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The crystal-structure stabilities, equilibrium volumes, and bulk moduli (at T=O) of the light actinides

Th, Pa, and U, have been calculated by means of full-potential, total-energy band-structure calculations.
The total energies of the three elements were calculated as a function of volume in the three experimen-

tally observed crystal structures: fcc, bct, and orthorhombic (a-U). Our calculations reproduce the ex-

perimentally observed crystal structures, as well as the equilibrium volumes and bulk moduli (the bulk

modulus of Pa being an exception). Other calculated ground-state properties are also in good agreement

with experiment, e.g., crystal-structure parameters (c/a ratio and positional parameters). On the basis of
our results, we argue that the 5f electrons are participating in the chemical bonds, and that they have a

large influence on the crystal structure. The equilibrium volumes of hypothetical fcc structures are
found to show increasing deviations from the volumes obtained in the true crystal structures, as the 5f
band becomes filled. Also, these fully relativistic calculations (assuming a fcc structure) show a smaller

volume for Pu than for Np, in contrast to the experimental finding. We therefore propose that the
anomalous volume of a-Pu is associated with its very unusual crystal structure, rather than with relativ-

istic e6'ects. Detailed information from the calculations is presented, such as the density of states,
charge-density contour plots, and orbital occupation numbers.

I. INTRODUCTION

It was realized in the 1940s that the elements with a
nuclear charge larger than in actinium (Z =89) form a
series of their own, which was named the actinide series.
Due to the similarity of the volumes between the early ac-
tinides and the transition metals (Fig. 1) it was suggested
that the light actinides were part of a 6d series. Since
the volume of americium (Am) is much larger than the
element preceding it, plutonium (Pu), and is comparable
to the volumes of the rare-earth elements (Fig. 1), it was
further suggested that the 5f shell was chemically inert,
and was starting to get filled in Am. However, there are
pronounced differences between the actinides and the
transition metals. The latter have fcc, hcp, or bcc crystal
structures, whereas the light actinides show much more
complicated structures at low temperatures; Th (fcc), Pa
(bct), U (orthorhombic, 2 atoms/unit cell), Np (ortho-
rhombic, 8 atoms/unit cell), and Pu (monoclinic, 16
atoms/unit cell). Also, the melting temperatures are
anomalous, as are the thermal-expansion coefficients.
The trend of the bulk modulus, as well as the trend of the
cohesive energy, for the light actinides is also quite
different from the trend exhibited by the transition met-
als.

A pioneering atomic calculation showed that the 5f
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FIG. 1. Experimental data of the equilibrium volumes of the
5d series, the rare-earth series, and the actinide series (a siInilar
figure was published in Ref. 12).

wave function drops to low energies for uranium. Simi-
larly early energy-band calculations of light actinide ele-
ments showed that the 5f band was fairly broad, and
pinned to the Fermi level (Et;). Therefore, it was evi-
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dent that the 5f electrons have to participate in the
chemical bonding (explaining the parabolic trend of the
volumes exhibited by the light actinides), and that the ac-
tinide series is a Sf series. Contrary to the rare-earth
series, the 5f electrons of the light actinides are delocal-
ized. This also explains why the light actinides show a
lack of magnetic ordering, since the relatively broad 5f
band prevents 5f localization or even band magnetism.
The jump in volume between Pu and Am was suggested
to be a Mott transition with the 5f electrons being non-
bonding and localized in Am. Americium was suggested
to be trivalent, with an f configuration, having a J =0
ground state. Therefore, in agreement with experiments,
Am is expected to be nonmagnetic and was even predict-
ed to be superconducting, which was later verified.

The picture that has evolved is that the light actinides
(Th —Pu) have delocalized 5f electrons which participate
in the chemical bonding, and that from Am on the Sf
electrons are localized, ' '

making the latter part of the
actinide series similar to the rare-earth elements. The
crystal structures of Am and the proceeding elements are
also the same or very similar to the structures of the
rare-earth elements. The hypothesis that the early ac-
tinides have delocalized 5f electrons was supported by
self-consistent energy-band calculations (assuming a hy-
pothetical fcc structure), which reproduced the experi-
mental volumes, ' as well as the cohesive energies. "' It
was also shown how relativistic effects quite dramatically
inAuence the equilibrium volume, "' as well as the
electron-phonon coupling constant, ' of Pu. Among
many other peculiar properties (which we do not mention
here), this makes Pu quite unique among the metallic ele-
ments of the Periodic Table.

