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INTRODUCTION

The existence of six crystallographic allotropes from room temperature up to the solid- 
liquid transition just above 913 K at atmospheric pressure makes solid Plutonium unique 
among the elements in the periodic table. Among these phases (labeled a, p, y, 8, 8’, and e), 
the 8 phase, stable between 593 K and 736 K, has commanded considerable interest in the 
metallurgical and solid state communities1. In contrast to the low-temperature monoclinic a 
phase, which is brittle, the face-centered cubic (fee) 8 phase is ductile, a property that 
makes it convenient for engineering applications. This phase can also be stabilized through 
alloying with a number of other elements such as Ga, Al, Sc, and Am.

The low-symmetry and small atomic volume of the low-temperature phases of U, Np, 
and Pu is attributed to the role played by the/-electrons in determining the bonding in these 
materials. The unusually large 24 % volume increase in going from the a to the 8 phase of 
Pu2>3 has been argued on phenomenological grounds to be the result of decreased / 
bonding. Many attempts have been made to study this transition from the point of view of 
first-principles electronic structure calculations4"7.

These calculations have been carried out within the framework of density-functional 
theory (DPT) and its local-density approximation (LDA), as well as the generalized gradient 
approximation (GGA)4 designed to account for non-local effects of the electron density. In 
spite of these attempts, a fundamental understanding of the electronic structure properties of 
Pu, and the mechanisms responsible for the 8 to a volume collapse is still lacking. As a 
direct consequence of this lack of understanding, the phase stability properties of Pu alloys 
are still poorly described from a fundamental standpoint10"12. For example13-14, the 
solubility limits of Ga in 8 and e Pu (respectively 12.5 and 20 at.%), and the definite 
tendency toward ordering and phase formation (with the existence of six intermediate 
phases stable at room temperature) still need to be explained.

This paper briefly reports on a study of the electronic structure of Pu and Pu-Ga alloys 
that is designed to examine directly the effect of the electron-electron interaction on the 
equilibrium properties and on stability of these systems. As part of this study, the 
electronic structure and ground-state properties of Pu and Pu-Ga alloys were calculated 
using the LDA, a constrained version of the LDA in which the /-electrons were confined to 
core states, and finally the so-called LDA+U method. Although essentially 
phenomenological, this latter treatment sheds some light on the role of the partially localized 
/-electrons on properties. It also emphasizes the need for an ab initio treatment that



accounts not only for spectral properties, but also for equilibrium properties, phase 
stability, and energetics of correlated metals and alloys.

METHODOLOGY 

Electronic-structure method

The electronic structure calculations are based on the full-potential linear-muffin-tin- 
orbital (FLMTO) method15, which includes non-spherical terms within the muffin-tin 
spheres. The calculations provided a fully relativistic treatment of electrons in core states, 
while valence electrons were treated semi-relativistically, but with spin-orbit coupling taken 
into account. The form proposed by Ceperley and Alder16 and parametrized by Perdew 
and Zunger17 was used for the exchange-correlation potential.

The basis sets include the 6s, 6p, 7s, 7p, 6d, and 5f partial waves for Pu and 3d, 4s, 
4p, and 4d for Ga. Three energy panels were characterized by three different k values set 
to the average kinetic energy in the interstitial region. In the case of Pu-Ga alloys, two of 
these panels (iq and xq) were associated with the semi-core states, 6s and 6p, and the third 
(K3) with the valence states, 7s, 7p, 6d, and 5f of Pu, whereas for Ga K2 and K3 were 
associated with 3d, and 4s, 4p, and 4d, respectively. The muffin-tin potential and the 
charge density were expanded in spherical harmonics up to an angular momentum /=8. A 
reciprocal-lattice vector cutoff of dap1 (where ap is the Bohr radius) was used, and the 
integrations over the Brillouin zone were carried out according to a special k-point 
method18. Specifically, in the irreducible wedge of the Brillouin zone, 56 k-points were 
used for fcc-based Pu and Ga, and 60 (75) k-points for the LI2 (Lip) ordered structures 
Pu3Ga and PuGas (PuGa). In these calculations atomic relaxations were ignored and 
equilibrium properties were obtained by minimizing the total energy with respect to the 
atomic volume. The muffin-tin radii of Pu and Ga were chosen so that in the pure 
elemental systems as well as in the compounds the ratio of the interstitial volume over the 
total volume was kept constant.

