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Pb-Pu Superlattices: An Example of Nanostructured Actinide Materials
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Density functional theory applied to Pb-Pu superlattices reveals two competing phases separated by a
Mott transition between itinerant and localized 5f electrons. One phase, corresponding to Pu’s bulk «
phase, exhibits paired up Pu planes, thereby broadening the 5f bandwidth. Allowing spin polarization to
emulate the energetics of electron correlation leads to another phase with larger volume, narrow 5f
bandwidth, and more uniform local crystal structure, similar to bulk fcc Pu.
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The patterning of materials with nanometer-scale struc-
tures can strongly affect physical properties and in some
systems even induce them (for example, Pd is paramag-
netic in bulk but becomes magnetic in Pd-Ag quantum
wells [1]). The effects change as the structural parameters
vary, making it possible to fine-tune desired (or undesired)
attributes. Such a fine-tuning could yield improved scien-
tific understanding and greater technological control of
actinide material characteristics. Aspects of particular in-
terest among actinide solids include unique crystal struc-
tures [2], Mott transitions [3—6], strong anharmonicity [7—
10], and strong electron-phonon coupling [11]. Many of
these characteristics relate to the nature of the 5f electronic
states as they vary from itinerant to localized. Designing
nanostructures to tailor the 5f electron localization would
allow fine-tuning of the associated properties.

In the light actinides the 5f electrons participate in
bonding with a narrow bandwidth. Crystal-structure dis-
tortions broaden this bandwidth somewhat, pushing occu-
pied energy levels down, which for the light actinides
outweighs changes in the electrostatic energy and leads
to crystal structures of low symmetry [12] and with itiner-
ant 5f electrons. High-symmetry structures among the
light actinides can be stabilized by going to high tempera-
ture. The most striking actinide, plutonium, exhibits six
allotropes associated with temperature-dependent 5f lo-
calization. The crystal structures of Pu’s low-temperature
phases with itinerant 5f electrons, e.g., the monoclinic «
phase, show significantly reduced symmetry compared to
the cubic symmetry of the high-temperature phases. The
technologically most important face-centered cubic (fcc)
phase possesses mostly localized 5f electrons [13].

This work aims to assess the influence of nanoscale
structures, specifically Pb-Pu superlattices, on the localiza-
tion of plutonium’s 5f electrons and associated properties.
Both metals are highly toxic and have rarely been studied
together [14], but of all elemental fcc metals Pb exhibits
the closest lattice parameter to that of fcc Pu (6.5% mis-
match). The fcc crystal structure provides the starting point
for the nanostructures investigated here. The initial geome-
try places ny;. monolayers (ML) of fcc Pu next to the same
number nyg, of fcc Pb ML. The layer stacking assumes the
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(001) direction; preliminary calculations indicate that
stacking in the (011) direction leads to similar results.
Periodic boundary conditions repeat this geometry in all
dimensions. The simulation cells contain a single atom in
each ML, which restricts the possible relaxations, though
additional calculations with multiple atoms per ML indi-
cate that lifting this restriction exhibits no advantage.
Figure 1 shows the structures after relaxation using density
functional theory (DFT) in the generalized gradient ap-
proximation (GGA).

DFT in the GGA accurately describes the complex
crystal structure of Pu’s low-temperature « phase but not
the high-temperature fcc phase. The difference lies in the
localization of 5f electron states: in the a phase all 5f
electrons are itinerant; in the fcc phase some are itinerant
and some are localized. The approximations in the
exchange-correlation functionals of GGA and the local
density approximation (LDA) cannot account for the
strong correlations between electrons in a localized orbital.
Successful approximate treatment of the variable 5f elec-
tronic state localization in Pu requires modifications to the
GGA such as the introduction of magnetic moments [5,15—
18] (i.e., going from a local density to a local spin density
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FIG. 1. Geometry of Pb-Pu superlattices for nyy =1,...,6
after optimization without spin polarization. Small and large
spheres represent Pb and Pu atoms, respectively; rods delineate
the simulation cells.
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approximation), an on-site Hubbard parameter in LDA +
U [19-21] and dynamical mean field theory (DMFT) [22],
or a split 5f manifold in the mixed level model [13].

Results presented here stem from DFT calculations in
the GGA allowing magnetic moments, which emulates the
correct treatment of electron-electron correlation in local-
ized 5f electronic states. Allowing spin polarization in the
GGA to DFT enables more electrons to occupy spatially
different states, effectively keeping the electrons apart.
One spin direction’s electronic states shift relative to the
other spin direction’s, broadening the total electronic den-
sity of states (DOS), which can lower the total energy
similar to crystal-structure distortions. This approach suc-
cessfully describes the equilibrium volumes and bulk mod-
uli of bulk Pu [18], which has sparked a debate as to
whether high-temperature Pu phases are magnetic—to
date, no magnetic moment has been experimentally ob-
served [23]. 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 compounds [24] and Pu
alloys [25] and hence is appropriate to investigate the
equilibrium structures and energetics of Pb-Pu superlatti-
ces. Refinements to this approximate treatment, orbital
polarization and spin-orbit coupling, are not included here.

