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Geometry and electronic structure ofa-Pu: A theoretical study
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The highly complex ground-state structure of Pu has been fully relaxed using first-principles forces and the
obtained geometry compares very well with experimental data.Ab initio molecular-dynamics~MD! simula-
tions at 300 K further confirm the stability of the relaxed structure, and reveal the nature of the vibrations in
this system. In addition, magnetic ordering ina-Pu is studied in detail, showing a strong tendency in Pu to
develop magnetic moments that vary considerably in magnitude depending on the atomic position in the lattice,
with an overall antiparallel alignment. These spin-polarized~SP! calculations reproduce, the experimental bulk
modulus ofa-Pu. Combining the bulk modulus from the SP calculations, and the vibrational contribution to
the thermal expansion from the MD simulations, we can account for the anomalous thermal expansion ofa-Pu.
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The complex electronic structure of the actinide met
remains one of the challenges for condensed-matter the1

In particular, the highly unusual electronic structure of Pu
responsible for one of the most complex phase diagram
any element in the periodic system, containing six kno
polymorphs as a function of temperature.2 Its ground-state
(a-Pu! is determined from experiments3 to be a low-
symmetry monoclinic structure described by a 16-atom u
cell containing distorted close-packed planes that are sta
along the@001# direction. It undergoes structural transition2

at about 390 K and 470 K to the orthorhombic structu
b-Pu andg-Pu, respectively, followed by another phase tra
sition, at about 600 K, to the face-centered-cubic~fcc! d
phase. From a technological standpoint, this latter phas
the most important because it is ductile and easier to
chine and form.

In the past, density-functional theory~DFT! calculations
were shown to predict quite accurately the equilibrium v
ume and cohesive energy ofa-Pu, while failing spectacu-
larly for thed phase.4,5 This suggested that thea-Pu phase is
rather well described within a one-electron band pictu
while d-Pu has fundamentally different electronic structu
containing highly correlatedf electrons. On the other hand
recently it was proposed6 that even thef electrons ina-Pu
might be highly correlated. Since no attempt has been m
yet to relax the experimentala-Pu geometry, it is not clea
whether the accuracy of the band calculations for this str
ture is only fortuitous.

In this Rapid Communication we describe a compreh
sive DFT study, in the generalized gradient approximat
~GGA!, of the geometry of Pu metal in its ground state. W
demonstrate that the GGA is able to predict very delic
details of thea structure when we allow all degrees of fre
dom to relax. Following the recent work by So¨derlind,7

which showed that allowing for spin/orbital polarizatio
DFT can very well reproduce the lattice constant and ot
properties ofd-Pu, we also study below the degree of ele
tron correlation in thea phase by allowing for spin/orbita
polarization.

We have performed first-principles calculations usi
both the full potential linear muffin-tin orbitals~FPLMTO!
and the projector augmented-wave~PAW! methods for Pu.
0163-1829/2003/68~24!/241101~4!/$20.00 68 2411
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Most of the FPLMTO and PAW computational details can
found in our earlier work focused ond-Pu.8 The former is an
all-electron technique that accurately represents the n
spherical electronic charge density and crystal potential, w
the added benefit~compared to PAW! of corrections for spin-
orbit interaction and orbital polarization. The PAW method
a generalization of the Vanderbilt pseudopotential sche
and is implemented in theVASP code.9 The FPLMTO and
PAW total energies fora-Pu were obtained using 16 and 2
specialk points in the integrations over the Brillouin zon
respectively. Thea-Pu structure was determined by full re
laxation of the DFT forces and stresses obtained from
PAW calculations. This is indeed a formidable task that
volves relaxing the volume, two axial ratios, a unit-ce
angle, and atomic coordinates for 16 atoms. Also, the form
tion of magnetic moments, aligned parallel or antiparal
were allowed ina-Pu. The accuracy of the PAW techniqu
was tested by comparing to selected FPLMTO results.

