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Abstract

We present an ab initio study of the actinide nitride series. The ground state of each compound is determined
using three methods: conventional DFT+U , DFT+U with ramping, and DFT+U with the occupation matrix
control scheme, in order to estimate the impact of the metastable states due to the strong electronic correlation. We
make a recommendation as to which method should be used when modeling the various actinide nitride compounds.
The value of the electronic correlation and the magnetic ordering are varied, and we compute the lattice parameters
and structure distortion, density of states, and elastic constants in each case. This study discusses the influence of
the strong correlation on these properties and lays the basis for an educated choice of the U -parameter once the
adequate experimental values become available.

1. Introduction

Nitride fuels are often considered as candidates to re-
place oxide fuels in current fission reactors and in GEN
IV reactors due to their superior thermomechanical prop-
erties. Indeed, the melting point and thermal conduc-
tivity are much higher, allowing for larger margins to
failure, and its higher uranium density could open to
longer fuel residence times, or to more compact reactors.
They could also be used for transmutation thanks to
their actinide-bearing capabilities, or for space applica-
tions, where weight is crucial and cooling is complicated.
However, many of the properties of nitride fuels need to
be better determined, and modeling has a part to play.
Density Functional Theory (DFT) modeling of actinide
compounds remains complicated due to the existence of
metastable states arising when the strong correlation is
introduced, previously detected in uranium nitride [1].

Such an intricate modeling has been attempted a
number of times, since the early studies of Brooks [2].
UN has been studied many times by means of DFT and
DFT+U , investigating its ground state [3, 4, 1], its phase
changes under pressure [5], point defects [6, 7], or fission
product properties [1, 8, 9] for instance. The other ac-
tinide nitride compounds have so far been studied much
less. They have been investigated by means of molecular
dynamics [10, 11], conventional DFT [12, 13], using the
self-interaction correction [14] and with DFT+U [15, 16],
mostly to get geometric, electronic and thermodynamic
properties. However, a systematic study of the ground
state of all the compounds in the DFT+U framework,
considering the magnetic ordering, the strong correlation
and the metastable states has not been previously done,

and is much needed.

Metastable states appear when the correlation is
added in DFT+U [17]. There exists several methods
to tackle this issue: the U -ramping [17], the occupation
matrix control (OMC) [18], the constrained symmetry
reduction [4], and the quasi annealing [19] ones for in-
stance. They have had various successes, and sometimes
require code development. The first two are used here
and are described in the next section.

In this study, we start by investigating and comparing
the ground states for different values of U and different
modeling methods, for the non-magnetic, ferromagnetic
and antiferromagnetic states. This is done for several
reasons. Some of the previous studies have used the
experimental lattice parameter to fit U for these com-
pounds. However, both the GGA and the added corre-
lation tend to overestimate this geometric constant, and
therefore to wrongly favor the use of a very small U value
[20]. Other studies have been using the value given in
one LDA+DMFT study [21], which is not valid either,
since the U -parameter does not represent the exact same
thing in DFT and DFT+DMFT. As such, other parame-
ters have to be used for a more appropriate fitting of this
parameter. In this article, we investigate the influence of
varying this extra correlation on the geometric structure,
the density of states and the elastic constants of each of
these compounds. When the experimental data become
available, a good value for U will be able to be chosen.

Studying the magnetic ordering is also useful for the
less studied compounds, where the low temperature mag-
netism is unknown, and can be assessed by comparing
the energy of the ground states. In some of the previous
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studies chose to consider the unknown ones were consid-
ered to be non-magnetic, an assumption which needs at
the very least to be checked. Finally, the use of different
methods to get to the ground state is needed to give le-
gitimacy to the results. Only then can other properties
be computed and trusted.

2. Computational details

The simulations in this work have been carried out
using the Vienna Ab initio Simulation Package (VASP).
The chemical elements have been modelled using the
projector-augmented wave (PAW) potentials provided in
this package, as parametrized by Perdew, Burke, and
Ernzerfhof (PBE) [22]. Full relaxation with no forced
symmetries has been performed every time. A conver-
gence of less than 1 meV per atom has been achieved.
The number of k-points used for the discretization of the
reciprocal space has been set to 9x9x9, which proved to
be sufficient for an 8-atom cell with a volume of around
125 Å3.