The projector-augmented wave (PAW) method [26] im-
plemented in VASP [27,28] provides the DFT framework
used here. The PAW method includes all electrons with the
core electrons frozen in atomic states. Of the potentials
supplied with VASP this work uses those that treat as
valence electrons for Pb the 6s and 6p states and for Pu
the 65 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 (see
below); bonds involving Pb atoms remain close to the Pb-
Pb bond length of equilibrium 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 5d electrons are
treated as valence states). The PAW sphere radii are
1.69 A and 1.57 A for Pb and Pu, respectively, which leads
to no overlap between spheres with the exception of a small
overlap between Pu atoms for the shortest bonds. The PAW
potentials use three and four nonlocal projectors for Pb and
Pu, respectively; the plane wave energy cutoff is set to
320 eV. Exchange and correlation are treated in the GGA
[29,30]. For each system the k-point mesh is refined until
the total energy (calculated using the linear tetrahedron
method with Blochl corrections [31]) converges within
1 meV/atom.

The magnetic starting structures imposed on each sys-
tem fall into one of three classes: nonmagnetic (NM),
ferromagnetic (FM), or antiferromagnetic (AFM). The
spins of all Pu atoms align in the FM case, while the
AFM calculations are seeded with neighboring Pu planes
having opposite spin directions. During optimization the

FM/AFM spins remain unrestricted and retain their direc-
tion while adjusting their magnitude (final values fall in the
range of 4.3-5.4up/atom). The Pb spins are initiated
similarly but consistently vanish. Imposing the AFM ar-
rangement on pure bulk fcc Pu and using the DFT approach
outlined above gives good agreement with the experimen-
tal volume; calculations of pure bulk fcc Pb without spin
polarization reproduce the experimental lattice constant
within a few percent. The results reported here include
FM magnetic structures for completeness, but the discus-
sion focuses on the NM and AFM cases which encompass
the relevant physics as in bulk calculations.

In calculations that do not allow for energy lowering
through spin polarization the superlattice lowers its energy
by pairing Pu planes. This is analogous to calculations on
bulk Pu without spin polarization where the low-symmetry
« structure is favored over the highly symmetric fcc struc-
ture, though the two bulk structures cannot be related via a
simple distortion. Figure 1 illustrates the Pu plane pairing
juxtaposed with the Pb planes which remain very evenly
spaced. The extent to which the Pu planes can pair up
depends on ny: for even values of ny; the monolayers
close up in pairs much like atoms in the one-dimensional
Peierls effect [32]. For odd nyy. not all monolayers can pair
up, nyr, = 3 in particular frustrates any pairing.

The distances between Pu atoms reveal another, remark-
able likeness between the paired Pu planes and the bulk
a-Pu phase. The a-Pu crystal structure’s unit cell contains
16 atoms in eight unique environments; the low-symmetry
monoclinic a structure appears completely unrelated to
Pu’s high-temperature fcc structure. The bonds between
Pu atoms in the a phase split into two distinct length
ranges: the short bonds, 2.42-2.53 A, and the long bonds,
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FIG. 2. Electronic DOS near the Fermi level for Pb-Pu super-
lattices. The top two panels show the DOS for two systems
without spin polarization; the ny; = 4 system displays much
larger crystal-structure distortions that drive states away from the
Fermi energy. The lower panel shows the DOS for the nyy, = 3
system with spin polarization.
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3.21-3.56 A (theoretical values). Surprisingly, in Pb-Pu
superlattices similar ranges reappear between Pu atoms
in paired planes, 2.48—-2.56 A, and between Pu atoms in
unpaired planes, 3.08—-3.31 A. Such a similarity was not
expected.

The pairing up of Pu planes affects the electronic DOS.
Figure 2 contrasts the DOS of the frustrated nyy = 3 case
with that of the successful nyy, = 4 system. The pairing up
of planes for nyy = 4 pushes states away from the Fermi
Er energy, thereby lowering the one-particle energy of
occupied states near Er. This energy lowering compen-
sates for increases in the electrostatic energy much like
crystal-structure distortions do in bulk light actinides.

Figure 2 also shows the DOS for ny, = 3 allowing spin
polarization. Nearly all spin-up states in the valence band
are occupied and form a narrow peak indicating they
remain quite localized. Projecting out the f states shows
that these in fact localize at the Pu sites and are of entirely
one spin at a given site.

Calculations allowing spin polarization let the system
lower its energy without the distortions present in the NM
case, resulting in a much less dramatic dependence of the
energy on nyq, as shown in Fig. 3. With the exception of
ny, = 1, the energy of the AFM systems tends with ny,
towards the value obtained from averaging bulk fcc Pb and
bulk fcc Pu (with AFM magnetic structure). Similarly the
volume shows little dependence on nyy; .