If the 5f electrons are itinerant and pinned to EF in the
light actinides, one would expect to see a strong x-ray
photoelectron (XPS) signal at EF. This has also been ob-
served and theoretical calculations of XPS intensities, as-
suming delocalized Sf electrons, reproduce these experi-
rnents. ' Furthermore, non-self-consistent calculations'
(again assuming delocalized Sf's) of Fermi surface topo-
logies reproduce experimental data fairly well for urani-
um '

Hence, it seems that there are, indeed, similarities of
the microscopic properties between the early actinides
and the transition metals, explaining some of the similari-
ties of the macroscopic properties. For instance, the
trend in the volumes can easily be explained with a sim-

ple Friedel model, where the transition metals have a d
band pinned at EF and the actinides have an f
band. ' ' Since there are similarities in the electronic
structure between the transition metals and the actinides,
it is of interest to study why they have such different
crystal structures, and especially to investigate whether
the observed crystal structures are compatible with the
general picture of the light actinides (itinerant 5f elec-
trons). In this context it is interesting to note that the
crystal structures of the transition metals' and rare-earth
elements' (excluding Ce) have been determined with
great accuracy, and were shown to be governed by the d
electrons. Subsequent full-potential calculations showed
essentially the same results. ' It should also be men-

tioned here that Skriver' calculated the energy difference
between the bcc and fcc structures for all the light ac-
tinides and found that, at zero temperature, Th and Pa
favor the fcc structure and U, Np, and Pu favor the bcc
structure. Skriver' also attempted to calculate the
crystal-structure sequence of Ce under pressure (fcc-
orthorhombic-bct) but did not quite reproduce the exper-
imental data and it was later shown that a full-potential
description was necessary to obtain the required accura-
cy. Wills, Eriksson, and Boring showed that the
crystal-structure sequence of Ce under pressure was
correlated with the 4f, Sd, and Madelung contributions
to the total energy. The present investigation is a similar
attempt to account for the crystal structures of the light
actinides.

II. DETAILS OF CALCULATIONS

The total energy of the light actinides is on the order of
several thousand Ryiatom while the difference in energy
between the different crystallographic phases is on the or-
der of a few mRy/atom. Hence, an accurate computa-
tional technique is required. We used a full-potential
linear-muffin-tin-orbital technique ' in the calculations
reported here. Exchange and correlation were treated in

the local-density approximation (LDA) using the Hedin-

Lundqvist exchange-correlation functional. The calcula-
tions were all electron, fully relativistic (spin-orbit cou-

pling included at each variational step ), and employed
no shape approximation to the charge density or poten-
tial. The basis set, charge density, and potential were ex-

panded in spherical harmonic series within nonoverlap-

ping muffin-tin spheres and in Fourier series in the inter-
stitial region between the spheres. The volume in the
muffin-tin spheres was set at a fixed fraction (approxi-
mately 0.50) of the total volume, for all structures and
volumes. This scheme was chosen to make the basis set
as consistent as possible in calculating energies at
different structures and volumes. The relatively small

volume fraction contained in the muffin-tin spheres is

that approriate to the n-U structure.
The basis set, comprised of augmented linear muffin-tin

orbitals, contained 6s, 6p, 7s, 7p, 6d, and 5f partial
waves in a single, fully hybridizing "energy panel. " The
inclusion of the 6s partial wave as a band state rather
than as a core state was necessitated by the small size of
the muffin-tin spheres. Two sets of energy parame-
ters, ' one with energies appropriate to the semicore 6s
and 6p bands and one with energies corresponding to the
valence bands, were used to calculate the radial functions
for the expansions of the bases in the muffin-tin spheres.
Similarly, three sets of tail parameters (the kinetic energy
of the bases in the interstitial ' ), corresponding to 6s,