Constrained LDA

It is generally accepted that the unique properties of Pu and its alloys derive from the 
behavior of the 5/-electrons and their hybridization to the other valence states. For 
example, the more these “localized” electrons contribute to the bonding, the higher the 
density of the material. To examine this property, we considered the extreme case in which 
all 5/-electrons were constrained to occupy core states with no /-symmetry allowed for the 
valence states.

The LDA+U method

The so-called LDA+U method is designed to correct in a phenomenological way for the 
treatment of the Coulomb interaction among the “localized” electrons that is accounted for 
rather poorly within the LDA. This methodology has been described in detail in the 
literature19"21. In its simplest form, one assumes that the LDA provides a correct treatment 
of the electron-electron interaction in terms of the total number (N) of electrons, here the 5/- 
electrons. Hence, one can write an expression for the total-energy functional through the 
addition of a Hubbard-like term with a renormalized Coulomb interaction parameter U (here 
for simplicity the Coulomb exchange term is dropped along with non-spherical terms) as 
follows,

E = ELDA-fN(N-l) + ^X"i").

where Elda is the usual total electron energy of the ground state, and rq is the number of 
localized electrons in state i. The value of U can be estimated from constrained LDA-type 
supercell calculations22, according to

U = E(nf +1) + E(nf -1)-2E(nf).



The energy E(ns- + 1) [E(nf-l)] associated with a configuration containing one more (one 
less) / electron is obtained within LDA by considering a supercell based here on a fee 
lattice, with one of the simple-cubic sublattices occupied by nf +1 (nf -1) /-electrons (the 
other valence electrons being undisturbed).

RESULTS

Figure 1 shows the total densities of states (DOSs) of fcc-based (5) paramagnetic Pu 
obtained in the LDA, panel (a), in the constrained LDA, panel (b), and in the LDA+U 
scheme, panel (c), with a value of (7=3.2 eV, at the same lattice parameter, a=8.7 a.u. The 
DOS of the LDA is dominated by the 5/contribution. The 5/ DOS is mainly composed of 
two peaks associated, respectively, with the 5/5/2 and 5/7/2 states, and with a Fermi energy 
lying in a valley between these two peaks, as has been found in previous calculations5. 
The constrained LDA DOS, with the five 5/-electrons treated as core states, consists 
primarily of contributions of s, p, d character, with the Fermi level located on a peak in the 
DOS. Finally, the LDA+U yields a DOS in which the/-electrons of 5/2 symmetry are 
partially localized as a result of the presence of U. It should be pointed out that 
experimentally the coefficient of the linear term in the specific heat suggests a high DOS at 
the Fermi level that is not found in these calculations.
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Figure 1. Total DOSs for fee Pu as 
calculated within the LDA, panel (a), the 
constrained LDA described in the text, 
panel (b), and an implementation of the 
LDA+U method with (7=3.2 eV, panel (c). 
The partial/-, d-, and /-projected DOSs are 
shown with dotted lines in panels (a), (b), 
and (c), respectively.
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The variation of U with the fee lattice constant is presented in Fig. 2(a). This behavior 
is compatible with the fact that at small lattice constant the system is expected to behave as a 
Fermi gas, where the LDA provides an accurate description of the electronic behavior, 
whereas with increased expansion the U approaches a “screened atomic” value. Figure 
2(b) shows the behavior of the equilibrium lattice constant as a function of (/. This is



consistent with the expectation that a large U results in the localization of the/-electrons and 
hence a larger atomic volume.

The total energy versus volume for fcc-based Pu, calculated in the three different 
schemes outlined above, is displayed in Fig. 3. The volume shown is normalized to the 
LDA result. The usual IDA calculation yields an atomic volume in accordance with 
previous results4 that is much smaller than what is observed experimentally. It also leads 
to a value of the bulk modulus of about 240 GPa, which is almost five times larger than the 
experimental value. On the other hand, the constrained LDA calculations provides a rather 
accurate value for the equilibrium volume and improves substantially the calculated bulk 
modulus, which now equals 96 GPa.
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Figure 2. Variation of U with lattice parameter, panel (a), and equilibrium lattice constant as 
a function of U for fcc-based Pu.