The DFT+U implementation proposed by Liechten-
stein [23] has been used. The J values have not been
varied. They were known to be 0.1 eV for UN [4] and 0.5
eV for PuN [15]. For Pa and Th, the J value has been
kept to the low value of 0.1 eV, whereas an intermediate
value of 0.3 eV has been used for Np. The U parameter
has been varied from 0 to 5 eV.

In order to ensure finding the ground state, three
methods have been used. The first one was the con-
ventional DFT+U, known to produce metastable states
[17]. Later, two of the suggested methods to avoid these
metastable states have been used, namely the U -ramping
method [17] and the (OMC) scheme [18]. In the U -
ramping method, U is adiabatically increased, in an at-
tempt to let the simulation converge to the absolute min-
imum. In the OMC method, all the valence electron oc-
cupation matrices are explored. This means that for a
given principal and angular quantum numbers, all the
possible magnetic quantum numbers are considered. To
limit the number of simulations, only the integer diag-
onal elements are used as input. After a few electronic
steps, this constraint is lifted.

For the OMC method, the number of initial f va-
lence electrons has been set accordingly to the work of
Yin et al. [21] for UN, NpN and PuN, selecting the in-
teger number of electrons closer to their value. For ThN
and PaN, the explorations of the occupation matrices
have been done considering only one initial valence f -
electron. These numbers are allowed to relax, and the
final values, not discussed in this article, show that the
initial choice was sound.

All the actinide nitride compounds modeled in this
study have a rocksalt structure. When the simulation

assumed an AFM ordering, it was of type I, as depicted
on figure 1. The initial lattice parameter was set to the
experimental one but was then allowed to relax.

Figure 1: Rocksalt crystal structure with an antiferromagnetic or-
der. White and black atoms are respectively actinide elements and
nitrogen atoms. The arrows represent the spin orientation.

The elastic constants have been computed using the
small displacement method to obtain the Hessian matrix
and the formulae to convert the coefficients to the elastic
constants in the orthorhombic case [24].

3. Comparison of different methods

As mentioned earlier, the modeling of actinide com-
pounds is difficult due to the appearance of metastable
states when using the DFT+U framework. Although
these compounds are electronic metals, and it is there-
fore expected that conventional DFT might be enough
to obtain reliable results, it has been shown [25] that at
the very least, a hybrid functional is needed, and that
DFT+U is even better. A previous study on UN [1] has
shown very clearly that these unwanted states exist, and
that OMC seems better than the U -ramping method at
avoiding them. Here, the comparison is extended to five
compounds, in three different magnetic states.

For the two lightest actinide nitride compounds,
namely ThN and PaN, the initial AFM and FM con-
figurations relaxed to the non-magnetic state, and there
is therefore only one case represented on the graphs. As
can be seen, there does not seem to be any metastable
state issue for these compounds, as both the OMC and
the U -ramping methods yield the same result, and even
not using any scheme to ensure being in the ground state
(here called “single shot”) has no impact on the total en-
ergy.
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Figure 2: Energy comparison for ThN.
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Figure 3: Energy comparison for PaN.

NpN is less well known than the previous compound.
It has however been observed to be FM at low tempera-
ture [26]. This is also what is found in this work. Here,
it is obvious that the non-magnetic case is not favored at
all. The FM and AFM orderings have a similar energy,
but with an preference towards the first mentioned. The
energy difference seems to slowly get smaller, but is not
inversed yet at a U value of 5 eV, so that cannot be used
as a criterion to choose a value for the U parameter.

For small values of U, all three methods yield the
same results. however, when U grows bigger, the OMC
scheme becomes significantly better. For the NM case, a
drop of energy is observed when the system goes from a
perfect cubic structure to an orthorhombic one. The U -
ramping method, adding the correlation in an adiabatic
way, gives some inertia to the system and prevents the

transition to happen as soon as possible, which is not the
case with the OMC method. A similar phenomenon is
occurring for the FM and AFM case, where the structure
also undergoes a slightly orthorhombic, almost tetrago-
nal deformation for high values of U , as is shown in Fig 8.
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Figure 4: Energy comparison for NpN.