6p, and valence energies, were used. Approximate ortho-
gonality between bases with the same I value was rnain-

tained by energy separation.
The tails of the basis functions (the extension of the

bases outside their parent spheres) were linear combina-

tions of Hankel or Neumann functions with nonzero ki-

netic energy. The large interstitial volume in the calcula-
tions rendered inadequate the use of a single tail function
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for each (n, 1) basis and two schemes were adapted to im-

prove the quality of the bases in the interstitial region.
Most of the calculations reported in this paper were done
with a "doubled" basis set consisting of pairs of tail func-
tions having different kinetic energies but otherwise
specified by the same set of parameters. This scheme is
accurate in that the expansion of the wave functions is
converged in the interstitial (as well as in the muffin tins)
and the total energy is substantially converged with
respect to basis-set size. It is also stable; within broad
limits the results are insensitive to the interstitial parame-
ters used and to the choice of muffin-tin radius. In the
calculations reported here, the tail parameters were
chosen to bracket the energies of the bands for which
they were used. The disadvantage is, of course, loss of
eSciency with respect to a single basis set.

As a reference, we also performed somewhat less accu-
rate calculations using a single basis set but with the tail
functions being fixed linear combination of three Hankel
(or Neumann) functions with different kinetic energies.
The coefficients were chosen for each (n, l) value by
fitting to atomic wave functions calculated from self-
consistent potentials; the kinetic energies of the tail func-
tions were chosen to optimize the fit. This scheme retains
all the advantages of a minimal basis set while improving
the wave functions and the total energy with respect to a
single basis set using single tail functions. The results are
somewhat sensitive to the parameters used, ho~ever, and
the total energies are less converged than with the double
basis set.

Integration over the Brillouin zone was done using
"special-point" sampling. The results reported here
used 10-60 points in an irreducible wedge of the fcc Bril-
louin zone, 16—100 points in an irreducible wedge of the
orthorhombic Brillouin zone, and 58-80 points in an ir-
reducible wedge of the body-centered tetragonal zone.
The number of points was increased until the total energy
did not change. We tested convergence in the bct and or-
thorhombic phases by performing calculations with dis-
tortion parameters set to correspond to the fcc structure.
The calculated energies were then the same for all three
structures (within 0.03 mRy). Spherical harmonic expan-
sions were carried out through l =8 for the bases, charge
density, and potential. The Fourier series for the basis
functions contained 369 plane waves for the fcc structure,
489 plane waves for the bct structure, and 1053 plane
waves for the orthorhombic structure; the Fourier series
for the charge density and potential contained 1695 plane
waves for the fcc structure, 2255 plane waves for the bct
structure, and 5175 plane waves for the orthorhombic
structure. The difference in energy between the different
structures was converged to less than -0.1 IRy with
these expansion sets.
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In this section we discuss our results. In Fig. 2 we
show our calculated total energies as a function of

FIG. 2. Calculated total energy as a function of volume for (a)
Th, (b) Pa, and (c) U.
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volume for (a) Th, (b) Pa, and (c) U. The total energies
were calculated for three different crystal structures; fcc,
bct, and the face-centered orthorhombic a-U structure.
These crystal structures were considered since it is known
experimentally that Th crystallizes in the fcc structure,
Pa in the bct structure, and U in the a-U structure. The
calculated stable crystal structures agree with experiment
for each element.

The bct phase of Pa has an (experimental) c/a ratio of
about 0.83. We calculated the c/a ratio at the experi-
mental volume to be 0.814; this value was used to obtain
the energy curve shown in Fig. 2(b). Since the total ener-

gy is fairly insensitive to the value of c/a, we have, there-
fore, tried to estimate the error in our calculated c/a ra-
tio. We take the resolution of the total-energy differences
between different c/a ratios in Fig. 3(a) to be approxi-
mately 0.1 mRy; the corresponding value of the c/a ratio
for Pa is 0.814+0.005. Furthermore, the orthorhombic
a-U structure has two atoms/cell, with atomic positions
(0,0,0) and (1—2y, 1 —2y, 0.5) in units of the Bravais lat-
tice vectors (

—a/2, 0,c/2), (a/2, 0,c/2), and (O, b, O).
The experimental c/a ratio is 2.06 and the b/a ratio is
1.73. We calculated the parameter 2y using experimental
c/a and b/a ratios at the experimental volume and ob-
tained a value of 0.186; the experimental value of 2y is
0.20. The energy as a function of 2y is shown in Fig. 3(b).
The energy has a fairly strong dependence on this param-
eter. We used the calculated value of 2y together with
the experimental values of c/a and b/a to calculate the
energy curve shown in Fig. 2(c).

