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Density functional theory calculations allowing spin polarization predict two phases in Pb-Pu superlattices.
One phase exhibits bond lengths similar to bulk �-Pu and a degree of localization of 5f electron states
corresponding to bulk �-Pu, while for the other phase, these take on values like those found in bulk �-Pu. The
superlattice geometry localizes the 5f electron states mainly in planes perpendicular to the stacking direction.
The disparate volumes between phases found in bulk Pu also emerge in Pb-Pu superlattices. The structures of
the two phases differ in the presence of pairing between neighboring Pu planes. The paired and unpaired phases
can coexist in special cases. The simple geometry of the pairing allows for detailed calculations to explore the
transition along the complete path connecting the two phases; to date, the bulk phases have evaded such an
examination. In Pb-Pu superlattices, the localization of 5f electron states smoothly parallels changes in geom-
etry, in accordance with tendencies that emerge in bulk Pu calculations. Changing the layer thicknesses affects
the ordering of the energies of the two phases for stacking along the �001� and �111� directions. For stacking
in the �011� direction, only one phase appears with very weakly paired Pu planes. Compared to bulk Pb and Pu,
the superlattices with single-monolayer thicknesses appear energetically favorable; pilot calculations suggest
that thicker layers become energetically favorable with interface alloying.
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I. INTRODUCTION

Recent calculations predict that Pb-Pu superlattices form
nanostructures with two competing phases strongly related to
the two most important phases of bulk plutonium.1 This re-
sult suggests furnishing actinide materials with nanoscale
structures as an avenue toward improved scientific under-
standing and greater technological control of actinide mate-
rial characteristics. These characteristics include unique crys-
tal structures,2 Mott transitions,3–6 strong anharmonicity,7–10

and strong electron-phonon coupling.11 In particular, the
Mott transition wherein 5f electronic states shift from itiner-
ant to localized emerges as a driver of many of the other
properties. The scientific importance of the two bulk Pu
phases mentioned above stems from their sitting on opposite
sides of this transition: some of the all-itinerant 5f electron
states in the low-temperature, monoclinic � phase become
localized in the high-temperature, face-centered cubic �fcc� �
phase.

Investigations into connections between the two bulk Pu
phases suffer from the lack of an unambiguous geometric
connection between the two crystal structures. The 16-atom
unit cell of the � phase shows significantly reduced symme-
try compared to the cubic symmetry of the single-atom unit
cell of the � phase. To date, no distinct transformation path
linking the two structures has emerged. In contrast, the two
phases in Pb-Pu superlattice transform into each other by an
easily described distortion, the pairing of Pu planes �visually
apparent in Fig. 1�.1 This pairing occurs accompanied by a
volume collapse and a delocalization of the 5f electrons
along the lines of the Mott transition associated with the bulk
phases. Furthermore, the bond lengths between Pu atoms in
the paired phase take on values very close to the short and
long bonds of �-Pu, while the bond lengths between Pu at-
oms in the unpaired phase take on values very close to those
in �-Pu.

The similarities between corresponding bulk and superlat-
tice phases suggest that nanostructures could be used to tailor
the 5f electron localization, effectively fine-tuning the asso-
ciated properties. The simple geometric transformation in the
superlattices encourages their use to study the transformation
in a more controllable manner. To this end, this work extends
the recent calculations to explore Pb-Pu superlattices in more
detail.

The previous study placed nML monolayers �ML� of fcc
Pu next to the same number nML of fcc Pb ML in the �001�
direction;1 here, investigations also include stacking in the
�011� and �111� directions. The paired phase discovered in
the earlier study appeared when spin polarization was not
permitted �see Sec. II�; here, optimization starting from this
phase’s geometry while allowing spin polarization leads to a
lower energy phase that retains the pairing simultaneously
with the Pu atoms acquiring spin moments. The work pre-
sented here includes a detailed exploration of the path con-
necting this phase with the unpaired phase; the result reveals

FIG. 1. Geometries of �001�-direction Pb-Pu superlattices with
two monolayers of Pb and of Pu �nML=2� in the �a� unpaired and
�b� paired phases. Small and large spheres represent Pb and Pu
atoms, respectively; rods delineate the simulation cells �four shown
for each case�. The transition between the two phases involves a
simple change of geometry where the two Pu monolayers move
toward each other.
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a smooth change of the electronic structure with the change
of geometry �the pairing of Pu planes�.