Let us first discuss the geometry of thea-Pu structure.
Each adjacent close-packed plane can be described b
8-atom unit cell that is fully specified by three parametersa,
b, andu. These parameters are the lengths of the two vec
spanning the distorted plane and the angle between t
vectors, respectively. Table I quotes the experimental va
for these parameters as well as the interlayer spacing sp
fied by the parameterc. The planes are stacked such that
the ~001! direction four inequivalent pairs of atoms, i.e., a
oms~1,8!, ~2,7!, ~3,5!, and~4,6! form interlayer chains.3 Ap-
plying the PAW technique, thea-Pu geometry was relaxe
using both nonmagnetic~NM! and spin-polarized~SP! forces
within GGA, and the results for the lattice parameters
shown in Table I. Note how well our DFT forces are able
reproduce the experimental data, especially thec/a axial ra-
tio. Also, structural relaxations within the NM PAW trea
ment increase the atomic volume by about 3% improving
agreement with experiment. Our relaxation scheme did
enforce inversion symmetry between the adjacent disto
close-packed planes. However, the inversion relation
tween the atomic positions was retained to within the n
merical accuracy of our calculations. In Table II we prese
the atomic positions of the inequivalent atoms within one
the distorted close-packed planes and compare with the
perimental positions. The agreement with the experime
©2003 The American Physical Society01-1
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geometry is impressive. Note that the calculated atomic
ordinates as well as the lattice parameters are clearly
proved upon when SP forces are used. Later in this paper
will describe in detail our magnetic calculations fora-Pu.

Although PAW gives good results in general, it does u
derestimate the volume and overestimate theb/a axial ratio
somewhat, and for that reason we turned to the FPLM
method. First, the total energy was minimized with respec
the atomic volume, keeping all structural parameters fixe
their experimental values. Second, at this volume, the t
energy was again minimized, now with respect to theb/a
axial ratio. The results from these NM calculations a
shown in Table I and the agreement with experiment is n
considerably improved. The larger~and better! volume ob-
tained from the FPLMTO technique is due to the inclusion
spin-orbit coupling which is well known to reduce thef
bonding11–13in a-Pu. The NM FPLMTO volume is 18.8 Å3,
or 3% smaller than the experimental~zero temperature! vol-
ume, but if relaxation effects expand the volume~as in the
PAW calculation! the result would be in even better agre

TABLE I. Calculated and experimental~Refs. 3,16! crystal-
structure parameters, atomic volumes (V), and bulk moduli~B! for
a-Pu. Fixed denotes values kept frozen and equal to experime
values. Atomic volumes are in units of Å3 and bulk moduli in GPa.
The magnetic calculations were performed for an antiferromagn
alignment~see main text!.

Method b/a c/a u V B

PAW ~AF! 1.830 0.755 101.9° 17.9 189
PAW ~NM! 1.860 0.755 102.1° 17.8 185
PAW ~AF! Fixed Fixed Fixed 18.1 79
PAW ~NM! Fixed Fixed Fixed 17.3 227
FPLMTO ~NM! 1.769 Fixed Fixed 18.8 144
FPLMTO ~AF! Fixed Fixed Fixed 20.3 50
Experiment 1.773 0.755 101.8° 19.3a, 20.0b 55 b, 67 c

aExtrapolated to 0 K.
bMeasured at 300 K.
cMeasured at 100 K.
24110
o-
-
e

-

O
o
at
al

w

f

ment with experiment. Also, in the FPLMTO treatment, t
b/a axial ratio is identical to the experimental value.

We have further explored the potential-energy surface
a-Pu by performingab initio molecular-dynamics~MD!
simulations of a 16-atom unit cell at 300 K with an atom
volume of 20 Å3, starting from the experimental geometr
We find that vibrations ina-Pu can be described in terms o
harmonic phonons about atomic positions that are unchan
with temperature, i.e., the time-averaged positions in the M
simulation agree almost perfectly with the force-relaxed
ometries~see Table II!. The average mean-square displac
ment is about 5% of the nearest-neighbor distance. Ab
half of all the vibrations in thea crystal are displacement
along the interplanar chains. The two other degrees of fr
dom, within the distorted close-packed planes, are there
stiffer and allow for smaller vibrational amplitudes. Anoth
interesting piece of information obtained from the MD sim
lations is the temperature-induced change in pressure at
K (DP), which is found to be 1.9 GPa. When divided wi
the experimental bulk modulus @B52V(dP/dV)
555 GPa# a volume expansion (DV) of about 3% is ob-
tained which in fact agrees very well with the experimen
thermal expansion fora-Pu at 300 K.

