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Pressure-induced phase transitions in Pa metal from first-principles theory
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~Received 6 March 1997!

Protactinium metal is shown to undergo a phase transition to thea-U orthorhombic structure below 1 Mbar
pressure. At higher pressures, the bct phase reenters in the phase diagram and at the highest pressures, an ideal
hcp structure becomes stable. Hence, Pa undergoes a sequence of transitions; bct→a-U→bct→hcp, with the
first transition taking place at 0.25 Mbar and the subsequent ones above 1 Mbar. The bct→a-U transition is
triggered by the pressure-induced promotion of thespd valence states to 5f states. In this regard, Pa ap-
proaches uranium which at ambient conditions has one more 5f electron than Pa at similar conditions. At
higher compression of Pa, the 5f band broadens and electrostatic interactions in combination with Born-Mayer
repulsion become increasingly important and this drives Pa to gradually more close-packed structures. At
ultrahigh pressures, the balance between electrostatic energy, Born-Mayer repulsion, and one-electron band
energy stabilizes the hcp~ideal packing! structure. The electrostatic energy and Born-Mayer repulsion rule out
open crystal structures under these conditions in Pa and between the close-packed structures, the hcp structure
is shown to be stabilized by filling of the 5f band.@S0163-1829~97!05541-0#
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The polymorphism found in the crystal structures of t
actinide series of metals is without doubt the richest am
all metallic elements. Throughout this series of metals,
complexity of the crystal arrangement is increasing, w
plutonium having the most distorted crystal structure. T
actinides beyond Pu, however, show a more rare-earth
behavior, with close-packed structures, due to the local
tion of their 5f electrons. In the light actinides, as opposed
the heavier ones, the 5f states are delocalized. Moreover, t
occupation of the 5f states increases with about one electr
for each element traversing the series.

Experimental work by Vohra and Akella1 and theoretical
calculations by Erikssonet al.2 showed that thorium, the
metal preceding Pa, undergoes a phase transition f
fcc→bct just below 1 Mbar. It was explained2 that the pro-
motion of primary 6d electrons to the 5f band pushed this
transition. In terms of 5f -band occupation, Th under pre
sure approaches Pa which at ambient conditions has rou
one more 5f electron than Th. In light of the importance o
the 5f electrons for the crystal structures, it was not surp
ing to find that Th adopted the same type of structure as
when compressed, namely bct. Here we apply the same
guments for Pa; the increase of the 5f population with pres-
sure would push Pa closer to uranium’s 5f occupation as Pa
is compressed. This fact raised the question that perhap
will undergo a phase transition to the same structure a
has, namely, an orthorhombic~a-U! structure. In the presen
paper we investigate this possibility by means of electron
structure, total-energy calculations.

The theoretical method,3 briefly described below, is de
veloped in the framework of density functional theory, wi
the application of the generalized gradient approximat
~GGA! for the exchange and correlation potential.4 More-
over, we have used an electronic structure method where
self-consistent potential contains no geometri
560163-1829/97/56~17!/10719~3!/$10.00
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approximations.3 This so-called full-potential method3 has
previously been applied to many systems, also for
actinides,5–8 proving its reliability. We refer to these studie
for a more thorough description of the computational te
nique, except that we here mention that our calculations t
the relativistic effects~including the spin-orbit coupling! into
account. The electronic structure and total energy are t
calculated from first-principles theory with the atomic num
ber and the crystal structure as the only input. The appro
mations used in the theory are the approximation for
exchange and correlation energy functional~GGA!, trunca-
tion of the expansion of the wave function~6s, 6p, 7s, 7p,
6d, and 5f atomic orbitals!, density, and potential, as well a
the Born-Oppenheimer approximation~no nuclear motion is
accounted for!. The expansion of the potential and dens
inside the muffin-tin spheres contained angular momen
up to l 58. The sampling of the Brillouin zone was don
using the specialk-point method9 and involved 160 or more
k points in the irreducible wedge.