Geometry drives the choice to use Pb: of all elemental fcc
metals, Pb exhibits the closest lattice parameter to that of fcc
Pu �6.5% mismatch�. To date, Pb-Pu superlattice samples
have not been made. Experimentally, the two metals have
been examined together in the solid state for their alloying
properties.12 Theoretically, the two metals are predicted to
form a perfect, spdf-like 32-electron molecular system.13

Varying degrees of electron localization have been seen ex-
perimentally in thin Pu layers deposited on Mg.14

II. METHOD

A. Exploiting spin polarization to emulate electron-electron
correlation

Solid plutonium’s encompassing of both localized and
itinerant 5f electrons make it challenging for solid state elec-
tronic structure methods. For most materials, the majority of
such successful methods implement density functional
theory15 �DFT� with approximate treatment of exchange and
correlation such as the local density approximation16 �LDA�
and the generalized gradient approximation �GGA�.17 DFT in
the GGA produces results in good agreement with experi-
mental structural data for the � phase of bulk Pu. The pres-
ence of localized 5f electrons in the � phase requires en-
hancements to the GGA. Successful approaches to treat the
variable 5f localization include GGA methods enhanced with
a split 5f manifold in the mixed level model18 and in the
self-interaction corrected LDA19,20 or with an on-site Hub-
bard parameter in LDA+U �Refs. 21–23� and dynamical
mean field theory.24 Similar success stems from GGA calcu-
lations, where the local spin density replaces the local charge
density, i.e., through the introduction of magnetic moments
by allowing spin polarization.5,25–28

The work described here results from DFT calculations in
the GGA performed allowing spin polarization to emulate
the effects of electron-electron correlation in localized 5f
electron states. This approach successfully describes the
equilibrium volumes and bulk moduli of bulk Pu,28 which
has sparked a debate as to whether high-temperature Pu
phases are magnetic; to date, no magnetic moment has been
experimentally observed.29 The procedure cannot reproduce
the large electronic specific-heat coefficient of fcc Pu, i.e.,
not all physical properties of Pu are adequately described.
Nonetheless, the approach also replicates the equilibrium
structures and energetics of Pu compounds30 and alloys,31,32

and hence, serves as an appropriate method of investigating
the equilibrium structures and energetics of Pb-Pu superlat-
tices.

Refinements to this approximate treatment, orbital polar-
ization and spin-orbit coupling, are not included here. In that
sense, this work sacrifices higher accuracy in the interest of
investigating a broader range of systems. More accurate
treatments for systems of particular interest may alter the
specific values of, e.g., energy differences and equilibrium
lattice constants, but in all likelihood not affect the conclu-
sions.

B. Vienna ab initio simulation package

The DFT framework used here comprises the projector-
augmented wave �PAW� method33 implemented in the Vi-
enna ab initio simulation package �VASP�.34,35 All electrons
appear in the PAW method as either adaptable in valence
states or frozen in atomic core states. Of the potentials sup-
plied with VASP, this work uses those that treat as valence
electrons for Pb the 6s and 6p valence states, and for Pu, the
6s and 6p semicore and the 5f , 6d, 7s, and 7p valence states.
The Pu semicore states are included due to the short Pu-Pu
bonds that appear between paired Pu planes; bonds involving
Pb atoms remain close to the Pb-Pb bond length of equilib-
rium bulk fcc Pb, so the Pb semicore 5d electrons are treated
as core states �geometries and energy differences among
small Pb-Pu superlattice systems change negligibly when the
valence space includes the 5d electrons�. The PAW sphere
radii are 1.69 and 1.57 Å for Pb and Pu, respectively, which
lead to no overlap between spheres with the exception of a
small overlap between Pu atoms for some of the shortest
bonds. The PAW potentials use six and eight nonlocal pro-
jectors for Pb and Pu, respectively; the plane wave energy
cutoff is set to 320 eV, which converges energy differences
to well below 1 meV/atom. Exchange and correlation are
treated in the GGA with the functional of Perdew and Wang
�PW91�.36,37 For each system, the k-point mesh is refined
until the total energy �calculated using the linear tetrahedron
method with the corrections38 of Blöchl et al.� converges
within 1 meV/atom.