UN and PuN are both known to be AFM at low tem-
peratures. This magnetic ordering for UN has been inves-
tigated in great details in [1], showing a transition from
FM to AFM at around 1.75 eV. This was used as a cri-
terion for the choice of U in previous studies, mentioned
in the introduction.
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Figure 5: Energy comparison for UN.

The non-magnetic case of PuN becomes unstable for
larger values of U , but before that, the OMC method
proved superior, since it could more easily find when the
symmetry is broken, and the structure is not cubic any-
more. It can also be seen that up to 2.5 eV, the FM
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ordering is favored over the AFM one, in agreement with
the value used in [15].
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Figure 6: Energy comparison for PuN.

For each of the compounds, the OMC method consis-
tently yields at better results and will therefore be used
for the remainder of this study.

4. Geometric electronic and elastic properties

In order to determine which value of U should be
used, one has to compute properties that can be com-
pared with experiments. The added correlation should
ideally not be treated as a fitting parameter, but rather
as a physical value, that should be determined by other
means. However, this is not always possible, and fitting
is then necessary to achieve reliable results. For this rea-
son, a few properties available from the study of the unit
cell are presented here, to help towards a better choice
of the U parameter.

Starting with the geometric structures, the five com-
pounds can be divided into two categories: ThN and
PaN stay perfectly cubic over the full range of U values
(up to 5.0 eV) whereas UN, NpN and PuN undergo crys-
talline distortions. Only the last three are discussed in
this context, since they are the most interesting ones.

UN and NpN both go from cubic to orthorhombic to
tetragonal when U is increased, whereas PuN stays or-
thorhombic up to 3.5 eV, while remaining cubic only for
very small values of U . Comparing to experimental prop-
erties could provide a good indication on how to choose
the value of the Hubbard correlation. For instance, UN
has been observed to be tetragonal, which could indicate
that the smallest U -value yielding the correct magnetic
ordering are still too low to yield the correct geomet-
ric structure. However, since the observed tetragonal

structure is not what would be expected from the spin
orientation, this is most likely not a good way to select
the strength of the extra correlation. The results, com-
ing from DFT+U+OMC simulations, are displayed in
figures 7, 8 and 9.
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Figure 7: Geometric properties of UN.
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Figure 8: Geometric properties of NpN.
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Figure 9: Geometric properties of PuN.
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The density of states (DOS) plot of UN is well known.
The impact of U on it has been studied by Gryaznov et
al. [4] and as expected, the splitting of the valence band
increases when the U value increases, due to the very
definition of DFT+U .

Here, only the total positive DOS is plotted, for every
compound, for values of U of 1.5, 2.5 and 3.5 eV, in the
most stable magnetic ordering.
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Figure 10: Density of states of ThN.
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Figure 11: Density of states of PaN.

The DOS of ThN and PaN respond essentially neg-
ligibly to variations of the U parameter, an effect that
can partially be attributed to the lack of magnetic de-
grees of freedom. Both are metallic compounds from an
electronic point of view, as demonstrates the non zero
density at the Fermi level.

-10 -5 0 5
E - E

F
 [eV]

0

0,1

0,2

0,3

0,4

D
O

S
 [

A
rb

it
ra

ry
 u

n
it

]

U = 1.5 eV
U = 2.5 eV
U = 3.5 eV

Figure 12: Density of states of AFM UN.
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Figure 13: Density of states of AFM PuN.

Both UN and PuN exhibit the expected behaviour, in
that the 5f levels are splitting more and more when the
value of U is increased. One point that can be noted,
however, is that in UN, the shift is primarily affecting
the occupied states, while for PuN the empty ones are
shifted. This can be related to the change in orbital occu-
pancy between the two compounds, and the effect of the
U correlation, which favors either empty or full orbitals.
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Figure 14: Density of states of FM NpN.

It is harder to see a clear correlation between the U
parameter and the DOS evolution in NpN, mostly due
to the fact that the empty 5f levels are a lot less sharp
for U=3.5 eV. If we compare the splitting between the
peak at around -2 eV and the broad and smaller peak at
about 2 eV, the splitting is nevertheless increasing, as is
the case for UN and PuN.

