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Abstract

High-throughput computational studies of
lanthanide and actinide chemistry with density-
functional theory are complicated by the need
for Hubbard U corrections, which ensure lo-
calization of the f electrons, but can lead to
metastable states. This work presents a sys-
tematic investigation of the effects of both Hub-
bard U value and metastable states on the pre-
dicted structural and thermodynamic proper-
ties of four uranium compounds central to the
field of nuclear fuels: UC, UN, UO2, and UCl3.
We also assess the impact of the exchange-
hole dipole moment (XDM) dispersion correc-
tion on the computed properties. Overall, the
choice of Hubbard U value and inclusion of a
dispersion correction cause larger variations in
the computed geometric properties than result
from metastable states. The weak dependence
of structure optimization on metastable states
should simplify future high-throughput calcu-
lations on actinides. Conversely, addition of
the dispersion correction is found to offset the
repulsion introduced by the Hubbard U term
and provides greatly improved agreement with
experiment for both cell volumes and heats of
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formation. The XDM dispersion correction is
largely invariant to the chosen U value, mak-
ing it a robust dispersion correction for actinide
systems.

1 Introduction

Efforts continue for development of more ef-
ficient and robust nuclear fuels and to improve
actinide waste-form materials for safe disposal
of legacy nuclear wastes.1–3 High-throughput
computational screening is a powerful tool
to complement experiment in the search for
these new materials with targeted properties.4–7

However, there is understandable hesitancy in
applying high-throughput methods to materi-
als containing f -block elements, as they can
require additional corrections outside of tradi-
tional computational approaches used for main-
group elements.8–11

Introduction of metastable electronic states
is one particular barrier to obtaining accu-
rate formation enthalpies for f -block materi-
als with density-functional theory (DFT).11–17

Most functionals typically used for solid-state
applications incorrectly predict many semi-
conductors to have metallic states.18–20 This is
caused by delocalization error,21–23 which arises
from the semi-local nature of the exchange-
correlation functionals that, for generalized gra-
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dient approximations (GGAs), depend only
on the local electron density and its deriva-
tives. Adding a Hubbard U correction24–26

helps localize f -orbital electrons to a single
atom by adding an energy barrier between or-
bital states.9,27,28 However, this can result in
convergence to a metastable state, higher in en-
ergy than the ground state, due to a suboptimal
set of orbital occupations.9,29,30 Convergence to
such metastable states can result in calculated
formation enthalpies that are far from exper-
iment. Metastable states may also affect op-
timization of structures, as the forces used for
structural relaxation are calculated from deriva-
tives of the total energy. If the computed ener-
gies are unphysical, it is possible that the opti-
mized structure will deviate significantly from
experimental reality.16

There are currently three popular approaches
used to avoid metastable states in GGA+U cal-
culations: simulated annealing,31 U -ramping,30

and occupational matrix control (OMC).12

Simulated annealing adds a randomly fluctuat-
ing external potential, which is gradually sup-
pressed, to map the electronic potential en-
ergy surface in search of the ground state.31

U -ramping is a procedure where the U poten-
tial is gradually increased from zero to a target
value in small intervals.30 OMC calculates en-
ergies for all possible f -orbital occupations, al-
though this requires knowledge of the oxidation
state for the actinide or lanthanide element.12

Previous studies have been carried out to com-
pare the ability of U -ramping and OMC to ob-
tain converged ground-state energies for UO2
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and UN,16 but have not specifically consid-
ered whether U -ramping eliminates metastable
states. Additionally, for UN, Claisse et al. have
shown that convergence to metastable states af-
fects the predicted lattice constants.16

Density functionals commonly used for solid-
state applications also fail to model the non-
local, long-range electron correlations required
to accurately model London dispersion interac-
tions.32–34 While asymptotic dispersion correc-
tions35–37 provide an accurate and efficient solu-
tion to this problem, such corrections are typi-
cally not applied to actinide and lanthanide sys-
tems. This is most likely because their lattice

energies38,39 are greater than the dispersion en-
ergies seen, for example, in layered materials.40

However, the large atomic size of the actinides
should result in large C6 dispersion coefficients,
and previous work has shown that dispersion
interactions can significantly affect the volume
of ionic solids, such as the alkali halides.41 Few
publications have studied the effect of includ-
ing a dispersion correction on predicted prop-
erties of gas-phase actinide complexes42–44 and
none, to the authors’ knowledge, have consid-
ered solid-state actinide compounds.