Regarding the LDA+U results, the calculations give values for the equilibrium volume 
and the bulk modulus which are close to those of the constrained LDA. These calculations 
were performed by varying U for each lattice parameter according to the behavior exhibited 
in Fig. 2(a). Although the constrained LDA and the LDA+U results display an evident 
similarity the former correspond to a higher ground-state energy. Moreover, we note that 
the LDA+U results derive from a self-consistent treatment of the on-site Coulomb 
interaction between the /-electrons and are not a simple translation downward by U of the 
constrained LDA results.

Constrained LDA
-OO OO o—°*

LDA+U

J___I___I___L j_i_L

Figure 3. Total energy vs. normalized volume for fcc-based Pu calculated within the LDA 
(dotted line), the constrained LDA described in the text (dashed line), and the LDA+U 
scheme with varying U as explained in the text (solid line).



Finally, we report on calculations of the energetics of stoichiometric Pu-Ga alloys. To 
estimate the alloy mixing energies, we consider a hypothetical fcc-based Ga solid. Here, 
LDA calculations lead to an equilibrium lattice constant of 7.831 a.u. that is consistent with 
the equivalent lattice constants of 8.086 and 7. 805 a.u. one derives, respectively, from the_ 
two observed complex structures oC8 and tI2 (in Pearson notation) of Ga. In addition, the 
calculated bulk modulus of 58.2 GPa is consistent with the experimental fact that Ga is 
extremely soft with a melting point close to room temperature.

Calculated energies of mixing of Pu-Ga alloys for the three ordered structures, namely 
LI] of CugAu type for PugGa and PuGag and L1q of CuAu-I type for PuGa, are shown in 
Fig. 4. Here, the dotted curve corresponds to an LDA calculation, the dashed curve to the 
constrained LDA, and the solid curve to LDA+U. We note that the LDA results fail to 
explain the definite tendency toward phase formation and chemical order exhibited by this 
alloy system. On the contrary this tendency is clearly reflected in both the constrained LDA 
and the LDA+U results. These results will be used as a basis for further analysis of the 
stability and chemical ordering trends in Pu-Ga alloys.
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Figure 4. Energies of mixing of Pu-Ga alloys vs. Ga concentration at zero temperature 
within the LDA (dotted line), the constrained LDA described in the text (dashed line), and 
the LDA+U scheme with varying U as explained in the text (solid line).

CONCLUSIONS

The work briefly reported here represents an attempt to understand at the fundamental 
level the electronic origins of the equilibrium and phase stability properties of Pu and Pu- 
Ga alloys. As expected, the results clearly indicate that for systems in which electron- 
electron correlations are known to be important, the LDA fails to provide an accurate 
description of the electronic structure and related properties. Some improvement can derive 
from constrained LDA calculations and from the application of the LDA+U method. 
However, the former of these leads to an unacceptably large ground-state energy, while the 
phenomenological nature of the second precludes a fundamental understanding at the ab 
initio level. In addition, the LDA+U also leads to values of the linear coefficient of the 
electronic specific heat that are far from experimental values (although the calculations 
neglect such physical effects as electron-phonon coupling which may be playing an 
important role in these systems). Also, effects associated with possible magnetic behavior 
are neglected23. At the same time, the LDA+U calculations lend support to the long-held 
view that the properties of Pu and its alloys are closely tied to the behavior of its /- 
electrons. As already alluded'to above, they further increase the motivation to search for a 
predictive theory of correlated-electron systems that properly describes not only 
spectroscopic properties but also energetics at equilibrium and phase stability properties.



ACKNOWLEDGMENTS

This work has been performed under the auspices of the U. S. Department of Energy 
by the Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48. 
The work at California State University was supported through the National Science 
Foundation under Grant No. DMR-9531005, the Materials Research Institute at LLNL, 
and the Parsons Foundation. The work at West Virginia University was supported by the 
U. S. Department of Energy under Grant No. DE-FG07-97ER-45671.

REFERENCES

1. F. L. Getting, M. H. Rand, and R. J. Ackermann, The Chemical Thermodynamics of 
Actinide Elements and Compounds, Part 1: The Actinide Elements, F. L. Getting, V. 
Medvedev, M. H. Rand, and E. F. Westrum, Jr., eds., International Atomic Energy 
Agency, Vienna (1976), and references therein.