C. Optimization procedure

Unless specifically stated, optimization of the superlat-
tices starts from the same basic pattern. The initial geometry
consists of nML monolayers of fcc Pb stacked on nML mono-
layers of fcc Pu in one of the three high-symmetry directions.
The unit cell contains one atom per monolayer. Cell param-
eters, atomic positions, and spin moments undergo concur-
rent optimization.

As the superlattices are optimized, their magnetic mo-
ments are either kept at zero or are allowed to vary. Without
moments, the systems remain nonmagnetic �NM�. In previ-
ous work, two magnetic structures were used to seed the
calculations: a ferromagnetic �FM� arrangement and an anti-
ferromagnetic �AFM� arrangement within the Pu layer along
the stacking direction. This work omits FM arrangements
because they lead to results similar to those of AFM arrange-
ments, but with slightly higher energy. During optimization
of the superlattice structures, the magnetic moments keep
their sign while changing their magnitude. The Pb atoms
consistently end up with a moment of zero.

D. Phonons

Calculations of phonon frequencies result from applying
the direct force method.39–42 The method evaluates the force
constants in large simulation cells consisting of repeated unit
cells from the forces on all atoms calculated in response to
the displacement of the basis atom in one unit cell. A spatial
Fourier transform with a given wave vector q of the force
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constants results in the q-dependent dynamical matrix. Di-
agonalization of the dynamical matrix gives the correspond-
ing frequencies.

The calculations needed for converged phonon disper-
sions can become quite large. Long-range forces require
large simulation cells. Systems with forces that are sensitive
to the electronic wave function require a fine k-point mesh.
As described below, the phonons calculated here serve to
investigate the relative thermal stability of two phases. The
quantity of interest is the free energy, which depends on in-
tegrals over the phonon density of states �DOS�, i.e., is much
less sensitive to details of the phonon dispersion. Since the
intention here is to search for striking rather than subtle dif-
ferences in the phonons, a relatively small supercell with 16
atoms suffices. This supercell yields frequencies at the center
and high-symmetry edge points of the Brillouin zone that are
precise �within the approach used to calculate the forces�,
and frequencies at other points that are approximate. The
calculated forces converge with a k-point mesh of 6�6�6.
To improve convergence, the force calculations employ a
Fermi smearing with a width of 0.2 eV.

III. RESULTS

A. Stable PbPu alloy as superlattice with nML=1

The energies of the optimized AFM �001�-direction Pb-Pu
superlattices lie 0.02–0.06 eV/atom above a reference en-
ergy obtained by averaging the calculated values for bulk fcc
Pb and bulk fcc Pu �with AFM magnetic structure�. The ex-
ception appears for nML=1, where two structures exist with
different c /a ratios and lie 0.21 eV/atom �c /a=0.97� and
0.16 eV/atom �c /a=0.54� lower than the bulk average.
These superlattices correspond to a PbPu alloy in tetragonal
distortions of the B2 structure �the undistorted, cubic B2 al-
loy has a higher calculated energy 0.11 eV/atom below the
bulk average�. The two structures have similar volumes,
27.93 and 28.15 Å3, as well as similar spin moments on the
Pu atom, 5.4�B and 5.3�B, indicating a similar degree of 5f
electron localization.

For nML=1, i.e., Pu and Pb layers of monatomic thick-
ness, the single Pu atom in the unit cell and, therefore, all Pu
atoms in the superlattice have their spin in one particular
direction. Increasing the unit cell allows for Pu spin mo-
ments that alternate their sign. Doubling the unit cell in the
stacking direction, i.e., allowing interlayer AFM magnetic
structure, is energetically less favored. Doubling the unit cell
perpendicular to the stacking direction allows for Pu spin
moments that alternate their sign within the monolayer. For
the energetically less-favored structure �with c /a=0.54�, an
in-plane AFM structure in the �100� direction lowers the en-
ergy slightly �by 16 meV/atom�, while an in-plane AFM
structure in the �110� direction does not. No in-plane AFM
structure lowers the energy of the energetically favored
structure �with c /a=0.97�.