This study investigates the impact of
metastable states and dispersion corrections on
GGA+U calculations for both structure and
thermodynamic properties of four representa-
tive uranium compounds (UC, UN, UO2, and
UCl3). The results show that the range of com-
puted structural properties due to metastable
states is typically smaller than variations aris-
ing from either the choice of Hubbard U or
inclusion of dispersion. Adding a dispersion
correction improves the accuracy of the unit-
cell geometry and formation enthalpies, such
that calculations utilizing high U values best
agree with experimental observations. This oc-
curs because the added attractive forces from
the dispersion correction balance the repulsive
nature of the Hubbard-U correction. In light
of these results, a dispersion correction should
be included when carrying out GGA+U calcu-
lations on actinide and lanthanide compounds.

2 Computational Methods

Spin-polarized DFT calculations were carried
out for UC, UN, UO2, and UCl3

45 using the
projector augmented-wave (PAW) method,46

as implemented in Quantum ESPRESSO
version 6.3.47 All calculations employed the
PBE48 exchange-correlation functional, with
planewave kinetic-energy cut-offs of 130 and
800 Ry for the wavefunctions and electron den-
sities, respectively, and a cold smearing49 pa-
rameter of 0.01 Ry. The PAW datasets used in
this paper were taken from PSLibrary version
1.00.50 While a new set of pseudopotentials has
recently been developed specifically for UC,
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Figure 1: Crystal unit cells of the four bi-
nary uranium compounds studied in this work.
Blue: uranium; black: carbon; purple: nitro-
gen; red: oxygen; green: chlorine. For the two
anti-ferromagnetic systems, UN and UO2, the
alternating blue and grey coloring is used for
uranium to indicate differing spins.

(a) UC (b) UN

(c) UO2 (d) UCl3

UN, and UO2,
51 we continue to use the stan-

dard pseudopotentials to maintain consistency
with previous computational studies.9,11–13,52–54

For structural relaxation, a 6×6×6 k-point
mesh was used for UC, UN, and UO2, while a
4×4×4 mesh was used for UCl3. These meshes
were found to yield converged calculated struc-
tures. Single-point energy calculations required
a larger 12×12×12 k-point mesh to converge
the calculated total energy to within 10−6 Ry.

The exchange-hole dipole moment (XDM)
model37,55 was used to evaluate the impact of
dispersion interactions on the structures and
energetics of these materials. It is added as a
correction to the self-consistent energy obtained
from the base density functional, in this case
PBE:

EDFT = EPBE + EXDM. (1)

XDM is an asymptotic dispersion correction
based on second-order perturbation theory that
treats dispersion as arising between instanta-
neous multipole moments in the electron den-
sity of each atom within the system.

The XDM dispersion energy is expressed as a

sum over all atom pairs, i and j:

EXDM = −1

2

∑
L

∑
ij

∑
n=6,8,10

Cn,ijf
BJ
n (Rij,L)

Rn
ij,L

,

(2)
where L indicates the lattice vector in a periodic
solid and the i = j term is excluded from the
sum for L = 0. The Becke-Johnson damping
function,36,56 fBJ

n , prevents divergence of the
dispersion correction at small interatomic dis-
tances, Rij. It involves only two global param-
eters, the values of which are dependent on the
choice of base functional. Here, these param-
eters were set to their standard values for use
with PBE:37 a1 = 0.3275 and a2 = 2.7673 Å.

