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Elemental plutonium �Pu� transforms between phases with dramatic changes in volume and symmetry, and
a pathway connecting the radically different crystal structures was only recently mapped. Density functional
theory calculations presented here predict in the indium-plutonium �InPu� alloy an analogous but structurally
much simpler phase transition, characterized by a pairing-up of Pu atoms. The transition connects two crystal
structures closely related to the experimentally observed �-InPu; in one structure, pairing of the Pu atoms
breaks the crystal symmetry while the other structure is a trigonal distortion of �-InPu. The calculations predict
these structures to stabilize at low temperatures, where uniaxial strain induces the transition between them. The
transition shows hysteresis in the character of the electronic state, in the Pu-Pu bond lengths and in the density.
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Temperature drives elemental plutonium �Pu� through
structural phase transitions with remarkable features.1 The
solid takes on more crystal structures than any other
element—six—and these span a wide range of densities and
symmetries. At low temperatures, Pu appears in complex,
unique allotropes with low symmetry and high density. The
room temperature � phase exemplifies the low symmetry
with a monoclinic unit cell containing sixteen atoms. In-
creased temperatures bring about structures with much
higher symmetry and greatly reduced density, e.g., the tech-
nologically most important � phase with face-centered cubic
crystal structure.

Considerable research has gone into clarifying the par-
ticulars of the phase transitions with mixed success. In par-
ticular, the details of a pathway connecting the crystal struc-
tures was only recently identified due to the vastly different
symmetries.2 Recent theory predicts that imposing structural
constraints could abate the geometric complexity of the
phase transitions.3 The suggested constraint involves alter-
nating nanometer-scale layers of Pu and lead �Pb�. The Pb
layer imparts its high degree of symmetry on the Pu layer,
which reduces the intricate phase transitions of elemental Pu
to a simple change of geometry: a pairing up of neighboring
Pu planes akin to atoms in the one-dimensional Peierls
effect.4

Many of the remarkable traits of elemental Pu’s phase
transitions remain in the geometrically simpler transition.
For one, the density changes by a large amount. Then, quite
surprisingly, the Pu-Pu bond lengths in the unpaired phase
closely approximate the bond length in �-Pu, while in the
paired phase they emulate the � phase by separating into
sharply defined groups of short or long bonds. Most impor-
tantly, the character of the 5f electron states transforms as
markedly as in elemental Pu.

The simplicity of the transition’s geometry has allowed a
more detailed theoretical exploration of the accompanying
changes in electronic states than previously possible.5 Den-
sity functional theory6 �DFT� calculations reveal that step-
ping through the transition, i.e., smoothly pairing up Pu
planes, steadily changes the character of the 5f electron
states. This path between the unpaired and paired phases
takes the system over an energy maximum. These results
suggest that when Pu undergoes a transition from one phase

to the other, any sudden change in the character of the elec-
tronic states correlates with a sudden change in geometry and
vice versa.

Experimental verification of the predicted behavior in
Pb-Pu superlattices would first require their successful fabri-
cation. In the work presented here, theory predicts that a
similarly simplified version of the phase transition emerges
in the �-phase of the indium-plutonium �InPu� alloy, a sys-
tem which already has been successfully created in the
laboratory.7 The transition distinguishes itself by a pairing up
of Pu atoms, which the calculations predict to be observable
at low temperatures and influenceable by uniaxial strain.

The source of Pu’s striking solid-state attributes also
poses a challenge to theory. DFT works well for most other
elements in the approximations used to make the theory
practical, i.e., the local density approximation8 and the gen-
eralized gradient approximation �GGA�.9 While DFT in the
GGA describes the �-Pu phase well, it fails to describe the
�-Pu phase. The failure plausibly stems from a varying lo-
calization of the 5f electronic states.10–13 To make up for this,
sophisticated alternatives to the approximate implementation
of DFT have been designed. The purpose-built methods for
handling the 5f electron states include the mixed level
model14 and dynamical mean field theory.15

A simpler but effective approach to account for the chang-
ing character of the 5f electron states arises from DFT cal-
culations in the GGA that allow spin polarization.12,16–19 This
approach reliably replicates the equilibrium structures and
energetics of Pu compounds20 and Pu alloys,21,22 and hence
serves as an appropriate method of investigating the structure
and energetics of InPu. The arising of spin moments reveals
one important limitation as no experiment has measured Pu
as magnetic.23 Spin moments arising on the Pu atoms thus
should not be viewed as predicted magnetic moments but
merely as indication of the changing character of the 5f elec-
tron states.

All results presented here stem from calculations using
the Vienna ab initio simulation package24,25 �VASP� and their
only crucial difference to those on Pb-Pu superlattices2,5 is
the replacement of the Pb potential with that designed for In.
Supplied with VASP, this projector-augmented wave26 poten-
tial treats as valence electrons the 5s and 5p valence states,
the remaining electrons remain frozen in atomic core states.
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For Pu, the valence electrons include the 6s and 6p semicore
�because of the arising short Pu-Pu bonds� and the 5f , 6d, 7s,
and 7p valence states. Exchange and correlation are treated
in the GGA with the functional of Perdew and Wang27,28

�PW91�. For the four-atom unit cell, an 8�8�10 k-point
mesh converges the total energy �calculated using the linear
tetrahedron method with Blöchl corrections29� within 1 meV/
atom. The same convergence criteria for energy differences
arise with the plane wave energy cut-off of 320 eV.