Next we explore the existence of magnetic moments
a-Pu, first by extensive spin-polarized PAW calculations a
then, for comparison, some selected FPLMTO calculatio
Allowing for magnetism we find that the energy ofa-Pu for
the experimental geometry is reduced by 3.7 mRy/atom
its equilibrium volume is expanded from 17.3 to 18.1 Å3.
The effect of spin polarization is far smaller for the relax
geometry where the energy is only reduced by 1.5 mRy/a
and the equilibrium volume is expanded from 17.8
17.9 Å3. In the PAW the spin moments are obtained by p
jecting the total spin density in a sphere of radius 1.6
around each site for the volume 18.1 Å3 ~see Table II!. We
find that a large spin moment of about 3.9mB , on site 8, is
mainly responsible for lowering the energy in the magne
calculations. On the other hand, the magnetization of site
consistently quite small. Further inspection reveals that si
develops a large and antiparallel spin moment in respons

tal

ic
of the
opera-
TABLE II. Columns 2 and 3 contain the calculated atomic positions (x,y) using nonmagnetic~NM! and
spin-polarized~SP! PAW forces. Column 4 shows the experimental~Refs. 3,16! positions in thea lattice.
Columns 5–7 contain the spin (ms) and orbital (mo) moments from FPLMTO andms from the PAW, for the
experimental geometry at their respective equilibrium volumes. Below we only give the coordinates
atoms in one of the two close-packed planes. The other plane is obtained via an inversion symmetry
tion.

Atom no. (x,y) ~NM! (x,y) ~SP! (x,y) ~Expt.! ms ~FPLMTO! mo ~FPLMTO! ms ~PAW!

1 ~0.154,0.324! ~0.160,0.333! ~0.162,0.345! 0.5 20.3 0.7
2 ~0.167,0.744! ~0.169,0.749! ~0.168,0.767! 22.0 1.6 21.6
3 ~0.318,0.091! ~0.326,0.101! ~0.340,0.128! 2.1 21.6 1.8
4 ~0.472,0.654! ~0.465,0.651! ~0.457,0.657! 2.3 21.7 2.2
5 ~0.618,0.018! ~0.618,0.017! ~0.618,0.025! 22.1 1.8 21.9
6 ~0.630,0.434! ~0.635,0.440! ~0.653,0.473! 22.6 2.1 22.5
7 ~0.930,0.284! ~0.928,0.300! ~0.926,0.328! 2.6 21.9 2.6
8 ~0.891,0.874! ~0.891,0.867! ~0.894,0.869! 23.4 2.7 23.9
1-2
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the large magnetization of site 8. The interlayer cha
clearly play a role in determining the stable magnetic c
figurations ofa-Pu. In particular, we find that the sites 3 an
5, as well as 4 and 6, are paired with spin moments of sim
magnitudes and opposite signs. Hence, as was previo
determined ford-Pu,7,8 and has been suggested fora-Pu,10

short-range antiferromagnetic~AF! ordering seems to be pre
ferred in Pu at low temperatures.

We use the magnetic configuration above to relax the
tice parameters and the atomic coordinates ofa-Pu using the
PAW forces, and we find small but clear improvement up
the NM geometry~see Tables I and II!. In Fig. 1 we present
the effect of structure and volume on the magnetic mome
in a-Pu by plotting the average moment per atom as a fu
tion of volume for the experimental and relaxed geometr
Note that small distortions enhance the spin moments
a-Pu considerably. This result in conjunction with the fa
that larger moments expand the atomic volume may h
explain the anomalously large thermal expansion ofa-Pu.
According to this theory, thermal vibrations induce disto
tions that increase the magnetic moments, and expand
lattice. This effect will contribute to the soft bulk modulu
that is needed to account for the thermal expansion ofa-Pu.
In fact for the experimental geometry, we find that the the
retical bulk modulus is considerably improved in the PA
calculations when Pu is allowed to spin polarize. Its value
reduced dramatically fromB5227 GPa ~NM! to B
579 GPA~AF!, with a moderate increase in the equilibriu
volume from 17.3 Å3 ~NM! to 18.1 Å3 ~AF!, see Table I. For
the fully relaxed structures however, the AF and NM calc
lations predict similar equilibrium volumes and also simi
bulk moduli.

The PAW calculations lack spin-orbit interaction an
therefore we chose to investigate its effect on the forma
of magnetic moments using the FPLMTO formalism. As h
been mentioned recently,7 FPLMTO calculations converge t
a nonmagnetic solution when ferromagnetic order is
posed. However, by introducing antiparallel alignment of
spins, spin moments ranging from about 0.4 to 3.4mB ~sites

FIG. 1. Average magnitude of spin moments (mB /atom) for
a-Pu as a function of volume (Å3). ‘‘Fixed geometry’’ refers to
results where the crystal structure has been kept fixed to the ex
mental parameters and ‘‘relaxed geometry’’ corresponds to res
where the crystal structure has been allowed to relax.
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1 and 8, respectively! with antiparallel orbital moments o
nearly the same magnitude are formed, which produce sm
total moments (0 –0.7mB), see Table II. Figure 1 shows th
magnitude of the average spin moment per atom for
FPLMTO calculations in comparison with the PAW metho
Clearly the volume dependence of the FPLMTO spin m
ments is very similar to that of the PAW for the experimen
geometry. The two curves are shifted with respect to e
other, mainly due to spin-orbit coupling and orbital polariz
tion in the FPLMTO technique. The close agreement
tween the two methods is further established in Table
where the magnitudes of the FPLMTO and PAW spin m
ments at each site ina-Pu are displayed.