The Cn,ij in Eqn. 2 are the dispersion coef-
ficients, which are determined non-empirically
from the electron density (ρ) and its deriva-
tives (∇ρ, ∇2ρ), as well as the kinetic-energy
density (τ). The leading-order C6 dispersion
term accounts for interactions between instan-
taneous dipole moments. Inclusion of the C8

and C10 terms, arising from interaction of high-
order multipoles, is needed to attain high accu-
racy for both molecular and solid-state bench-
marks.56–58

XDM has been shown to provide highly
accurate energetics for adsorption of small
molecules,59 and of graphene,60,61 on transition-
metal surfaces, as well as for the inter-
layer interactions in transition-metal dichalco-
genides.62 Its excellent performance for use with
transition metals can be traced to the use of
density-dependent dispersion coefficients that
include treatment of electronic many-body ef-
fects57 and show large changes in value depend-
ing on the atomic chemical environment.59,62

Given this, XDM is expected to perform well
for actinide and lanthanide materials without
any modification.

Two sets of structure optimizations involving
the Hubbard U correction27 were performed for
each compound: “standard” U -ramping, using
default f -orbital occupations, and “variable”
U -ramping, where the initial f -orbital occupa-
tions were specified and chosen to span all pos-
sible combinations. Both sets of calculations
were U -ramped in 0.25 eV increments from 0–
5 eV, or until the calculations would no longer
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converge. The variable-occupancy calculations
were carried out for the

(
7
2

)
= 21 different com-

binations of initial f -orbital occupations for the
two U4+ compounds, UC and UO2, and for the(
7
3

)
= 35 f -orbital combinations for the U3+

compounds, UN and UCl3. The lowest-energy
structure from these relaxations was then used
as the input geometry for successive U values.

Both UN and UO2 were modeled with anti-
ferromagnetic ordering, as shown in Figure 1. A
transverse 1k anti-ferromagnetic spin arrange-
ment was used for UO2, as this was found by
Pegg et al. to be the preferred magnetic struc-
ture.63 Calculations for UN used a first-order
1k anti-ferromagnetic order, where the uranium
atoms change spin for successive layers along
the z axis.64 UCl3 was treated using ferromag-
netic ordering.65 Calculations for UC converged
to paramagnetic solutions at low values of U
and to ferromagnetic solutions at high values
of U. While an anti-ferromagnetic state has re-
cently been proposed for UC,66 the precise or-
dering has not been established and we use the
ferromagnetic ordering for consistency with pre-
vious computational studies.17

Heats of formation were computed using ref-
erence free-atom formation enthalpies for the C,
N, O, Cl, and U atoms,67 and DFT atomization
enthalpies for the uranium compounds. Single-
point energies of the spin-polarized atoms were
evaluated using large supercells. For the U
atom, calculations were run at each U value
for all possible initial combinations of f -orbital
occupancies, from which the lowest energy at
each U was selected.

For simplicity, thermal enthalpy corrections
were calculated within the Debye approxima-
tion68–70 using the Gibbs2 program.71,72 This
model assumes that the phonon density of
states is parabolic and its curvature is deter-
mined from only the static lattice parameter
and bulk modulus. Thus, only the total energy
as a function of cell volume is needed to ap-
proximate the thermal properties. The Debye
model has been used to successfully model ther-
mal contributions to the cell volumes and bulk
moduli of alkali halides.41 Tests were conducted
where the thermal enthalpy corrections for the
bulk solids were evaluated using PBE and PBE-

XDM, with and without a U value of 4.00 eV
(or 2.50 eV for UN). However, neither the Hub-
bard U value nor XDM dispersion corrections
were found to affect the thermal enthalpies, so
the base PBE values were used in this analy-
sis. The thermal enthalpy correction for the
free atoms was taken as 5

2
RT , which is the value

for a monoatomic ideal gas. The resulting ther-
mal enthalpy corrections for a temperature of
298.15 K were added to the calculated atom-
ization energies to obtain the standard atom-
ization enthalpies. However, these thermal en-
thalpy corrections are almost negligible, having
values of -0.09 eV for UC and UN, -0.15 eV for
UO2, and -0.18 eV for UCl3, and could thus be
safely neglected in future high-throughput com-
putational studies of actinide thermochemistry.

