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DFT Calculations for the Uranium EOS

C. W. Greeff, S. D. Crockett, S. P. Rudin, and J. M. Wills

T-1, MS-B22], LANL, Los Alamos, NM 87545

Abstract. We present results of density functional theory calculations on the Uranium equation of state.
We examine the influence of approximations for the exchange-correlation functional. By comparing DFT
calculations with an empirical EOS we find that the PBE functional gives good results for the EOS of the
« phase. Calculations on the y phase, which is bec, show it to exhibit elastic and phonon instabilities. The
electron temperature significantly influences the effective nuclear potential.
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INTRODUCTION

It is challenging to obtain accurate equations of state
(EOS) for actinides. Standard model approximations
used in empirical EOS [1], such as the independence
of electronic and nuclear excitations, may be inac-
curate due to the narrow 55 bands. In addition, pre-
dictions of EOS parameters from first principles are
more challenging to theory than for simple metals or
transition metals.

Here we focus on the equation of state and phase
diagram of uranium metal. For the uranium, the 5f
electrons are itinerant at ambient pressure. Under
pressure, the itinerant nature is expected to be en-
hanced. Thus, uranium under compression is not ex-
pected to exhibit strong electron correlation effects,
and may be amenable to standard density functional
calculations.

The ambient temperature and pressure ¢ struc-
ture of uranium is orthorhombic, with four atoms per
(conventional) unit cell [2, 3]. On increasing tem-
perature at ambient pressure, it undergoes two solid-
solid phase transitions to the B and y phases. The
¥ phase has a bcc crystal structure, and persists as
the high temperature phase to pressures of at least 60
GPa [4]. Since the 8 phase only exists in a very small
wedge of the P, T plane, we will focus exclusively on
the & and y phases here.

DFT CALCULATIONS

The DFT calculations presented here use the plane-
wave code abinit [5]. Most of the calculations use
the projector augmented wave (PAW) method [6],
while some use norm-conserving (NC) pseudopoten-
tial [7]. The calculations use a planewave cutoff of
30 Ey (Ey denotes the Hartree energy unit, Ey =
27.2114 eV) for PAW and 40 Ey for the NC pseu-
dopotential. The k-point meshes were 16 x 16 x 8
for the a structure and 16° for bcc, with a Gaussian
smearing parameter of 0.01 Ey.

The PAW and norm-conserving pseudopotentials
were generated by us using the code arompaw [8)
and J. L. Martins’ atom code [7], respectively. The
semi-core 6s and 6p electrons are treated as active,
while the 5d electrons are included in the core, giving
14 electrons that are explicitly treated. The PAW em-
ploys two projectors per angular momentum channel,
up to f-type, while the NC pseudopotential uses one
per channel. Scalar relativistic effects are included in
the generation of the PAW and pseudopotential.

a PHASE

Table | gives the crystal structure parameters of -
U calculated with the PAW method using various



TABLE 1.

Calculated structural properties of &-U. All lengths in units

of ap. Approximate exchange correlation functionals are PBE [10], WC
[11], and LDA [12]. Experimental measurement is at 50 K, above the
charge density wave transitions [2].

method functional a b c y 1%

PAW PBE 532 11.03 930 0.099 1364
PAW LDA 5.16 10.81 9.12 0.098 127.2
PAW WwC 524 1091 922 0.098 1316
NC PBE 541 1066 946 0.106 136.3
FPLMTO [9] PBE 535 1095 937 0.102 1372
Expt. [2] 536 11.09 933 0.102 1386

exchange correlation functionals, along with a full-
potential LMTO calculation [9] and experimental
data [2]. The present PAW calculation with the PBE
[10] functional is in good agreement with experi-
ment and with the corresponding full-potential cal-
culation. The WC [11] and LDA [12] give succes-
sively smaller volumes, as is typical [13]. It is usu-
ally found for solids that the PBE volume is too
large [13], but for U, the PBE volume is somewhat
too small, with the other functionals being worse.
Our NC pseudopotential gives nearly the same vol-
ume as the PAW, but the individual lattice param-
eters are rather different, with b smaller by 3%. It
was found that the NC lattice parameters varied sub-
stantially depending on the occupations of the atomic
state used to generate the pseudopotential.

Figure 1 shows the ratios of lattice parameters as
a function of compression, as calculated with vari-
ous functionals, along with diffraction data from di-
amond anvil cell experiments by LeBihan er al. [9]
There is very little difference among the functionals,
all of which capture the absolute lattice parameters
and anisotropy of compression quite well, when plot-
ted as a function of the volume.

It is in the relation of volume to pressure that
the functionals are distinct. This is shown in figure
2, which shows the static lattice pressure from the
different functionals, along with the empirically de-
rived result. Our empirical EOS uses ambient pres-
sure thermodynamic and elastic data, together with
static high-pressure data [9] as input. We see that the
PBE calculation agrees well with the empirical re-
sult. The difference in volume is 1.5% at P = 0, and
decreases at higher pressures. The WC functional of-
ten gives superior results to PBE [13], but that is not
the case for U.

Lattice Parameter Ratio
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FIGURE 1. Ratios of lattice parameters of «-U under
compression. DFT calculations use PAW method with var-
ious exchange correlation functionals. Diffraction data are
from LeBihan et al. [9].