The calculated crystallographic properties, as well as
the equilibrium volumes and bulk moduli and their corre-
sponding experimental values, are collected in Table I.
Notice that the overall agreement between experiment
and theory is fair to good. The equilibrium volumes
agree within —12% (by comparing with the lowest ex-
perimental volume of Th in Table I), and the bulk moduli
(with the exception of Pa) lie within the limits of the ex-
perimental data. This agreement is comparable to that
found for the 3d elements, and slightly worse than one
Gnds for the 4d and 5d elements. For instance, the calcu-
lated volume of bcc V (a paramagnetic 3d transition met-
al) is —10% smaller than the experimental one. The
notable exception is the disagreement between the calcu-
lated and experimental bulk modulus of Pa. The trend in
the calculated bulk moduli is consistent with the trend in
equilibrium volumes. The experimental bulk modulus is
in rather sharp contrast to expectation and, on the whole,
we prefer our calculated value.

It is also interesting to note that the agreement be-
tween experiment and theory is better for uranium than
for thorium, which is essentially an [spd] metal. It has
been argued that the local-density approximation
overestimates the bonding of f-electron systems. This
may indeed be the case; however, the disagreement that
we find between calculated arid experimental values is
similar (albeit slightly exacerbated) to that found in the
3d transition series. Based on these results, it would seem
that the LDA does not make too rpuch of an exception
for f electrons in these elements.

Et is evident from Table I that our calculations can ac-

count for most of the ground-state properties of the light
actinides, including the crystal structures. It is especially
interesting to notice that Th (which is essentially a nor-
mal tetravalent [spd] metal) crystallizes in the fcc struc-
ture (as do many other normal [spd] metals), whereas the
5f metals have a more open bct or orthorhombic struc-
ture. One of the motivations for this work is investigat-
ing why Pa and U prefer these unique crystal structures.
It has been suggested that since the early actinides are
part of a Sf series, with an itinerant 5f band being suc-
cessively occupied with increasing atomic number, it is
the itinerant 5f electrons that cause the anomalous struc-
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FIG. 3. (a) Calculated total energy as a function of the c/a
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the experimental volume. (b) Calculated total energy as a func-

tion of the positional parameter 2y for a-U. The calculation
was done at a volume close to the experimental volume.
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tures. One reason for the 5f elements to favor distorted
structures with directional bonds might be found in the
complex spatial shape of the f spherical harmonics. To
investigate these ideas, we show in Fig. 4 the 6d and 5f
occupation numbers of Th [Fig 4(a)], Pa [Fig. 4(b)], and
V [Fig. 4(c)] as a function of volume. "Occupation num-
ber, " in the context of our ca1cu1ations, refers to the in-
tegrated I-projected density of states (ignoring the inter-
stitial region). It should be mentioned here that these
numbers are not unique since they, to some extent, de-
pend on the muIn-tin radius. However, at the experi-
mental volumes -97% of the Sf radial function lies
within the muffin-tin sphere (a plot of this function was
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ytheor (jeq

(Mbar)
g theor

Crystal structure (expt. )

Crystal structure (theor. )

Crystal parameter (expt. )

Crystal parameter (theor. )

Th

32.0—33.61
27.95

0.40—0.72
0.42
fcc
fcc

Pa

24.94
21.91
1.57
0.79
bct
bct

c/a =0.825
c/a =0.814

20.58
18.42

1.01-1.47
1.25
ort
ort

2y =0.202
2y =0.186

TABLE I. Experimental and theoretical values of the crystal
structure, equilibrium volume, bulk modulus, and crystal struc-
ture parameters for thorium, protactinium, and uranium.
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published by Koelling' }, making this number very in-
sensitive to the choice of the muffin-tin radius. Notice
that the 5f occupation increases with about one electron
when going from one element to another, and that there
is an [spd)~f transfer with decreasing volume. In Fig.
4 we see that Th, at ambient pressure, is essentially a nor-
mal tetravalent [spd] metal, which is consistent with its
close-packed structure. However, it should be noticed
that the -0.4 5f electron does play a non-negligible role.
The crystal structure of Th is fcc as opposed to "normal"
tetravalent systems (Ti, Zr, and Hfl that crystallize in the
hcp structure. Also, the calculated equilibrium volume
of Th is in poor agreement with experiment if the 5f elec-
trons are neglected, as is the Fermi-surface topology. '

For Pa and U, the 5f occupation becomes a larger frac-
tion of the number of valence electrons, suggesting that
the 5f electrons do influence the anomalous crystal struc-
tures found for these elements. Notice also that the occu-
pation numbers are different for different crystal struc-
tures.