The two nML=1 structures differ in energy by
47 meV/atom. This energy difference approaches room tem-
perature within a factor of 2, which raises the possibility of a
temperature-induced phase transition. In order for tempera-
ture to induce the phase transition, it would have to push the

free energy of the structure with c /a=0.54 below that of the
structure with c /a=0.97. A large difference in the free ener-
gies’ rate of change with temperature requires strongly dif-
ferent phonon excitation spectra.

Figure 2 compares the calculated phonon dispersions for
the two nML=1 structures. The ordering of the frequencies of
the optical modes at � reflects the change in the c /a ratio.
For c /a=0.97, the single mode with amplitude in the stack-
ing direction appears much stiffer than the two modes that
vibrate perpendicular to the stacking direction. This ordering
corresponds to the phonon dispersion of typical fcc-like crys-
tal �where c /a=1�. Changing to c /a=0.54 reverses this or-
dering: the tetragonal compression makes the Pu-Pb bonds
largely horizontal, making vibrational modes perpendicular
to the stacking direction stiffer and those parallel to it softer.
The same type of softening appears for the two transverse
modes for wave vectors in the �	 ,	 ,0� direction, while the
corresponding longitudinal mode stiffens.

While the two spectra differ in such details, overall they
span a very similar frequency range. The two structures will
differ little in the thermal contributions to the free energy
from the phonons, i.e., not enough to overcome the
47 meV/atom difference. Since the phonons cannot produce
a phase transition, none is expected to occur. Other sources
contribute too little to the free energy, e.g., that due to elec-
tronic excitations. For completeness, Fig. 3 shows the elec-
tronic DOS for the two geometries.

Without a phase transition, the structure with c /a=0.97
remains more stable. For c /a=1, this structure corresponds
to the L10 �AuCu� structure. The L10 structure appears as a
very stable alloy among fcc superstructures in the Pu-Ga
system, where chemical short-range-order effects stabilize
fcc superstructure solid solutions.32 How chemical short-
range-order effects affect the Pb-Pu system will require fur-
ther investigations.
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FIG. 2. Calculated phonon dispersion for nML=1 �001�-direction
Pb-Pu superlattices. The simple tetragonal lattice with a=b�c
yields the following high-symmetry points in reciprocal space
�given in units of 
 /a, 
 /a, and 
 /c, respectively�: � �000�, X
�100�, M �110�, Z �001�, and A �111�. The phonon frequencies are
plotted along paths of high-symmetry directions perpendicular
��-X-M-�� and parallel ��-Z� to the stacking direction as well as
along the diagonal ��-A�.
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In summary, for nML=1, no pairing occurs and the super-
lattice, in fact, corresponds to an alloy with tetragonally dis-
torted B2 crystal structure. The tetragonal distortion stabi-
lizes the crystal at two values of c /a with energies well
below the bulk average. The weaker distortion of the B2
structure emerges as more stable at low temperatures and
from comparisons of phonon frequencies is expected to re-
main more stable at higher temperatures.

B. (001) stacking direction with nML�1

Two geometries also appear for nML larger than 1. The
c /a ratios differ between the two geometries only by 10%–
20% instead of the 44% found for nML=1. Pairing of the Pu
planes �possible for nML�1� appears as the main difference
between the two geometries. In Ref. 1, geometries with
paired Pu planes were found when optimizing the Pb-Pu su-
perlattices without allowing spin polarization �referred to
here as “NM-paired”�. Starting from these geometries and
now allowing spin polarization increases the volume by 4%–
6%, but otherwise changes the geometry negligibly, in par-
ticular, retaining the pairing �“AFM-paired”�. The arising
spin polarization lowers the energy, especially for odd nML.
For even nML, the combination of Pu plane pairing and spin
polarization results in energies lower than those obtained by
spin polarization alone �“AFM-unpaired”�. The AFM-
unpaired systems remain lower in energy for odd nML.

Figure 4 plots these energies and the associated volumes.
It reproduces the NM-paired and AFM-unpaired data plotted
in the third figure of Ref. 1, but adds the AFM-paired phases.
�Small changes in the values for the nML=3 NM-paired case
reflect the finding of a state with slightly lower energy.� Pu
atoms in the AFM-unpaired phases exhibit spin moments
around 4.5�B–5.2�B, while those in the AFM-paired phases
display spin moments around 3.1�B–3.5�B. These magni-
tudes differ from those found in calculations of �-Pu and are
much closer to the values obtained for �-Pu.28 The ratio of
volumes for the AFM-paired to AFM-unpaired superlattices,
ranging from 0.92 to 0.96, takes on values closer to those

calculated relative to �-Pu for �-Pu �0.93� and �-Pu �0.98�
than �-Pu �0.82�.

