Al system, PuAlin the C15 structure and the prototype dominated by these splitfShands, the binding properties are

hexagonalD 0,4 structure are the most stable phases in th%ainly governed by hybridization betweenl @nd 5 states
Al-rich side (Fig. 1). All the present results are in agreementfor Pu and 3 and 3 states for aluminum

with the experimental factéTable ) and we can conclude . .
that both the GGA and ferromagnetic order are able to repro- With respect to the DOS of plutonium the energy range

. . X . calculated in PuAl compounds is expanded towards low en-
g;sctzrtr?se different structural hierarchies observed in the thregrgies: the bottom of the valence band is located around 4 eV

In order to gain insight at the microscopic level into the below the Fermi level for plutonium, 7 eV for B, 7.8 eV
049 9 P for PuAl and 9 eV for PuA{. The most striking feature is the
phase stability of Py ,)M, compounds we inspect the par-

. . presence of a gap in the bottom area of the DOS and its
tial densities of stateD0S) of PiAl PUAl, and PuAk com- concentration-dependent location and width. Moreover plu-

PulAIL, at Volume=24A*3atom PuAld Ll' at Volumes20A A¥/atom
3
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FIG. 4. I-projected DOS near theoretical equilibrium volume  FIG. 6. |-projected DOS near theoretical equilibrium volume
using the GGA-spin polarization. The Fermi level is set at 0. using the GGA- spin polarization. The Fermi level is set at 0.

075109-4



STRUCTURAL STABILITY OF Py_,M, (M=Al, Ga... PHYSICAL REVIEW B 68, 075109 (2003

Plutonium at Volume=24A*¥atom PuiGa Ll‘ at Volume=24A*3/atom
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FIG. 7. I-projected DOS near theoretical equilibrium volume g1 g |-projected DOS near theoretical equilibrium volume
using the GGA-spin polarization. The Fermi level is set at 0. using the GGA-spin polarization. The Fermi level is set at 0.

tonium 5f states become more and more localized with in-
creasing aluminum concentration. Depending on the Al
amount, an overlap of 3 states of Al and @ states of Pu is

ore negative formation energies as seen in Table IV.
The partial DOS for PyGa and Pgin are reported in
Figs. 8 and 9. They display the same general trends already

observed. . 2
. : . bserved in P4Al. The main difference comes from the gap
As a starting point, the bonding effects could be analyzeo\cl)vidths: respectively 0.5, 1.5, and 1.0 eV for Al, Ga, and In

on the basis of the local first-neighbor environment of each . :
atom. For plutonium rich compounds, aluminum is only Sur_compounds. The gap widths seem directly relatespoands

rounded by plutonium atoms. As thes 3states are only obtained at P4M volume for the pure metals. Although Al

weakly hybridized with Pu states, thiss 3tates becomes Sgg It?e(tav)\(/zlg: Zr?;% pgagglttzb:gisn’ ng ;hg\v/vsb?eks)svp?rr]z
!ocalized in an_aton_wi(_:like configu_ration Ieading toan Op.en_Fermi level. This behavior favors a Iarger. gap in the alloys
ing of a gap in its originally metallisp states. This feature is for which there is no first- neighbor Ga-Ga interaction

enhanced by a greater first-neighbor distance in the com- '

pounds @a.p,=3.24 A in PyAl) than in pure aluminum

(daa =2.86 A). Then the gap is smaller in PuAl and dis- IV. CONCLUSION
appears in PuA)|, as aluminum is now mainly surrounded by
other Al atoms, restoring the metallisp band character.
Moreover, for the three compounds, the gap width is great
for spin down channel than for spin up channel due to dif-
ferent spin-polarized 8, -6dp, bands.

In a similar way, plutonium neighboring governs the com-
petition between B, -6dp, and &p5fp, interactions and
the localization of  bands. In PgAl, plutonium is mainly 3
surrounded by plutonium atoms and a strorty ®f hybrid- 0sf SPINUP
ization leads to a broadf5band. In PuA{, the absence of
Pu-Pu first-neighbors interactions leads to a weaker overlafg 04f
of plutonium & and 5f orbitals and then to more localized 3
5f states.

In order to summarize, hybridization effects be-
tween Al and Pu are governed by three kinds of first- E
neighbor interaction competitions depending on the.s 02F
Al amount: Pu(5)-Pu(ed), Al(3p)-Pu(ed) and g f--Ins
Al(35s,3p)-Al(3s,3p) interactions. All these features still ex- §4m E _— Pud
ist in the more complex structures as tb&5,C32 andD 0,4
ones. Let us mention that our results are quite different from g 0 po
those of Ref. 5, since their calculated LDA DOS are non- E g
magnetic ones. However, it may be emphasized that the maii “**s r 3 0 3
effect of spin polarization is to push the occupieddnd &
states to lower energies. Therefore, hybridization with the FIG. 9. I-projected DOS near theoretical equilibrium volume
wide Al-sp band occurs at lower energies which explains theusing the GGA- spin polarization. The Fermi level is set at 0.

In this work, we have applied first-principles GGA FP-
eI,,APW calculations with a ferromagnetic ordering to de-
scribe formation energies of Ru,yM, (M=Al, Ga, and In
compounds. The validity of these approximations, already

Pulln L, at Volumex26A3/atom
2

08 pr—r T

AAALALLA

02f

States N (states /eV ai

Energy (eV)
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used fors plutonium?~**was successfully checked for these perform an accurate Ising-like cluster expanéfoand to
compounds. We have shown the weak effect of spin-orbittudy the stability of theS phase as a function of temperature
coupling on formation energies, the main effect being due tand compositiot*

the ferromagnetic-type ordering.

The bonding properties and chemical stability were dis-
cussed on the basis of densities of states. As a consequence
of local atomic environment, structural stability is governed
by the competition between Pu{(}Pu(&d), M(p)- The authors wish to thanks F. Bouchémstitut des Ma-
Pu(6d), and M(s,p)-M(s,p) interactions. In the near fu- tériaux Jean Rouxel, Nanteand P. NovaKInstitute of Phys-
ture, we plan to carry on calculations of several ordered comics, Praha B for their advices concerning the use of the
pounds all based on fzc underlying structure in order to WIEN2K code and for fruitful discussions.
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