To illustrate the importance of the 5f electrons more
clearly we show, in Fig. 5, the calculated energies of the
orthorhombic and bct structures relative to the fcc struc-
ture as a function of element (and, therefore, 5f occupa-
tion), at the experimental volume (at these volumes Th
has -0.4 5f electron, Pa —1.3 Sf electrons, and U-2. 6
5f electrons). Figure 5 shows that there is a clear corre-
lation between the open structures becoming 1ower in en-
ergy and increasing 5f occupation.

Further evidence that the 5f electrons are responsible
for the more open, less symmetric structures is obtained
from a calculation of the energy of uranium omitting the
5f partial wave from the basis set. This (self-consistent}
calculation used only s, p, and d partial waves but had the
correct number of valence electrons (6). The total energy
was found to be about 16 eV higher than the calculation
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with 5f orbitals, and the wrong crystal structure is then
found to be stable; the fcc structure is lowest in energy,
with both the bct and o;-U structure about 30 mRy
higher per atom.

IV. ELECTRONIC STRUCTURE

In this section we discuss the underlying electronic
structure for the three elements in the three crystal struc-
tures. In Fig. 6 we show the calculated density of states
(DOS} (at the experimental volume) for Th [Fig. 6(a)], Pa
[Fig. 6(b)], and U [Fig. 6(c)], in the three different crystal
structures. The upper curve is the total DOS, whereas
the shaded area represents the 5f partial DOS. The I-

projected DOS have been scaled so that their sum is
equal to the total DOS, thereby including the interstitial
contribution. The face-centered orthorhombic structure
(a-U) has two atoms/cell, but since the partial DOS for
the two atoms are almost identical we show only one of
them. Notice that the 5f partial DOS dominates the
overall features, for all elements in all three structures.
Notice that the width of the 5f band is more or less the
same for the three elements. This comes about from two
competing effects that nearly cancel each other. Namely,
due to incomplete screening effects one would, for a con-
stant volume, expect the bandwidth to become narrower
for the heavier elements. This effect is counterbalanced
by the fact that the volume decreases with increasing
atomic number, giving larger 5f overlap and a broaden-
ing of the bands. Furthermore, Fig. 6 shows that the
width of the DOS for the three different structures is ap-
proximately the same. The details of the DOS vary, but
the general trend is that the structures with higher sym-
metry show sharper features in the DOS. For the low-
symmetry structures the sharp van Hoove singularities
become smeared out. Notice also in Fig. 6 that, from the
DOS, it is hard to argue why uranium should favor the
orthorhombic structure and thorium the fcc structure
(other than observing that the 5f band is almost empty in
Th and becomes gradually filled for Pa and U). Further-
more, Fig. 6 suggests that the electronic structure of the
three different structures is associated with metallic
bonding.

In Fig. 7 we show the energy bands for fcc Th [Fig.
7(a)], bct Pa [Fig. 7(b)], and a-U [Fig. 7(c)]. The bands
were computed at the experimental volume (upper panel)
and at —15% compressed volume (lower panel). Notice
that there is a broadening of the bands with decreasing
volume. One can also distinguish a relative shift of bands
with different I character (Fig. 7). For instance, the
lowest eigenvalue at the I point (an s state) in bet Pa
moves up with decreasing volume, whereas the lowest ei-
genvalue at the X point (a d state) moves down. Similar-
ly, the eigenvalue at the I point in fcc Th is almost in-
sensitive to volume, whereas the eigenvalue at the X point
moves down with decreasing volume.

-20 '

Th
I

Pa V. CHARGE-DENSITY CONTOURS

FIG. 5. Calculated energy difference between fcc (which is
the reference level, =0), the bct, and the a-U structure for Th,
Pa, and U.

