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Bulk and Surface Electronic Structure of Actinide, Rare Earth, and Transition 

Metal Elements and Compounds 

John M. Wills* and OUe Eriksson (Uppsala University, Sweden) 

Abstract 

This is the final report for a three-year, Laboratory Directed Research and 
Development (LDRD) project at the Los Alamos National Laboratory (LANL). 
This project sought to study of unusual magnetic and structural properties of 
rare earth, actinide, and transition metals through high-precision electronic 
structure calculations. Magnetic moment anisotropics in bulk and surface 
systems were studied, with emphasis on novel surfaces with unusual magnetic 
properties with possible applicability in magnetic recording. The structural 
stability, bonding properties, and elastic response of the actinides, as well as 
transition and rare earth elements and compounds, were also studied. The 
project sought to understand the unusual crystallographic and cohesive 
properties of the actinides and the importance of correlation to structural stability 
and the nature of the derealization transition in these elements. Theoretical 
photoemission spectra, including surface effects, were calculated for rare earths 
and actinides. 

1. Background and Research Objectives 

This project has supported a theoretical study, by means of high precision calculations, 
of the electronic-structure related properties of transition metal, actinide, and rare earth elements 
and compounds. The principal tool for this study has been a total energy, all electron, 
electronic structure method, developed at LANL for both bulk and surface systems, capable of 
an accuracy equaling or surpassing that of other existing techniques. The successes of this 
method prior to this work have included the first successful theoretical phase diagrams for Ce 
and the light actinides [1], The study was focused on the magnetic and structural properties of 
transition, rare earth, and actinide elements and compounds. 
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During the last decades it has been shown that bulk magnetic moments (spin and 
orbital) can be calculated with fair accuracy. More interesting aspects of magnetic behavior, 
however, have eluded theoretical description because calculational techniques have not had the 
required precision. For example, very few successful attempts at calculating magnetic 
anisotropies have been published. Furthermore, most previous theoretical work has not been 
able to deal successfully with surface magnetism, which is unfortunate since two-dimensional 
magnetic systems can be quite different from the bulk systems with new and exotic phenomena 
occurring. We have, for example, predicted that Ru and Rh as monolayers on Ag are magnetic 
[2], a behavior not observed in bulk Ru and Rh. Recent experiments on surfaces of alpha-Ce 
and Ce surfaces on W show new and interesting phenomena, indicating spin polarization at the 
surface. Since relativistic effects are known to be important, Ce and the light actinides are ideal 
systems for studying surface anisotropy, with the possibility of large magneto-optic Kerr 
angles. The goal of this part of the research has been to study magnetic anisotropy and 
enhanced magnetic moments in bulk and surface transition metals and actinides. 

A rudimentary understanding of the structural and bonding properties of the elemental 
transition metals and actinides has been gained from ab-initio electronic structure calculations 
in the local density approximation (LDA), presenting a picture of 5f-bonding in the early 
actinides similar to d-bonding in the transition metals, interrupted by 5f localization at Am. 
With the advent of high speed computers and the development of sophisticated electronic 
structure techniques, the structural and elastic properties of complex solids have become 
accessible to ab-initio calculation. This part of this project has been directed toward the study 
of structural stability and elastic response of actinide and transition elements and compounds. 
An important part of this research is the study of the differences in structural properties 
between transition metals and actinides such as the complicated crystal structures found in the 
early actinides, the increase in equilibrium volume going from Np to Pu, and the poor 
performance of the local density approximation in describing the equilibrium volumes of Ce 
and the early actinides. A significant question is the importance of localization (i.e. f-electron 
correlation) in the rare-earths and actinides, particularly in Ce, Np, and Pu, since the 
differences in structural properties between the transition metals and actinides have been taken 
as an indication of the breakdown of the itinerant electron description of these materials. Of 
further interest is the change in structural phase stability accompanying derealization 
transitions in rare earths and actinides. The lack of an observed volume collapse accompanying 
these transitions in the post-Pu actindes is a serious discrepancy between experiment and 
theory. 
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2 . Importance to LANL's Science and Technology Base and National R&D 
Needs 

The work performed under this proposal has made significant advances in 
understanding such fundamental materials properties as structural phase stability, mechanical 
response, and the formation of magnetic moments. Our work on the structures and structural 
stability of actinides has contributed to understanding the equation of state and mechanical 
properties of these materials, benefiting the Laboratory's role in national defense. This work, 
together with the work on magnetic properties, has also contributed to the theory of electrons in 
actinides, a science base that is one of the Laboratory's particular strengths. Our contributions 
to the theory of the magnetic and mechanical properties of transition metals benefits Laboratory 
and national programs for the development of new structural materials and new materials for 
magnetic devices. 

This work has relied heavily on LANL's capability to perform high-precision electronic 
structure calculations. All of the projects carried out have exercised and developed that 
capability, for example in the ability to go beyond the local density approximation. The 
capability of performing ab-initio calculations of materials properties has been and will 
continue to be an important part of LANL's science and technology base. This project 
supports Los Alamos core competencies in theory, modeling, and high-performance computing 
as well as nuclear weapons science and technology. 