For Pa, we chose to calculate the total energy differen
as a function of volume, for typical actinide crystal stru
tures,a-Np, a-U, and bct. We anticipate higher symmet
crystal structures at elevated pressures and for that reaso
also included bcc, fcc, and hcp in our investigation. For
most complicated structure, thea-Np structure, we only did
a few test calculations. This phase was considerably hig
in energy than any of the other and we conclude that for
the a-Np structure is not important. The remaining fiv
structures are less complicated than thea-Np phase. For the
hcp and the bct crystal structures, thec/a axial ratio was
optimized as a function of pressure. Thea-U structure is,
however, considerably harder to optimize in practice. T
structure can be described as follows. It has a face cent
orthorhombic arrangement with 2 atoms/cell, with atom
positions~0,0,0! and (122y,122y,0.5) in units of the Bra-
10 719 © 1997 The American Physical Society
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vais lattice vectors (2a/2,0,c/2), (a/2,0,c/2), and (0,b,0).
Hence, three parameters~b/a, c/a, andy! have to be opti-
mized for each studied volume. The search for an ene
minimum in the parameter space was simplified by the f
that ~i! b/a, c/a, andy have a local minimum in the elec
trostatic Madelung energy forb/a51.825, c/a51.98, and
y50.14, as was pointed out in Ref. 10, and~ii ! for uranium
~at equilibrium!, b/a51.73, c/a52.06, andy50.1025. The
electrostatic energy becomes relatively more important
higher densities and we therefore expect the paramete
approach values that minimizes that contribution at hig
pressures. In practice the optimization was done for e
parameter separately; starting with thec/a ratio, and then the
b/a ratio and finally the least important parameter,y. Our
optimized structural parameters for thea-U structure are
shown in Fig. 1 as a function of volume. At the equilibriu
volume we obtained the values;b/a51.775,c/a51.90, and
y50.120. Both theb/a and c/a axial ratio are increasing
with compression and at about 17 Å3 their values are stabi
lized to 1.825 and 1.95, respectively. Note that those va
are indeed very close to the values~1.825 and 1.98! obtained
simply by optimizing the Madelung energy. We do not sho
the very weak pressure dependence of they parameter; it
was close to 0.125 within this volume range. It should
mentioned that keepingc/a, b/a, andy fixed to the values
that give the lowest total energy at the equilibrium volum
for Pa would make the bct2a-U energy difference always
positive. Hence, it is uttermost important to optimize the
parameters as a function of volume to detect the phase
sition.

In Fig. 2 we show the main results from our calculation
The total energy, relative to the bct~a-Pa! energy is plotted
as a function of atomic volume. Notice that at the equil
rium volume we find the bct structure to be stable, in go
comparison with experiment11 and previously published
theory.5 Here we optimized thec/a axial ratio to be about
0.82 in agreement with experimental observations and R
5. Throughout the studied volume range the optimizedc/a
ratio remained the same for bct Pa, showing that thisc/a
ratio is either an absolute minimum or at least a local m
mum. At about 20 Å3 we observe a phase transitio
bct→a-U structure and at about 8 Å3 the bct phase reenter
into the phase diagram to be followed by the hcp~idealc/a!
at about 7.5 Å3. We thus predict the following structura
sequence for Pa as a function of pressure; bct→a-U
→bct→hcp.

FIG. 1. Calculated axial ratios for orthorhombic~a-U! Pa as a
function of volume. The atomic coordinate~y; see text! was opti-
mized to about 0.125 within the studied volume interval.
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The first of these transitions occur at a pressure that co
be obtained in the diamond-anvil cell. The thermodynam
quantity associated with a phase transition in this case
pressure and in our study of the the bct→a-U transition we
calculated Gibbs free energy for the two phases

G5E1PV2TS5H2TS.

H, S, andE are the enthalpy, entropy, and the internal e
ergy of the system, respectively. The entropy term vanish
our zero temperature calculations and it suffices to study
enthalpy as a function of pressure for the two phases.
enthalpy for the bct and thea-U phase coincide for the tran
sition pressure, 0.25 Mbar but no other transitions could
found below 1 Mbar. For higher pressures we only stud
the energy differences between Pa in the various cry
structures. Hence, the transition volumes for these are
proximations; we assume that both phases have the s
volume at the transition. This is most likely a good appro
mation since transitions in the light actinide series, as
posed to the heavier ones beyond Pu, do not involve
appreciable volume collapse.