Charge-density contour plots are shown in Figs. 8 —10.
Here we display the charge densities for the three ele-
ments in their experimentally observed crystal structures;
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fcc Th (Fig. 8), bct Pa (Fig. 9},and orthorhombic U (Fig.
10). The Th plot represents a cut in the (100) plane, the
Pa plot a cut in the (110) plane, and the U plot a cut in
the (100) and a cut in the (010) plane. We plot both the
total density [Figs. 8(a}, 9(a), 10(a), and 10(c)] as well as
the nonspherical component, i.e., the density obtained
when the spherical component is subtracted from the to-
tal density inside the muon-tin spheres and the planar
average is subtracted from the interstitial. The density so
obtained is shown in Figs. 8(b), 9(b), 10(b), and 10(d). No-
tice that since the average interstitial density does not

equal the spherical component at the muf6n-tin radius,
there will be a "step" in the nonspherical density, which
of course is absent in the total density.

The Th density is characterized by spherical regions
centered around each atom site, with a symmetric density
in the interstitial region. Although the nonspherical
component is rather small for Th, there is still a tendency
for directionality in the charge density. The Pa charge-
density contour also shows spherical regions around each
lattice site. The density in the interstitial region is less
symmetric and more directional than for Th, and the

O

O

ort
O

g O

ort

40

0I
CI

co

co
Q O0 P)

CO

CO

rn Q

co0
Q O

O
O

g O

CO
4l

C/l g
co
O
Q O

bct
O
O

g O

COI
5 O
lh

0

bct

O
O

K O

N

CO O
co

cooo0 ~

fcc
O
O

g O

CO

O
05

co
Q O
aR

fcc

O
O V

—0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5
Energy (Ry)

O
O

—0.5 -0.4 -0.3 —02 -0.1 0.0 0.1 02 0.3 0.4 0.5
E'nergy (Ry)

(a'i

FIG. 6. Density of states (DOS) for (a) Th, (b) Pa, and (c) U in the three crystal structures; fcc (lower curve), bct (middle curve),
and orthorhombic (upper curve). Energies are in electron volts and the Fermi level is at zero. The upper curve in each panel
represents the total DOS and the shaded area the 5f partial DOS.



13 886 J. M. WILLS AND OLLE ERIKSSON 45

O

O
K

art

O4
Ã

lO
Q O
A Ã

O
O

& OK
bct

th
0

g CV

V)

0
LA

O
O

g O
fcc

CAI o
CO N

CO

0)
Q O
Q v)

O
O

,4 simImiII I
=-,=-;=----

)II I
—0.5 —0.4 —0.3 —0.2 —0.1 0.0 0.1 0.2 0.3 0.4 0.5

Energy (Ry)

FIG. 6. (Continued).

nonspherical component inside the muffin-tin spheres is
more pronounced. For instance, there are lobes of charge
density inside the muffin-tin spheres which point in the
direction of the nearest neighbors, along the [001] direc-
tion. Finally, we notice that for U the charge density is
quite anisotropic both in the interstitial region as well as
inside the muffin-tin spheres. This can be seen by com-
paring the charge densities cut along the different crystal
planes (010) [Figs. 10(a) and 10(b)] and (100) [Figs. 10(c)
and 10(d)]. Notice that the charge density in the intersti-
tial is higher in the (010) plane. Notice also that the cut
in the (100) plane shows spherical regions of the charge
density in the interstitial region. This is simply a
reAection of the charge density associated with the atoms

lying one plane below the plane in which the cut was
made.

The density contour plots shown in Figs. 8—10 reveal
the large degree of nonsphericity in the charge densities
of the more open structures. It is tempting to infer, from
these figures, that the increased nonsphericity is arising
from the f states, but this would be a mistake. The
charge density of Th in the a-U structure (not shown)
and the charge density of a-U calculated without 5f
states in the basis (not shown) are very similar to the
charge densities shown in Fig. 10. To understand the
preference for open structures as 5f occupation increases,
we reason as follows. The nonsphericity is associated
with covalent bonding, hence a crystal may gain covalent
energy by forming in a more open structure. This energy
is gained, however, at the expense of Madelung energy;
the Madelung term in the energy favors structures of
high symmetry. For a crystal to prefer the open struc-
tures, the gain in energy from covalent bonding must be
larger than the cost in Madelung energy. The gain in co-
valent energy in going from high- to low-symmetry struc-
tures will be greatest for bands with a large degree of de-
generacy at the Fermi energy, since breaking the degen-
eracies by lowering the symmetry will result in lower-
energy occupied states and higher-energy unoccupied
states. The gain in energy will be greater the larger the
density of states at the Fermi energy. The 5f states form
a set of bands of high degeneracy clustered around the
Fermi energy, and the density of states at the Fermi ener-