2. F. H. Ellinger, Crystal structure of delta-prime and the thermal expansion 
characteristics of delta, delta-prime, and epsilon plutonium, Trans. AIME 206, 1256 
(1956).

3. W. H. Zachariasen and F. H. Ellinger, The crystal structure of alpha plutonium 
metal, Acta Cryst. 16, 111 (1963).

4. Per Soderlind, O. Eriksson, B. Johansson, and J. M. Wills, Electronic properties of 
f-electron metals using the generalized gradient approximation, Phys. Rev. B 50, 
7291 (1994), and references therein.

5. Olle Eriksson, L. E. Cox, B. R. Cooper, J. M. Wills, G. W. Fernando, Y. G. Hao, 
and A. M. Boring, Possibility of a 5-like surface for a-Pu: Theory, Phys. Rev. B 46,
13576 (1992).

6. M. Penicaud, Electron localization in the series of actinide metals. The cases of 5-Pu 
and Es, J. Phys. Condens. Matter 9, 6341 (1997).

7. J. van Ek, P. A. Steme, and A. Gonis, Phase Stability of Plutonium, Phys. Rev. B
48, 16280 (1993).

8. P. Weinberger, A. M. Boring, and J. L. Smith, Electronic structure of d-plutonium 
and of single Al, Ga, and Sc impurities in 5-plutonium, Phys. Rev. B 31, 1964
(1985).

9. P. Weinberger, A. Gonis, A. J. Freeman, and A. M. Boring, Electronic structure of 
Pu-rich PuxAli.x alloys, Phys. Rev. B 31, 1971 (1985).

10. J. D. Becker, J. M. Wills, L. Cox, and B. R. Cooper, Electronic structure of Pu 
compounds with group-IIIB metals: Two regimes of behavior, Phys. Rev. B 54,
R17265 (1996).

11. J. D. Becker, B. R. Cooper, J. M. Wills, and L. Cox, Calculated lattice relaxation in 
Pu-Ga alloys, J. Alloys Comp. 271-273, 367 (1998).

12. J. D. Becker, J. M. Wills, L. Cox, and B. R. Cooper, Calculated lattice relaxation in
Pu-Ga, Rev. R 58, 5143 (1998).

13. F. H. Ellinger, C. C. Land, and V. O. Struebing, The plutonium-gallium system, J.
AW. Mat. 12, 226 (1964).

14. Phase Diagrams of Binary Actinide Alloys, M. E. Kassner and D. E. Peterson, eds., 
ASM International, Materials Park, OH (1995).

15. D. L. Price and B. R. Cooper, Total energies and bonding for crystallographic 
structures in titanium-carbides and tungsten-carbides, Phys. Rev. B 39,4945 (1989).

16. D. M. Ceperley and B. J. Alder, Ground-state of the electron gas by a stochastic 
method, Phys. Rev. Lett. 45, 566 (1980).

17. J. P. Perdew and A. Zunger, Self-interaction correction to density-functional 
approximations for many-electron systems, Phys. Rev. B 23, 5048 (1981).

18. D. J. Chadi and M. L. Cohen, Special points in the Brillouin zone, Phys. Rev. B 8,
5747 (1973).

19. I. V. Solovyev, P. H. Dederichs, and V. I. Anisimov, Corrected atomic limit in the 
local-density approximation and the electronic structure of d impurities in Rb, Phys. 
Rev. B 50, 16861 (1994), and references therein.



20. B. R. Cooper, S.-P. Lim, I. Avgin, Q. G. Sheng, and D. L. Price, Trade-off 
between increased size and increased broadening of magneto-optic effects in cerium 
and uranium systems, J. Phys. Chem. Sol. 56, 229 (1995).

21. D. L. Price, B. R. Cooper, S.-P. Lim, and I. Avgin, A variation of the LDA+U 
method appropriate to/-state localization: Application to magneto-optical properties, 
to be published in Phys. Rev. B (1999).

22. N. Kioussis, B. R. Cooper, and J. M. Wills, Magnetic instability with increasing 
hybridization in cerium compounds, Phys. Rev. B 44, 10003 (1991).

23. S. Meot-Reymond and J. M. Fournier, Localization of 5f electrons in 8-plutonium: 
Evidence for the Kondo effect, J. Alloys Comp. 232, 119 (1996).