3 . Scientific Approach and Results to Date 

The work carried out under this project has resulted in 25 published manuscripts and 
several more being reviewed or prepared. Most of these are cited in the References. 

One project has been the total energy calculation of magnetic anisotropy energies 
(MAE) in elemental Fe, Co, and Ni [3]. This work was the first successful description of this 
property in these elements. The results elucidated the role of orbital polarization in 
magnetocrysalline anisotropy and demonstrated conclusively the failure of the LDA in 
describing the easy axis of Ni. A by-product of this work was a new technique for Brillouin 
zone integrations [4]. The magnetic structure of the surface of Fe, Co, and Ni, on Cu 
substrates has been studied. The Co surface was studied in conjunction with experimental 
work. A significant result was the finding of strongly enhanced orbital moments on the surface 
and demonstrating that this is a systematic phenomena [5,6]. Motivated by the apparent 
disagreement between experimental spin/orbital moments and Hund's third rule, calculations 
were performed to demonstrate that parallel spin/orbital moments are induced by the fields used 
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in the neutron experiments [7-9]. This work was extended to investigate field-induced 
magnetism in U compounds [10]. Other work on magnetic properties carried out on this 
project included a study of the magnetization density in CeFe(2) [11], which found that the 
source of the experimentally observed anisotropy in that compound arises from orbital 
polarization, and the magnetic structure of Gd surfaces [12], which found ferromagnetic 
coupling to the bulk, in agreement with experiment and disagreement with previous 
calculations. Several other studies initiated under this project include studying the surface 
electronic and magnetic structure of alpha-Ce, the magnetic behavior of monolayers of Ru and 
Rh as well as Ce, U, and Pu, on a MgO substrates, and calculations of the bulk magnetic 
anisotropy energy for US and YCo(5). 

A significant result of our work on structural properties has been the demonstration that 
the crystal structure stabilities of both d- and f-electron materials are driven by similar 
mechanisms. In particular, the unusual crystal structures of the light actinides may be 
understood as a consequence of normal itinerant electron bonding in a regime of narrow 
bandwidths [13-16]. This result is important in indicating that the structural properties of the 
actinides may be understood in the context of normal metallic bonding. Elasticity was studied 
in both actinide and transition metals. Elastic constants were calculated systematically for 
transition metal alloys with cubic symmetry. It was found that the tetragonal shear modulus is 
correlated with (cubic) structural energy differences and hence band-filling, and that the 
modulus of alloys can be predicted on this basis [17]. Similar work was done for the metallic 
3-d elements in which it was demonstrated that crystal structure stabilities correlated with the 
filling of spin sub-bands and that the elastic constants correlated with this filling [18]. The 
elastic constants of La, Ce, and Th; cubic phases of U, Np, and Pu; and the compounds UC, 
US, and UTe were calculated to benchmark elastic constant calculations in the actinides to 
investigate the source of stability of cubic phases in the actinides and to study the unusual 
elastic properties observed experimentally in some uranium compounds. Agreement with 
experiment was good for La, Th, UC, and US, and the calculations for cubic phases supported 
temperature stabilized cubic phases in U, Np, and Pu. Calculations for UTe failed to produce 
the negative Poisson ratio in that compound, a significant result in that the negative Poisson 
ratio observed experimentally has been suggested to be a result of correlated electron behavior. 
Our results reinforce this suggestion [19-21]. 

Electronic structure calculations for Ce and the light actinides have consistently given 
equilibrium volumes very different from experimental volumes. Although these calculations 
have generally been done for (hypothetical) fee structures, the discrepancy has been suggested 
to be a fault of the itinerant electron description of the actinides. Motivated by the success of 
the recently formulated generalized gradient approximation (GGA) to density functional theory, 
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the GGA was implemented in our electronic structure codes and used to re-calculate the 
equation of state of Ce and Th and the equilibrium properties of (hypothetical) fee U, Np, and 
Pu. The result was to bring the calculated volumes in agreement with experiment comparable 
to, for example, the transition metals [22-24]. Other puzzles in actinide theory that have been 
addressed in this project include the question of the increase in volume from Np to Pu. 
Calculations are essentially complete for the equilibrium properties of Np and Pu in their 
experimentally observed crystal structures. The result is that the alpha-Pu structure has an 
anomolously high equilibrium volume, and hence the upturn from Np is a result of the open 
structure favored by Pu. Work is continuing on another interesting puzzle in the actinides, 
namely the absence of experimentally observed volume collapses through derealization 
transitions in actinides. 

Structural stability has been studied in this project in a variety of other materials over a 
wide range of pressures [25-29]. This work has included a demonstration that the high 
pressure phase transition observed in Sm is a derealization transition [25]. With few 
exceptions, it has been found in this work that the bec structure is always favored at high 
pressures. We have demonstrated that, at least in the transition metals, this is a result of 
increasing hybridization between semi-core p-electrons and valence d-electrons [30]. 
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