gy increases as a function of 5f occupation; hence the
tendency for open structures will increase as the 5f count
increases. As evidence that this is the mechanism driving
the increasing stability of open structures, we note that,
although the charge-density contours of e-U calculated
as an [spd] metal (not shown) are very similar to Fig. 10,
it is the fcc structure that is stable when U is treated as
an [spd] material. This mechanism also drives the a~a'
transition in Ce.

Because the 5f-band width in U (about 3 eV) is approx-
imately the same as the 3d-band width in Ni, it is in-
teresting to compare their crystal structures, orthorhom-
bic and fcc, respectively. If the only driving force for the
open structures is a narrow band pinned at EF one would
expect a similar structure also for Ni. However this is
not the case, and clearly the character of the narrow band
(f or d) plays an important role. The f systems lower
their energy by adopting low-symmetry structures, simi-
lar to the behavior of Mn, whereas most of the latter 3d
systems (e.g. , Fe, Co, and Ni) become magnetic. This
might be explained by the fact that the calculated d ex-
change integrals (Idd) for the late 3d elements is almost
twice as large as the f exchange integrals (Iff ) for the
early actinides.

VI. fcc CALCULATION

A common approximation for calculating equilibrium
volumes of elements with open, complicated structures is
to assume a much simpler structure (say, fcc), and then
calculate the total energy versus volume for this
simplified problem. This approach was used in Refs. 4
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and 10—13. The argument for the validity of this approx-
imation is that the energy difference between structures is
much smaller than the energy of cohesion. However, the
present work shows that the energy difference between a
hypothetical fcc structure and the true crystal structure
can be substantial, and it is, therefore, interesting to in-
vestigate the validity of the above-mentioned approach
for calculations of the equilibrium volumes of the light
actinides. We have therefore calculated (using the "sin-
gle" basis set described in Sec. II) the equilibrium
volumes in the fcc structure of the light actinides Th, Pa,
U, Np, and Pu, and, for comparison, Th, Pa, and U in
their true structures. In Fig. 11 we show these volumes
together with experimental data. [The single basis calcu-
lation gives slightly larger equilibrium volumes than the
double basis (see Table I)]. Notice that the deviation be-
tween the volumes in the true structure and the fcc phase
is larger for uranium than protactinium. This seems to
indicate that for the more open structures the fcc calcula-
tion becomes less accurate, an expected result. Unfor-
tunately we have at the present time no theoretical data

for Np and Pu in their true crystal structures but, since
these structures are very open, we expect a large
discrepancy between their equilibrium volumes and the
fcc data shown in Fig. 11. Despite the crudeness of as-
suming a fcc structure for the light actinides, it is in-
teresting to note that the general agreement between ex-
periment and theory is quite good. The parabolic behav-
ior is well reproduced in our fcc calculations, an effect
caused by the successive filling of the 5f band. ' ' The
largest disagreement between our fcc volumes and experi-
ment is found for Pu. This was also found by Skriver
et al. ' using the linear-muffin-tin-orbital method in the
atomic-sphere approximation (ASA). However the calcu-
lation presented in Ref. 10 was scalar relativistic, omit-
ting spin-orbit coupling. The relatively large disagree-
ment between the scalar-relativistic volume' and experi-
ment was argued to be caused by the spin-orbit coupling,
since Brooks"' found that a fully relativistic ASA cal-
culation (assuming the fcc structure) gave much better
agreement with experiment. Thus it was deduced that
the enhanced volume of Pu, relative to Np, is caused by
relativistic effects. ' ' However, the present investiga-
tion (which is fully relativistic and does not rely on the
ASA) does not reproduce the upturn at Pu, but gives a
volume similar to the results of Skriver, Johansson, and
Andersen. ' We therefore believe that the upturn for Pu
is caused by the very anomalous crystal structure, a
speculation which we plan to investigate in the near fu-
.ure by calculating the equation of state of a-Pu.