The phonon frequencies are important contribu-
tors to the EOS. Bouchet [14] has done DFT calcu-
lations of the &-U phonon frequencies over a range
of densities. From the given self-force constants we
have calculated the second moment of the phonon
frequencies at ambient pressure, and obtain 6, =
168 K, while the effective Debye temperature in our
empirical EOS is 173 K. The empirical value is de-
rived from experimental data on the specific heat and
entropy. Thus we find good consistency between the
thermodynamic data and the DFT phonon disper-
sions, which in turn agree well with neutron scatter-
ing data.

Generally, we have found that for U, there is
good correspondence between thermodynamic mod-
els and the underlying physical properties, and that
DFT, with the PBE functional, gives good predic-
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FIGURE 2. Static lattice pressure of o-U. DFT calcula-
tions with three different functionals are compared with an
empirical result.

tions for these properties. One exception is elec-
tronic specific heat. Our PBE calculations give an
electronic specific heat coefficient of 5.5 J/mol K2,
whereas the measured value is 9.1 J/mol K2 [15].
Chantis er al. [16] used the GW method to estimate
that many-body effects lead to an enhancement by a
factor of 1.22. The remaining difference may plau-
sibly be due to electron-phonon interactions. This
suggests that there are significant errors in standard
DFT for this quantity. This type of error is small for
many EOS applications, but may be significant for
the phase diagram, because the electronic entropy is
exceptionally large for U.

y PHASE

The y phase has the bce structure. It is stable above
1050 K at ambient pressure, and persists as the high-
temperature phase to at least 60 GPa [4]. It is known
that in PBE static lattice calculations, the bce struc-
ture is unstable with respect to tetragonal distortions
[3]. We confirm this instability, and find that it per-
sists for volumes from 140 through 110 a3 /atom,
corresponding to a cold pressure of 50 GPa. For all
volumes in this range, both the bce and fec structures
are local maxima of the energy. The minimum en-
ergy structure along the Bain path is bct with ¢/a =
0.8. The bct structure is lower in energy than bce by
4 — 5 x 1073Ey over this range.
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FIGURE 3. Effect of electron temperature on the poten-
tial for atomic displacement. The atoms at the center and
corner of the conventional bce cell are moved toward each
other.

We have also examined the stability of the bcc
structure with respect to displacement of the atoms at
the corner and in the center of conventional unit cell
towards one another. We find that bec is also a local
maximum with respect to this motion, meaning that
the bee structure is unstable with respect to a phonon
at the N-point in the harmonic approximation.

These types of instability are not unheard of for
high temperature bcc structures. For instance, the
metals in the Ti column all exhibit instabilities in
the harmonic approximation, as calculated by DFT.
The current understanding is that DFT is correct, and
strong anharmonicity must be accounted for [17] in
order to describe these high-temperature phases.

Aside from anharmonicity, another effect that may
be significant in U is coupling of electronic excita-
tion and nuclear motion. To investigate the impor-
tance of this effect, we note that, for classical nu-
clear motion, the effective potential energy surface is
the electronic free energy, which replaces the ground
state energy at finite temperature [18]. In the calcu-
lations the free energy is approximated by includ-
ing =TSe =TZ;[filnfi+(1—f)In(l — f;)] self-
consistently in the energy functional, where f; is the
Fermi occupation factor of state 7.

Figure 3 shows the effect of varying the electron
temperature on the effective potential for the unstable
H-point phonon displacement. The curves are shifted
to line up at zero displacement to emphasize the cou-
pling of electron temperature to the shape of the ef-



fective nuclear potential. The range of temperatures
extends somewhat above melting at this volume. It
is seen that there is a significant change of the well
depth (a useful relation is 1073Ey = kg x 316 K), but
this is not sufficient to stabilize the mode.

Our empirical EOS is multi-phase, and incorpo-
rates the y phase thermodynamically consistently
[19, 20], matching the experimental phase transition
temperature, and thermodynamic data, such as the
entropy and specific heat. The empirical EOS puts
the static lattice energy of the y phase above the «
by 1.5x 10—3Ey, while our DFT calculations give
an energy difference of 9.3 x 1073Ey. The empir-
ical EOS uses a Debye model for the nuclear mo-
tion, so that its cold energy is an extrapolation to
T = 0 from high tempertures using a nuclear spe-
cific heat of 3kg per atom. It is possible that strong
anharmonicity renders this extrapolation inaccurate.
This should be considered, along with the possibility
that the DFT energy difference is inaccurate.

CONCLUSIONS

We have done DFT calculations and constructed an
empirical multi-phase equation of state for the & and
¥ phases of Uranium. Comparison between these and
other calculations and data indicate that DFT with
the PBE exchange-correlation functional describes
most EOS properties of a-U accurately. The one ex-
ception is that the electronic density of states ap-
pears to be underestimated. DFT calculations on the
Y phase show elastic and phonon instabilities in the
static lattice and harmonic approximations, respec-
tively. We also find that the DFT energy difference
between the o and ¥ structures is significantly larger
than our empirical EOS indicates.

At this point it is unclear whether DFT is con-
sistent with the experimental facts concerning the
phase transition temperature and thermodynamics of
v-U. It is clear that simplifications, such as the har-

monic approximation and decoupling of nuclear mo-

tion and electronic excitation are not valid. Further
progress on first-principles understanding of y-U will
require confronting strong anharmonicity as well as
electron-nuclear coupling.
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