3 Results and Discussion

3.1 Total Energies and Magneti-
zations

Total energies of the uranium compounds as
a function of Hubbard U are shown in Figure 2.
In all cases, the energies increase smoothly with
U value, as the additional potential introduces
an energy barrier to localize the f -electrons
of the uranium. Many metastable states were
obtained from the variable-occupancy calcula-
tions at high U values, which can lie above
the ground state by up to 1 eV per formula
unit; the largest range is seen for UO2. While
the standard U -ramping and minimum-energy
variable-occupancy results are generally in good
agreement, the standard U -ramping calcula-
tions failed to converge at high U values for UN,
indicating that the variable-occupancy method
is more robust, but more computationally ex-
pensive.

The focus of metastable states in actinide
materials has largely been on UN8,16,73 and
uranium oxides.9,11–13,52–54 For UO2 and a U
value of 4.5 eV, we identify 9 metastable states
with energies of 0.01-0.90 eV (per formula unit)
above the ground state. This is in good quan-
titative agreement with the previous work of
Dorado et al.,12 who identified 8 metastable
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Figure 2: Relative energies, per formula unit, as a function of U -value for PBE+U and PBE+U -
XDM relaxed structures, using both standard and variable U -ramping.
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states spanning an energy range of 0.02-0.86 eV
above the ground state for the same U value.
Similarly, the energy range spanned for the UN
metastable states is on par with those reported
by Dorado and Claisse.12,16 We found signifi-
cantly fewer metastable states for UCl3 than
were seen by Miskowiec for UF4.

74 Though they
are different species, one would expect the na-
ture of the uranium-halide bond to be similar.
However, Miskowiec used a fairly low planewave
cut-off parameter, while use of sufficiently large
cutoffs has been shown to be highly important
to minimize generation of metastable states for
UO2.

12 Differences in the number and energy
span of metastable states may also be due, in
part, to the difference in pseudopotentials be-
tween VASP75 and the PSLibrary.50 Remaining
differences among reported results and the cur-

rent calculations may be due to these being U -
ramped in addition to fixing the initial orbital
occupancies.

Finally, the similar trends in relative energies
with and without XDM (Figure 2) indicate that
the dispersion energy has only a weak depen-
dence on U value. As shown in the Supporting
Information, the dispersion energies decrease
slightly in magnitude as U value increases. This
is due to the increased bond lengths and cell
volumes at high U (vide infra) that, in turn, re-
duce the extent of dispersion stabilization. De-
spite its dependence on the electron density, the
XDM dispersion energy does not vary signifi-
cantly with the initial orbital occupancy (ex-
cept for a few metastable states of UCl3), indi-
cating its relative robustness for actinide chem-
istry.
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Figure 3: Computed absolute magnetizations, per uranium atom, as a function of U -value for
PBE+U and PBE+U -XDM relaxed structures, using both standard and variable U -ramping.
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The effect of Hubbard U value on the abso-
lute magnetization for the four uranium com-
pounds is shown in Figure 3. The magnetiza-
tions for UO2 and UCl3 are largely indepen-
dent of U value and initial electronic configu-
ration. They approach the idealized values of 2
and 3 expected for U4+ and U3+ cations, with
2 and 3 unpaired f -shell electrons, respectively.
Conversely, the magnetizations of UC and UN,
both of which have a rocksalt structure, are
strongly dependent on U value and there is also
a very large range in the magnetization for the
metastable states. Our results shows that UC
undergoes a magnetic transition at U ∼ 1 eV,
from a paramagnetic to a ferromagnetic state.

3.2 Cell Geometries

Similar to the total energy, the computed cell
volumes were found to increase with U value,
as shown in Figure 4. Changes in the individual
U–X and U–U bond lengths with U value follow
similar trends and are shown in the Supporting
Information. The sharp increase in volume seen
at U ∼ 1 eV for UC is a result of the magnetic
transition discussed above, and agrees with that
reported previously.17 The larger range of cell
volumes for UC and UN is consistent with the
existence of many metastable states and the
span in cell magnetization seen for these two
compounds in Figure 3.