The AFM-paired states reflect their NM-paired roots by
reproducing some of the zigzag nature seen for the NM cases
in both the energy and the volume as nML increases. Figure 4
reveals an exception: the nML=3 AFM-paired case’s energy
deviates from where one would expect to find it. Rather than
lying near the middle between the values for the NM-paired
and AFM-unpaired phases �as occurs for nML=5�, the energy
is only slightly �4 meV/atom per atom� higher than the
AFM-unpaired energy. Symmetry breaking accounts for the
exception: Without allowing spin polarization, no pairing of
Pu planes occurs, but once spin polarization is allowed, the
symmetry can be broken by pairing two Pu planes with small
spin moments and having Pu atoms in the third plane pick up
a large spin polarization. In other words, the Pu layer mixes
both paired and unpaired phases. Section III C discusses this
asymmetric pairing in detail. The corresponding asymmetric
structure exists for nML=5 with an energy that lies 35 meV
below that of the symmetric geometry, but still well above
that of the AFM unpaired phase.

The remainder of this section compares the three systems
with nML=2. The energies of the NM-paired and AFM-
unpaired phases differ by a negligible amount, but the AFM-
paired phase lies lower by 38 meV/atom. The AFM-unpaired
and AFM-paired geometries appear in Fig. 1. The NM-paired
geometry differs from the AFM-paired geometry in volume.

Figure 5 compares the electronic DOS for the three super-
lattice phases with nML=2. The AFM-unpaired phase exhib-
its a strongly peaked DOS near the Fermi level, associated
with 5f electron states localized on the Pu sites, that appears
mostly decoupled from a broad free-electron-like band origi-
nating around 4 eV below EF, identifiable with the Pb 6p
electron states. The two paired phases reveal less distinct
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characteristics, with a broader band stemming from the Pu 5f
states overlapping with much of the band with origins in
Pb 6p states.

Figure 6 shows the band structure of the three superlattice
phases with nML=2. Plotting the energy eigenvalues as they
vary along the �	 ,0 ,0� and �0,0 ,	� directions in reciprocal
space, i.e., perpendicular and parallel to the stacking direc-
tion, respectively, reveals significantly more dispersion per-
pendicular to the stacking direction, especially for the many
states within 1–2 eV of the Fermi energy that stem from
Pu 5f electrons. The superlattice geometry localizes the 5f

electron states mainly parallel to the stacking direction. The
effect of pairing on the localization of the 5f states appears
in the number of such dispersion-muted states. For the un-
paired geometry, four �0,0 ,	�-dispersion-free states appear,
while for the paired geometries, only three emerge. Four
�doubly occupied� 5f states appear in the superlattice phase
corresponding to the bulk � phase. This correlates well with
results from the mixed level model, where the manifold with
four localized 5f electrons describes the � phase of bulk Pu
in better agreement with experiment than other numbers of
localized states.18

In summary, calculations predict two phases for Pb-Pu
superlattices stacked in the �001� direction. One phase, ener-
getically favored for odd nML, shows no pairing between Pu
planes and large spin moments on the Pu atoms, implying
localized 5f electron states. The other phase, energetically
favored for even nML, pairs up neighboring Pu planes with
smaller spin moments, indicative of less localized 5f electron
states.

C. Variations with stacking direction

Figure 7 shows the calculated energies and volumes ob-
tained for stacking in the �011� direction. The geometries of
the AFM-unpaired phase remain close to that of an ideal fcc
crystal with two atom types occupying the sites: The b /a
ratios range from 1.26 to 1.4, compared to the ideal value of
1.42; the c /a ratios range from 0.96 to 1.09, close to the
ideal value of unity. The energies hover around the bulk
AFM average with little structure depending on even or odd
nML. The entry for nML=1 does not distinguish between
�001� and �011� directions. The geometry with nML=2 actu-
ally lies below the bulk average �by about 8 meV/atom�. The
volumes also approximate the bulk AFM average, but show
more structure because of a weak pairing of Pu planes: the
Pu-Pu bonds between closer neighboring planes are around
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FIG. 5. Electronic DOS near the Fermi level for �001�-direction
Pb-Pu superlattices with nML=2. The NM-paired and AFM-paired
phases reveal very similar DOS despite having very different ener-
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figures for the �001� and �111� directions.
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6% shorter than the Pu-Pu bonds between well-separated
neighboring planes. This is significantly less than the around
20% value in the �001� AFM-paired geometries. This slight
pairing is absent in the �001� direction.