The high pressure phase, hcp Pa, was also studied in s
detail. Figure 3 shows the volume dependence of the a
c/a ratio. This parameter was optimized as a function
volume and interestingly its value is first increasing w
decreasing volume and reaches a maximum at a volum
about 14 Å3 before its value rapidly approaches the ide
value at a volume close to 8 Å3. At this volume, bct Pa is
still lower in energy but at higher compression hcp Pa, w
an idealc/a ratio, is the stable phase. This high pressu
phase of Pa was first proposed by So¨derlind et al.6 who ar-
gued for its existence by using a simple model involvi
canonicalf bands.12 Now we try to shed light on the peculia
behavior of thec/a ratio as a function of volume for hcp P
~Fig. 3!. In a simple model, we isolate the one-electron co
tribution to the total energy, by means of the structure ene
difference theorem13 in combination with canonical bands,12

FIG. 2. Total energies for Pa in the bcc, fcc, hcp, anda-U
structures relative to the bct structure energy. Three phase tra
tions are shown, bct→a-U→bct→hcp. Thec/a axial ratios at the
transitions are 0.82~bct!, 1.633 ~hcp!, and 1.95~a-U!. The other
two crystal structure parameters for thea-U phase are optimized to
1.825 (b/a) and 0.125 (y).
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and calculate the energy versusc/a ratio of hcp Pa. In Fig. 4
we show our model results for two different 5f band fillings
(n5 f), which are close to the filling of Pa at ambient cond
tions (n5 f51.5) and at elevated pressures (n5 f52.0). The
lowest energy for n5 f51.5 occurs forc/a51.72 whereas for
n5 f52.0 the optimalc/a ratio has increased to about 1.7
Hence, our simple model reproduces the trend of the
potential results in that an increased 5f occupation stabilizes
a hcp structure with largerc/a ratio. For increasing compres
sion, electrostatic interactions, and Born-Mayer repuls
will eventually dominate, stabilizing the idealc/a ratio, as is
found in the calculations of Fig. 3. We thus have two co
tending mechanisms driving the trend ofc/a ratio in Fig. 3.
First, the shape of the 5f density of states results in a on
electron contribution which favors largerc/a ratios when the
pressure, and thus 5f occupation, increases, and secondly
electrostatic energy in combination with the Born-Mayer
pulsion favors an idealc/a axial ratio.

In summary we predict a sequence of structural ph
transitions with increasing pressure, which hopefully may

FIG. 3. Calculated axialc/a ratio for hcp Pa as a function o
volume. At high compressionc/a approaches the value correspon
ing to ideal close packing of the hcp crystal structure~1.633!.
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verified experimentally. We show that in the hcp phase
c/a ratio varies with pressure in a rather intricate way,
creasing at first, then reaching a maximum of about 1
before decreasing to an ideal value. We make use of can
cal bands12 in combination with Pettifors structural energ
difference theorem13 to demonstrate that the one-electro
contribution gives rise to the initial increase and then a
crease. We argue that the decrease is due to electros
~Madelung! interactions and Born-Mayer repulsion. It wou
be interesting to investigate if these simple interactions co
explain also some of the more intricate structural phase
the actinides phase diagrams. Such studies are underwa

Work performed under the auspices of the U.S. Dep
ment of Energy by the Lawrence Livermore National Lab
ratory, Contract No. W-7405-ENG-48. We are grateful
J.M. Wills for the use of his full potential program and fo
fruitful discussions.

FIG. 4. Calculated energy versusc/a ratio for hcp Pa using
Pettifors structural energy difference theorem13 in combination with
canonical bands.12 The energies have arbitrary units. The so
circles represent a 5f occupation of 1.5 and the open squares af
occupation of 2.0. The curves connecting the points are fitted p
nomials and serve as a guide to the eye.
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6P. Söderlind, B. Johansson, and O. Eriksson, Phys. Rev. B52,

1631 ~1995!.
,

.
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