One concluding point on the DOS plots could be that
progressing in the actinide series, the occupation at the
Fermi level, although always strictly positive, is decreas-
ing. Progressing further, one could expect this occupa-
tion to reach 0. That was observed to happen in [21],

which set the Mott-Hubbard limit between conductors
and insulators between PuN and CmN.

The elastic properties of all compounds have been
computed using the formulae for an orthorhombic struc-
ture, in order to see what the effect of the U value was
and which should be chosen. However, this parameter
is very sensitive to the geometric structure of the com-
pounds. For ThN and PaN, the structure stays cubic
for all the range of U -values studied, and therefore the
evolution of the modulii is regular. The Young’s mod-
ulus (E), bulk modulus (B) and the shear modulus (G)
increase with U and with the extra localization of the
electrons, making the materials more resistant to elastic
deformations.

The other compounds have a tendency to undergo a
cubic to orthorhombic transition when U reaches a crit-
ical value, followed by a transformation to a tetragonal
structure in UN and NpN, as discussed above. This value
depends on the chemical nature and on the magnetic or-
dering of the compound. This makes a clear comparison
much harder to perform. The NM cases of UN, NpN and
PuN are not used here, since they were very far from the
ground state.

It is far from trivial to use the elastic constants to fit
U due to these fluctuations. On the other hand, forcing
the structure to remain within a certain symmetry over
the range of U values studied to derive usable elastic con-
stants would effectively ensure not being in the ground
state, and while being easier to compare to experimental
values, the physical significance would also be severely
compromised.

Table 1: Elastic modulii of actinide compounds.

Ordering G [GPa] B [GPa] E [GPa]
Compound U [eV] 1.5 2.5 3.5 1.5 2.5 3.5 1.5 2.5 3.5
ThN - 96 99 101 177 177 177 245 250 255
PaN - 101 106 110 225 228 231 264 275 285

UN
AFM 92 88 95 188 177 187 236 227 245
FM 82 76 85 163 174 185 211 200 222

NpN
AFM 82 93 90 165 178 126 211 238 219
FM 71 81 90 168 132 133 186 202 220

PuN
AFM 91 90 90 139 129 130 224 218 220
FM 102 86 86 142 136 135 246 213 213

5. Conclusions and discussion

The goal of the study was to give a solid basis for a
choice of the U parameter for the actinide mononitride
compounds once the experimental data are determined.
To fulfill this objective, ThN, PaN, UN, NpN and PuN
have been studied. First three methods were used to
ensure finding the ground state. Then, a comparison of
several properties, namely the total energy, the geometric
structure, the electronic properties and the elastic con-

stants has been performed for these compounds, varying
the U value from 0 to 5.0 eV and considering three pos-
sible magnetic states.

ThN and PaN do not require any method to avoid
metastable states up to a U value of 3.5 eV at least.
For any heavier actinide nitride compound, we recom-
mend the use of the OMC scheme in addition to the
DFT+U framework, as it allows to find the ground state.
It is suggested, and should be investigated further, that
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the U -ramping method, by conserving all the electronic
properties from one step to another, can suffer from an
“inertia” effect, preventing it to converge to the ground
state.

We have found that the low temperature magnetic
state of ThN and PaN is non-magnetic. The experimen-
tal low temperature magnetic ordering of the remaining
compounds has been confirmed, but sometimes only for
a given range of U values, providing useful information
about how to choose it. For UN and PuN, the U value
should be larger than 1.5 eV. Not having more computed
data between 1.5 eV and 2.5 eV prevents us from making
a more precise recommendation.

For each compound and each magnetic ordering, we
have computed the geometric structure and the elastic
constants for different values of U . We note a clear im-
pact of the U -value and of the crystal symmetries on the
elastic modulii. The DOS have also been computed. Rec-
ommendations as to which value of U to use is pending
experimental results.

This work should be continued by determining more
data that can be obtained experimentally, to provide a
more precise selection of a U parameter, that is a needed
step in order to investigate further the compounds.
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