Volume dependence on the metastable-state
energy ranking was previously reported by
Allen and Watson in their study of CeO2,

11 and
is also seen here. However, the range of cell
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Figure 4: Computed cell volumes as a function of U -value for PBE+U and PBE+U -XDM relaxed
structures, using both standard and variable U -ramping. The dashed lines represent reference
experimental values.45
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volumes arising from metastable states remain
less than the volume changes resulting from in-
creasing U values. Disconnecting structural op-
timization and energy calculations is important
in developing high-throughput methods for f -
block materials. The relatively low sensitivity
of the cell volumes and bond distances to the
electronic configurations means that a compos-
ite approach,76 which couples structural opti-
mization using a low-cost method with high-
level PAW single-point energies, could poten-
tially be applied to actinide materials.

The addition of an attractive dispersion in-
teraction naturally results in smaller optimized
cell volumes than base-functional-only calcu-
lations. Inclusion of XDM dispersion yields
shorter U–X (X ∈ C, N, O, Cl) bond lengths
by approximately 0.05 Å for each compound.

Larger differences, of up to 0.1 Å, are seen for
the U-U bond lengths, which is expected since
uranium is a much heavier and highly polariz-
able element and, hence, will be more affected
by dispersion. The leading-order C6 dispersion
coefficients range from 700-1000 a.u. for U–U
interactions, compared to 50-160 a.u. for U–X
interactions, as shown in the Supporting Infor-
mation.

As noted for the total energies, the effect of
dispersion is largely independent of U value.
Thus, the PBE+U -XDM curves in Figure 4
have the same shape as those obtained with
PBE+U alone, but are uniformly shifted to
smaller volumes. For all four compounds con-
sidered, the PBE+U results are in good agree-
ment with previous DFT studies,14,16,17,30 but
agree best with experiment only at small U val-
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Figure 5: Computed heats of formation, per formula unit, as a function of U -value for PBE+U
and PBE+U -XDM relaxed structures, using both standard and variable U -ramping. The dashed
lines represent reference experimental values.77
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ues. This is in contrast to the typical prob-
lem seen in many DFT+U studies, where sub-
stantial Hubbard U corrections are required to
reproduce experimentally observed properties,
such as the band gap. Thus, we have the incon-
sistent situation of requiring a small or zero U
value for accurate prediction of the cell geome-
try, but a large U value for accurate prediction
of the band structure. The attractive disper-
sion term counterbalances the added repulsion
from the Hubbard U corrections, resulting in
calculated cell volumes that are closer to ex-
periment when U is above 2 eV. As PBE+U -
XDM gives improved agreement with experi-
mental cell volumes and bond lengths at inter-
mediate to high U values, it should simultane-
ously be capable of providing reasonable geome-
tries and band structures (which are unaffected

by the dispersion correction) for a single U
value. Additionally, inclusion of thermal expan-
sion effects (neglected here) would expand the
computed structures, further decreasing agree-
ment of PBE+U calculations with experiment
at high U value, but improving agreement for
PBE+U -XDM in the cases of UN and UCl3.

3.3 Heats of Formation

Computed heats of formation for the four ura-
nium compounds are shown in Figure 5. As
for the total energy results, the heats of forma-
tion increase with U value, although it should
be noted that the U-atom energy is also U
dependent. The differences in formation en-
thalpies between the various metastable states
are generally less than the differences result-
ing from changes in U value. As the forma-
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tion enthalpies are computed using atomization
energies, and there is no dispersion for an iso-
lated atom, adding the XDM dispersion cor-
rection always imparts additional stabilization
to the uranium compounds. The XDM cor-
rection to the formation enthalpy is approxi-
mately 2 eV for each of the four compounds.
This energy difference is consistent across the
sampled Hubbard-U range, as the XDM en-
ergy contribution is effectively U -independent.
Thus, the choice of U value and the inclusion
of a dispersion correction both play more sig-
nificant roles in calculating accurate formation
enthalpies than does the presence of metastable
states.