Unlike for the �001� direction in Fig. 4, no paired geom-
etries appear for the �011� direction in Fig. 7. For every nML,
all geometries with paired Pu planes stacked in the �011�
direction, i.e., with a�b, consistently relaxed to a=b and
reproduced the �001� results. Calculations with nML=2 sug-
gest why: On the one hand, the energy increases for a
volume-conserving distortion that decreases the b /a ratio of
the AFM-unpaired geometry, with nML=2 stacked in the
�011� direction. On the other hand, the same distortion de-
creases the energy if the two Pu planes are paired up. In
short, pairing destabilizes the geometries of Pb-Pu superlat-
tices stacked in the �011� direction with respect to the geom-
etries of superlattices stacked in the �001� direction.

Figure 8 shows the calculated energies and volumes ob-
tained for stacking in the �111� direction. Stacking in this
direction lowers the symmetry more than for the previous
two directions. Pairing of Pu planes becomes less pro-
nounced. Visible systematic differences between odd and
even nML only appear for the volumes of the NM-paired
phase, with even nML showing larger volumes than odd nML
�opposite to the ordering in the �001� direction�. As nML in-
creases, the geometries tend toward that of bulk �-Pu sand-
wiched between fcc Pb as do the energy and volume: the
average energy and volume of pure bulk �-Pu and fcc Pb are
−8.83 eV/atom and 24.7 Å3, respectively.

Figure 9 collects the Pu-Pu bond lengths that appear in
Pb-Pu superlattices for all three stacking directions and com-
pares them to the ranges of short and long bonds found in the

� phase of bulk Pu. The bond lengths for the AFM-unpaired
phase all fall close to the range of long �-Pu bonds, where
the bond length of bulk fcc Pu also lies. The AFM-paired
phase reveals a splitting into short and long bonds similar to
that found in bulk �-Pu. The NM results show this splitting
to the degree that pairing succeeds, i.e., more clearly for even
nML where all Pu planes can pair up.

In summary, calculations predict two phases for Pb-Pu
superlattices stacked in the �111� direction as seen for stack-
ing in the �001� direction. For stacking in the �011� direction,
only the unpaired phase appears, because pairing Pu planes
destabilizes the crystal structure with respect to a shearing of
the base plane that converts the structures into the geometry
of the �001�-direction paired phase. With increasing layer
thicknesses, the �111�-direction superlattices tend toward the
appearance of bulk �-Pu’s geometry within the Pu layer.

D. Asymmetric pairing in the nML=3 case

The �001� Pb-Pu superlattice with nML=3 deserves par-
ticular scrutiny as it exhibits the 5f electron itinerant-
localized transition in a unique setting. Without spin polar-
ization, breaking the spatial symmetry to allow two
neighboring Pu planes to pair up raises the energy. With spin
polarization, the symmetry in spin can be broken and two
solutions appear as for other values of nML. The first solution
lowers the energy by acquiring large spin moments near 5�B,
i.e., localized 5f electron states, at the Pu sites without pair-
ing of Pu planes. The second solution lowers the energy with
spatial symmetry breaking made possible by spin polariza-
tion: two Pu planes �with small spin moments near 3�B� pair
up, while the remaining Pu atom takes on a larger spin mo-
ment over 5�B. This arrangement combines both the paired
and unpaired phases in the same Pu layer. Figure 10 illus-
trates the geometry of this asymmetric pairing.
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optimizations allowing spin polarization ended in the AFM-
unpaired phase.
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The unpaired phase with its high degree of symmetry and
large spin moments emulates the bulk �-Pu phase. The
paired phase emulates several bulk Pu phases in different
aspects or, as mentioned above, emulates two bulk phases
simultaneously by combining both paired and unpaired su-
perlattice phases. This combined concept receives support
from the magnitudes of the spin moments, with values emu-
lating the bulk �-Pu and �-Pu phases. The splitting of Pu-Pu
bond lengths into two groups mirrors the bulk �-Pu phase.
The entire superlattice system’s calculated bulk modulus
changes from 29.0 GPa �unpaired� to 34.9 GPa �paired�;
these values are closer to the 33 GPa calculated28 for �-Pu
than any of the other phases. While the asymmetry of the
paired phase raises the notion of viewing it as loosely con-
nected sublayers, the usefulness of this concept remains de-
batable.