The experimentally determined �-InPu phase exists be-
tween room temperature and melting �at 1 145 °C� as a
AuCu type crystal structure �Strukturbericht designation L10,
Pearson symbol tP2� with lattice constants 4.81 and 4.54 Å.7

Figure 1 illustrates the closely related InPu ground state crys-
tal structure predicted by DFT in the GGA. This structure
differs from the experimental lattice by a pairing of Pu atoms
and a slight displacement of the In atoms �away from the
paired Pu atoms�. These changes double both basal plane
dimensions. The calculated lattice constants of a=4.48 Å
and c=4.88 Å disagree somewhat with the experimentally
measured values and invert the c /a ratio. Relative to �-Pu
and the face-centered tetragonal In ground state, the structure
has a calculated energy of mixing of 144 meV �neglecting
zero-point energy and thermal contributions�.

The pairing of Pu atoms brings them closer by x
=0.62 Å. Figure 2 shows the double well produced for pair-
ing as a function of the parameter x. The same double well
exists for pairing in the perpendicular direction within the
basal plane. The well depth of 31 meV only slightly exceeds
the energy corresponding to room temperature, 27 meV, sug-
gesting that at 300 K, the system can easily tunnel through
the barrier, and the average atomic positions would show no
pairing. In the experiments of Ellinger et al. no evidence for
pairing was seen above room temperature.7 However, the
energy scale of the double wells suggests that at lower tem-
peratures, the system could become trapped in one of the
four possible arrangements with paired Pu atoms.

Further calculations predict the existence of a metastable
geometry without paired Pu atoms, as illustrated in Fig. 3.
This unpaired phase differs from the experimental lattice by

a trigonal distortion that changes the angle � between basal
lattice vectors from 90° to 97.5°. The basal lattice constant a
increases to 4.67 Å, while the vertical lattice parameter c
decreases slightly to 4.74 Å. The two predicted phases differ
in energy by 17.5 meV per atom and in volume by 1.31 Å3

per atom �equivalent to an 11% change per Pu atom, roughly
half the difference between the volumes of the � and �
phases of pure Pu�. The Pu-Pu bond lengths at �=90° are
a /�2−x=2.55 Å and a /�2+x=3.79 Å, which lie close to
the two respective groups of bond lengths in �-Pu �short
2.42–2.53 Å, long 3.21–3.56 Å�; in the unpaired phase, the
Pu-Pu bond lengths measure 3.52 Å, only slightly larger
than those in �-Pu. In short, the two phases closely emulate
the stark structural differences found between the � and �
phases of elemental Pu.

The simplicity of the pathway connecting the two phases
allows a prediction of how changing external constraints can
induce the phase transition. To this end, quasistatic calcula-
tions were performed to optimize the volume, atomic posi-
tions, and electronic structure at sequences of fixed values of
�. The sequences start with the geometry of one of the two
phases. Each step in the succession is initiated with the ge-
ometry optimized for the previous value of �, modified by
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FIG. 1. �Color online� Geometry of the predicted InPu ground
state crystal structure. �a� Top view and �b� perspective view of nine
unit cells. The calculated equilibrium values are a=4.48 Å, c
=4.88 Å, and x=0.62 Å. Pairing of the Pu atoms �indicated by
bonds� slightly distorts the In sublattice by displacing the In atoms
horizontally by 0.23 Å away from the Pu pairs �particularly evident
in the perspective view�.
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FIG. 2. �Color online� Calculated energy per atom plotted
against the parameter measuring the pairing of Pu atoms. Circles
represent the calculated energies, connected by a spline to guide the
eye. The simulation cell is kept fixed at a=4.48 Å, c=4.88 Å. The
In atoms move by proportional amounts.
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FIG. 3. �Color online� Geometry of the predicted InPu meta-
stable crystal structure. �a� Top view and �b� perspective view of
nine unit cells. The calculated equilibrium values are a=4.67 Å,
c=4.74 Å, and �=97.5°.
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the trigonal strain needed to achieve the current value of �.
Figure 4 maps out the resulting hysteretic phase transi-

tions between the ground state and the unpaired, metastable
state. Both phases exhibit stability against small amounts of
trigonal strain. The region of stability for the paired state
spans a smaller change in � than that of the unpaired state: a
trigonal distortion of the ground state to within a few degrees
of the metastable state induces the transition; in the reverse
direction, the metastable state must be pushed beyond the
ground state at �=90° to bring about the transition. In terms
of energy, the paired state appears in a more stable well with
a depth of 18 meV/atom compared to the 10 meV/atom of
the unpaired state. These values suggest that experimental
observation of the transitions would require temperatures
well below room temperature.

It may be more convenient to not consider the strain as
trigonal, but view it as uniaxial in the direction of the bond
connecting paired Pu atoms. The predicted hysteresis then

stems from driving the system through the transition with
uniaxial tension and uniaxial compression. In terms of lattice
constants parallel and perpendicular to the pairing, the tran-
sitions occur at a ratio between 1.08 and 1.10 �paired into
unpaired� and between 1.00 and 0.98 �unpaired into paired�.
The energy minimum of the unpaired state occurs at 1.14.

The structural phase transitions of elemental Pu have long
been known to exhibit hysteresis in the temperature.30 InPu
thus would not be the first Pu system to exhibit hysteresis,
but the simplicity of the pathway and its susceptibility to
uniaxial strain make it appealing for further study. Experi-
mental verification or refutation of the predictions would en-
hance the understanding of Pu’s unique properties and the
methods developed to address them.

Many thanks go to John Wills for helpful and encouraging
discussions. This research is supported by the U.S. Depart-
ment of Energy under Contract No. DE-AC52-06NA25396.
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FIG. 4. �Color online� Calculated energy per atom, spin moment magnitude on each Pu atom, Pu-Pu bond length, and volume per atom
plotted against the angle � of the trigonal strain of the unit cell. Symbols mark the results obtained for successive values of �, connected by
lines to guide the eye. Varying � drives each phase from equilibrium through metastability into the other phase, causing a hysteresis in the
electronic state, in the bond lengths between Pu atoms, and in the density.
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