At small U values of 1-2 eV, PBE+U agrees
well with experiment,77 while PBE+U -XDM
strongly overbinds. However, the dispersion
correction increases the accuracy of the for-
mation enthalpies at higher U values that are
typically used in calculations for these sys-
tems.9,10,28,29,78 The best agreement with the
measured formation enthalpies occurs around U
= 4 eV, although PBE+U -XDM still slightly
overbinds. This behavior is in line with
the expected tendency of GGA functionals to
overbind, and is consistent with thermochem-
ical benchmarks for small main-group com-
pounds79,80 and for d-block transition-metal
complexes.81

To emphase the importance of dispersion for
actinide compounds, Figure 6 shows the errors
in computed cell volumes and heats of forma-
tion obtained with the high U values typically
employed for these materials. The Hubbard
U correction introduces a repulsion term and
PBE+U systematically overestimates the cell
volumes by 9.0%. Conversely, the dispersion
correction offers additional attractive energy
that offsets the repulsive Hubbard U term, pro-
viding good agreement with experiment, with a
mean error of 1.9% and a mean absolute er-
ror of 2.9%. The results would likely be fur-
ther improved for UN and UCl3 if thermal ex-
pansion were considered. PBE+U also system-
atically underestimates heats of formation, by
1.33 eV on average. PBE+U -XDM improves
agreement with experiment when U is equal
to 4.00 eV (2.50 eV for UN), although there

Figure 6: Errors in cell volume and heat of for-
mation of the four binary uranium compounds,
using the minimum of the variable-occupancy
results with either PBE+U or PBE+U -XDM.
The results correspond to typical U values used
in literature studies of 4 eV for UC, UO2, and
UCl3, and 2.5 eV for UN.2,10,12,82

−1.5

−1.0

−0.5

0.0

0.5

1.0

1.5

2.0

2.5

−5  0  5  10  15  20

E
nt

ha
lp

y 
E

rr
or

 (
eV

)
Volume Error (%)

PBE+U

PBE+U−XDM UC
UN

UO2
UCl3

UC

UN
UO2

UCl3

is some residual over-binding expected from a
GGA functional, leading to a mean error of
−0.64 eV. Therefore, dispersion corrections im-
prove accuracy when using typical actinide U
values.

4 Conclusions

A review of the effects of metastable elec-
tronic states, choice of Hubbard U values,
and the use of the XDM dispersion correction,
on structural and thermodynamic properties
for UC, UCl3, UN and UO2 provides impor-
tant insights. While possible convergence to
metastable states at high U values results in
a considerable range of both total energies and
absolute magnetization, standard U -ramping is
generally able to recover the most stable con-
figuration. However, calculations for UN using
standard U -ramping fail to converge at high U
values. Physical properties show greater depen-
dence on metastable states for the two rocksalt
structures, UC and UN, than for UO2 and UCl3.
However, the predicted cell volume is gener-
ally less sensitive to the presence of metastable
states than it is to the effects of both Hub-
bard U and the addition of a dispersion cor-
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rection. This fortuitously suggests that use of
approximate methods that concentrate on pre-
dicting accurate structures may be useful for
high-throughput studies.

Addition of the XDM dispersion correction to
standard PBE+U calculations resulted in im-
proved agreement in computed cell volumes and
formation enthalpies with experimental values
for the four uranium compounds studied. This
occurs because the added dispersion attraction
counterbalances the repulsive Hubbard U cor-
rection. Thus, a dispersion correction is re-
quired to obtain accurate structural and ther-
modynamic properties for actinide compound
calculations using typical, high U values re-
quired to obtain accurate description of their
band structures. Additionally, changes in both
the initial orbital occupations and choice of U
value were shown to have little effect on the
XDM dispersion correction, allowing its effec-
tive use with f -block elements.
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