The usefulness of the simple geometric path connecting
the two phases becomes apparent immediately: Fixing the
geometry at points that linearly interpolate the path connect-
ing the two spin-polarized phases allows the transition be-
tween them to be mapped out. Figure 11 plots the continuous
changes arising in the transition between the two nML=3
phases. Slight extensions at both ends of the path connecting
the unpaired and paired phases reveal the two distinct energy
minima. The paired geometry’s energy lies 4 meV/atom
higher than that of the unpaired phase. The energy barrier
separating the two geometries, 29 meV/atom, only slightly
exceeds room temperature, making this transition quite pos-
sible. The symmetry of the unpaired phase reappears in both
the spin moments and the bond lengths between Pu atoms in
neighboring planes; both of these entities reveal no particular
structure at the asymmetric, paired phase.

Unlike the energy, the spin moments change monotoni-
cally as the geometry progresses monotonically from one

phase to the other. This parallelism between geometry and
electronic state demonstrates a distinct link between the lo-
calization of 5f electron states and Pu-Pu bond lengths. Only
when the superlattice geometry suddenly changes will the
localization suddenly change. This continuous variation of
spin moment with local geometry similarly appears in the
bulk phases of Pu.28

Figure 12 shows the projected electronic DOS of the three
Pu atoms at three states along the path: the paired and un-
paired phases as well as the intermediate maximum-energy

FIG. 10. Unit cell geometries of the �001� nML=3 Pb-Pu super-
lattice in the asymmetric pairing phase �left� and in the symmetric
unpaired phase �right�. The transition is accompanied by a slight
volume change from 26.38 to 27.37 Å3, and a change in c /a ratio
from 0.93 to 1.06. Spin moments are negative on atoms 1 and 3,
and positive on atom 2.
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state. Very little change appears in the projected DOS of the
atom that remains unpaired �Pu atom No. 1� as its spin mo-
ment only slightly decreases. On the other hand, the spin
moments increase steadily for the two Pu atoms participating
in pairing, and their 5f electron states become more localized
and the projected DOS become more peaked just below the
Fermi energy.

The bunching up of 5f electron states near the Fermi en-
ergy emerges in the band structure. Figures 13 and 14 show
the band structures along high-symmetry directions for the
asymmetric paired and symmetric unpaired phases, respec-
tively. Two of the three Pu atoms have a negative spin mo-
ment, while the middle Pu atom has a positive spin moment,
resulting in more spin-down than spin-up bands below the
Fermi energy. Many of the effects due to Pu plane pairing
and 5f electron localization seen in Fig. 6 also become ap-
parent here. The symmetric unpaired phase reveals its more
localized 5f electron states bunched up just below the Fermi
energy and with no dispersion in the stacking direction. The
5f electron states, being more localized in the unpaired
phase, also couple less to other states. Consequently, the
structure stemming from the Pb 6p states appears more free-
electron-like as in the nML=2 band structure.

In summary, an exploration of the path connecting the two
phases for nML=3 reveals a distinct link between the Pu-Pu
bond lengths and the degree of 5f localization. The degree of
5f localization can, in fact, vary across the Pu layer as su-
perlattices with odd numbers of monolayers allow for geom-
etries that combine both the paired and unpaired phases in
the same Pu layer.

E. Interface stability and alloying

The calculated energies of �001� Pb-Pu superlattices with
nML larger than unity lie 20–60 meV/atom above the aver-
age of the two bulk fcc structures. In contrast, the energy
calculated for nML=1, corresponding to the alloy in a tet-
ragonally distorted B2 structure, lies around 200 meV/atom
lower than the bulk fcc average. The favoring of the alloy
suggests that Pb-Pu superlattices with nML larger than unity
might be stabilized by blending the two elements across the
interface. A complete, systematic exploration of this issue
goes beyond the scope of this paper.