The antiferromagnetic configuration described above lo
ers the total energy only slightly (;2 mRy/atom) compared
to the nonmagnetic solution. However, Table I shows t
allowing for AF ordering leads to a moderate increase in
equilibrium volume and a dramatic decrease in the b
modulus of a-Pu, improving agreement with experimen
Compared to the NM FPLMTO calculations, the equilibriu
volume increases a modest 8% whereas the bulk mod
decreases by almost a factor of three. This dramatic cha
in the calculated bulk modulus reflects the weaker chem
bond of the spin-polarized 5f orbitals, which appears to b
necessary for properly describing the elastic moduli ofa-Pu.
Hence combining the bulk modulus from the AF calculatio
with DP at 300 K, calculated from theab initio MD simu-
lations presented earlier in this article, we find that t
anomalous thermal expansion ofa-Pu can be explained
quantitatively within spin/orbital-polarized DFT. The signifi
cance of this finding is that we have thus shown that
anomalous thermal expansion of Pu is not due to anharm
vibrations, but instead due to renormalization of t
potential-energy surface when spin/orbital moments
formed.

Lastly, we show the total density of states~DOS! of a-Pu
andd-Pu as obtained from antiferromagnetic FPLMTO c
culations, in Fig. 2. Note that the DOS fora and d pluto-
nium looks rather similar below the Fermi level, butd-Pu
has a peak right on the Fermi level whereasa-Pu does not.
Therefore the overall photoemission spectra fora and d

ri-
lts

FIG. 2. FPLMTO total electronic density of states fora-Pu and
d-Pu ~dashed!.
1-3
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should be rather similar, although a more intense peak a
Fermi level is expected ford-Pu. To better compare with
photoemission experiments, we show in Fig. 3, our cal
lated DOS convoluted with lifetime broadening.14 As was
pointed out8 the DOS for d-Pu compares favorably with
experiment,14,15 but it is also clear from Figure 3, and th
work by Havelaet al.,15 that the DOS fora-Pu is in reason-
able agreement with experiment as well. Havelaet al.15

showed that the strong peak in the intensity close to
Fermi level is reduced~but still present! in a-Pu compared to
d-Pu. They also showed that a weak satellite develops
d-Pu forming a valley at about20.3 eV, not present in the

FIG. 3. FPLMTO total electronic density of states fora-Pu and
d-Pu ~dashed!. The spectra have been convoluted with lifetim
broadening as described by Arkoet al. ~Ref. 14!.
th
E

ys

y
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a-Pu spectra. Quantitatively, this agrees well with our cal
lation, but the valley ford-Pu is somewhat closer to th
Fermi level in the theoretical spectra. It should be mention
that constrained local-density approximation calculation14

are also able to reproduce the experimental spectra ford-Pu,
but no other model has been shown to successfully acc
for the spectra ofa-Pu. In particular, it has been show
previously14 that nonmagnetic DFT is unable to reprodu
even the main features of the measured spectra ofa or d
plutonium. From our work ond-Pu ~Ref. 8! we know that
the specific magnetic configuration~ferromagnetic, antiferro-
magnetic, or disordered! has little effect on the shape of th
calculated spectra and there is no reason to expecta-Pu to be
very different in this regard.

In conclusion, we have calculated equilibrium volum
bulk modulus, and crystal-structure details ofa-Pu using
PAW and FPLMTO techniques. Very extensive structural
laxations~PAW! and some selected relaxations~FPLMTO!
suggest that DFT is capable of describing sensitive struct
details ofa-Pu, even when the theory is constrained to t
nonmagnetic limit. Formation of spin moments, however,
essential when calculating the bulk modulus which otherw
is much too high. This has implications for our understan
ing of the large thermal expansion ina-Pu, which is a con-
sequence of the very small bulk modulus and possibly a
of thermally induced distortions as discussed above.

We would like to thank Alex Landa and Jim Tobin fo
helpful discussions. This work was performed under the a
pices of the U.S. Department of Energy by the University
California Lawrence Livermore National Laboratory und
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