(a)

(a)

V
~ it I I III I I I$i ~iIrtii

~ '

FIG. 8. Charge-density contours (in units of e /a. u. ') for
fcc Th. The density is for a fcc crystal cut in the (100) plane.
The total density is shown in (a) and the nonspherical density is
shown in (b). The spacing between the full-drawn lines is 0.01
(a), and between the dotted lines 0.002 (b).

FIG. 9. Charge-density contours (in units of e ja.u. ') for
bct Pa. The density is for a bct crystal cut in the (110) plane.
The total density is shown in (a) and the nonspherical density is
shown in (b). The spacing between the full-drawn lines is (a)
0.01, and between the dotted lines (b) 0.002.
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FIG. 10. Charge-density contours (in units of e /a. u. ) for a-U. The density is for an orthorhombic crystal cut in the (010) and

(100) plane. The total density cut in the (010) plane is shown in (a) and the corresponding nonspherical density is shown in (b). The
total density cut in the (100) plane is shown in (c) and the corresponding nonspherical density is shown in (d). The spacing between
the full-drawn lines is (a),(c) 0.01, and between the dotted lines (b),(d) 0.002.
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FIG. 11. Calculated equilibrium volumes of the light ac-
tinides using the true crystal structure (open circles, full-drawn
lines), and a hypothetical fcc structure (open circles, dashed
lines). Also quoted are the experimental volumes {filled circles,
full-drawn lines).

To further investigate the effects of spin-orbit coupling
on the equation of state, we also performed scalar-
relativistic calculations (omitting the spin-orbit coupling)
for U and Pu. In both cases we obtained equilibrium
volumes that were about 5% larger than those resulting
from the fully relativistic calculations. This result is op-
posite to the arguments of Brooks. "' However, our cal-
culations did include the 6p states in the valence band,
whereas these states were considered as core states in the
calculations presented in Refs. 11 and 12. Treating the
6p states in a scalar-relativistic framework is quite
different from a fully relativistic one, since the spin-orbit
coupling pushes up the 6p3/2 subband closer to EF, there-
by increasing the interaction (hybridization) with the
valence states. Therefore, we attribute the 5% increase
in the scalar-relativistic case to the difference in treating
the 6p states.

VII. CQNCLUSIGN

The crystal structures, equilibrium volumes, and bulk
moduli have been calculated from erst principles for the
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light actinides. The general agreement with experiment
is good, except for the bulk modulus for Pa. We have
shown that the distorted crystal structures found for the
Sf elements are correlated with 5f occupation and the
gain in energy resulting from 5f covalent bonding. When
explicitly neglecting the Sf contribution to the bonding
we have shown that the crystal structure of U cannot be
explained. We also find that for U the energy difference
between a hypothetical fcc structure and the true crystal
structure is about 0.5 eV. This is a quite substantial
value, in relation to, for instance, the cohesive energy. "'

The calculated volumes of the light actinides (Th —Pu),
in a hypothetical fcc structure resemble the experimental
data rather well, with the worst agreement found for Pu.
Contrary to earlier work"' we cannot, using a simple
fcc structure, explain the enhanced volume of Pu relative
to Np. Before any conclusion can be drawn, calculations
of an equation of state for a-Pu (16 atoms/unit cell) must
be performed. We plan to do this in the future.

The general picture of the light actinides is supported
by the present investigation, namely, the 5f wave func-

tions overlap and form a narrow band (2 —3-eV broad),
pinned at EF. This narrow band hybridizes with the rest
of the valence orbitals. The parabolic behavior of the
volumes can then be understood, using a simple Friedel
model, from the gradual filling of this Sf band. Also,
shown in the present work, the gradual filling of the 5f
band drives the crystal structures from the symmetric fcc
structure (found for Th) to the more open, less symmetric
face-centered orthorhombic structure (found for a-U).
We argue that the open, less symmetric, structures are
stabilized by the narrow 5f band, which is pinned at EF.
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