Evidence for such interface alloying appears in one case
presented in this section. Figure 15 shows the optimized ge-
ometry. The initial geometry derives from the optimized
nML=2 superlattice by exchanging one row of Pb with one
row of Pu atoms to create a mixed layer. The optimized
volume decreases from the original AFM-unpaired phase by
4%. The energy becomes more favorable by 124 meV per
atom, but remains higher than the nML=1 superlattice. The
optimized geometry can be viewed as two Pb monolayers
separated by a layer of Pu in the AFM-paired phase and a
layer of PbPu alloy.

In summary, the optimized nML=2 �001� Pb-Pu superlat-
tice can be stabilized by introducing interface alloying.

IV. CONCLUSION AND DISCUSSION

In conclusion, DFT calculations in the GGA allowing spin
polarization reveal two phases for Pb-Pu superlattices that
closely emulate many characteristics of the low- and high-
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FIG. 13. Band structure along high-symmetry directions for the
asymmetric paired phase in �001� nML=3 Pb-Pu superlattice.
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FIG. 14. Band structure along high-symmetry directions for the
symmetric unpaired phase in �001� nML=3 Pb-Pu superlattice.

FIG. 15. Geometry of Pb-Pu superlattice with nML=2 including
interface alloying. �a� Original AFM nML=2 unit cell as seen from
the �110� direction. The alloying at the interface is created by ex-
changing the edge Pu atom with the Pb atom in the front right face
�and, equivalently, the back left face�. �b� Relaxed unit cell from the
same viewpoint, showing how the center Pu atom has moved up to
pair with the pure Pu plane. �c� Relaxed unit cell viewed from
angle. Small and large spheres represent Pb and Pu atoms, respec-
tively; rods delineate the simulation cells. The spin moments at the
Pu sites are −5.26 �bottom, mixed layer�, 3.30 �moved-up layer�,
and 4.67 and −4.50 in the slightly buckled topmost layer.
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temperature phases of bulk Pu. Aspects of the phase transi-
tion that reveal the resemblance appear in the localization of
5f electron states, a large change of volume, and Pu-Pu
bonds of similar lengths. In bulk, Pu settles in phases that
either increase the localization of 5f electron states or exhibit
low crystal symmetry. The superlattice shows the same trend,
though the 5f electron states localize mainly in one dimen-
sion, parallel to the stacking direction. The lowering of crys-
tal symmetry also proceeds less dramatically.

The lesser lowering of symmetry stems from the Pu lay-
er’s being embedded between Pb layers. For the Pu atoms at
the interface of superlattices with stacking along the �001�
and �011� directions, Pb provides a potential that encourages
a structure that is more like �-Pu than �-Pu. Keeping the
high degree of symmetry imparted across the interface con-
strains the distortion of the Pu layer to the pairing up of
planes. While the pairing up does not lower the symmetry to
that of �-Pu, it does yield the same splitting into short and
long Pu-Pu bonds found in �-Pu.

The pairing up of Pu planes appears less pronounced for
stacking in the �111� direction. The lower symmetry at the
interface provides less constraints on the distortion of the Pu
layer’s lattice structure.

The pairing up of Pu planes connects the two superlattice
phases through a distinct transformation. The simple geom-
etry of the pairing allows for detailed calculations exploring

the transition along the complete path connecting the two
phases, an investigation that, to date, is not possible for the
bulk phases. Evidence for a continuous change of 5f electron
localization with geometry, found in bulk Pu phases, emerges
with clarity in calculations along the superlattice transforma-
tion.

The PbPu alloy in a tetragonally distorted B2 structure
lies lower in energy than the thicker Pb-Pu superlattices. The
stability of this crystal structure suggests that chemical short-
range-order effects may be important and that alloying may
occur at the superlattice interfaces. Further investigations are
needed, but a test calculation reveals evidence for the stabi-
lization of superlattices by such blending of the elements
across the interface.

The calculations presented here presumably reflect a
small selection of the effects of nanometer-scale confinement
on plutonium. In addition to introducing elements other than
Pb, exploring other stoichiometries or other geometries may
well reveal more insight into the nature of Pu.
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