The energies of the AFM and NM systems are quite
close for even nyqp, i.€., when the NM system can lower its
energy through plane pairing. The volumes, however, dif-
fer by 10%—-20%. This ratio between two volumes of
systems with similar energies is reminiscent of the two
local minima in DMFT calculations of fcc Pu [22]. The
DMEFT volumes differ by 25%, as do the volumes of & and
fcc Pu. Though the ratio of volumes in Pb-Pu superlattices
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FIG. 3. (a) Energies and (b) volumes of Pb-Pu superlattices as
a function of nyy and imposed magnetic structure. The average
energies and volumes stem from separate pure fcc Pu and pure
fcc Pb calculations. Dotted lines are to guide the eye.

is somewhat smaller than the DMFT and bulk ratios, the
root cause appears to be the same Mott transition of the 5f
electrons: either (i) plutonium sits in sites of low symmetry
with the 5f electrons forming a somewhat broader band
and participating strongly in bonding or (ii) Pu assumes
highly symmetric sites with localized 5f electrons forming
a narrow band.

Creating Pb-Pu superlattices experimentally to observe
the Mott transition of the 5f electrons may prove to be
challenging. In addition to both metals being toxic and Pu
being radioactive, atomically uniform layers with even
ny. do not appear unequivocally favorable. The nyy = 1
superlattice treated with spin polarization shows a signifi-
cantly lower energy than the other superlattices. Similarly,
for the nyy = 2 AFM superlattice the calculated energy
drops by 0.13 eV /atom when rows of the two elements are
interchanged at one Pb/Pu interface.

Figure 4 shows the spacing between planes for the Pb-Pu
superlattices. The structures relaxed without spin polariza-
tion display the pairing up of Pu planes discussed above
and also a hint of Pb planes pairing up. The nyy = 3
system again reveals frustrated behavior with the distance
between Pu planes averaging the distances between paired
and unpaired planes for ny;, = 4, 6. Allowing spin polar-
ization leads to much less dramatic geometries. As the
layers gain in thickness the geometry in the center of the
layers appears less influenced by interface effects and tends
towards more bulklike regularity. The AFM Pu plane spac-
ing tends towards just under 2 A, corresponding to a lattice
constant just under 4 A, while the in-plane lattice constant
remains near the calculated average of the elemental bulk
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FIG. 4. Spacing between neighboring planes in Pb-Pu super-
lattices. Plane spacings are indexed starting from the Pb/Pu
interface and scaled by nyy . Pb/Pb plane spacings have scaled
indices between —1 and 0; Pu/Pu plane spacings have scaled
indices between 0 and + 1. For comparison, the calculated plane
spacing in bulk fec Pb is 2.514 A, while in bulk fcc Pu it is
2.072 A (NM case) or 2.242 A (AFM case). Lines connecting the
symbols are to guide the eye.

116401-3



PRL 98, 116401 (2007)

PHYSICAL REVIEW LETTERS

week ending
16 MARCH 2007

TABLE I. In-plane lattice constant for Pb-Pu superlattices.
The calculated pure bulk fcc lattice constants average to 3.39 A.

Magnetic structure

N NM FM AFM
1 297 A 3.44 A 3.44 A
2 333 A 3.36 A 327 A
3 321 A 3.40 A 333 A
4 334 A 337 A 331 A
5 3.53 A 334 A
6 3.36 A 334 A

fce values (see Table I). This makes the local environment
for Pu atoms away from the interfaces that of a tetragonally
distorted fcc crystal with a volume per atom very close to
the bulk value. The layer thickness at which the tetragonal
distortion becomes too costly in energy lies outside of what
can be calculated with DFT.

In conclusion, DFT calculations on Pb-Pu superlattices
indicate that these form nanostructures with two competing
phases strongly related to the « and fcc phases of bulk
plutonium. Unlike the bulk phases the superlattice phases
transform into each other by an easily described distortion,
the pairing of Pu planes. This pairing occurs with 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 paired
and unpaired planes take on values very close to the short
and long bonds of «-Pu. The two superlattice phases
appear equally favorable in energy for even numbers of
monolayers. Given that more accurate calculations of bulk
Pu including orbital polarization for the correlation and
spin-orbit coupling for relativistic effects lower the en-
ergy of fcc Pu, chances are that such a treatment of Pb-
Pu superlattices would improve stability for the fcc-like
phase. In essence, this would stabilize one of Pu’s high-
temperature allotropes at room temperature. Even with
those additions the approach remains an approximate treat-
ment; i.e., more accurate calculations and experimental
verification are needed. While both elements’ toxicity,
Pu’s radioactivity, and Pb’s shielding properties make Pb-
Pu superlattices unlikely candidates for technological ap-
plications, this system illustrates the rich potential in im-
parting actinide materials with nanostructures.
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