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h i g h l i g h t s
 We studied bulk uranium nitride with means of DFTþU with the U-ramping scheme and the OMC scheme.
 We produces a density of states plot and calculated the elastic constants of UN.
 We calculated the incorporation energy of many ﬁssion products in UN, and corrected them to take into account the elastic interactions.
 The OMC scheme should be used over the U-ramping scheme.
 Fission products go to larger crystal sites.
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Uranium mononitride is studied in the DFT þ U framework. Its ground state is investigated and a study of
the incorporation of diverse ﬁssion products in the crystal is conducted. The U-ramping and occupation
matrix control (OMC) schemes are used to eliminate metastable states. Beyond a certain amount of
introduced correlation, the OMC scheme starts to ﬁnd a lower total energy. The OMC scheme is chosen
for the second part of this study. Furthermore, the inﬂuence of the magnetic ordering is studied using the
U-ramping method, showing that antiferromagnetic order is the most stable one when the U parameter
is larger than 1.75 eV. The effect on the density of states is investigated and elastic constants are provided
for comparison with other methods and experiments. The incorporation energies of ﬁssion products in
different defect conﬁgurations are calculated and these energies are corrected to take into account the
limited size of the supercell.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
With the regained interest in innovative nuclear fuels for next
generation reactors and in accident-tolerant fuel programs for
current reactors, as well as the advent of more sophisticated
simulation techniques and improved hardware, the number of
theoretical studies on advanced nuclear fuels is increasing. Indeed,
fuels such as UN have a higher ﬁssile density allowing for a longer
operation time, a higher thermal conductivity giving larger safety
margins and have been shown to be a better candidate to burn
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long-lived minor actinides [1].
For many years, density functional theory [2,3] (DFT) calculations have been extensively applied for the modeling of bulk
properties of actinide compounds [4e9]. However, the description
of the electronic structure of actinides and their compounds is
complicated by the localisation-delocalisation behavior of the 5felectrons, and the challenges in describing 5f elements in the solid
state remain signiﬁcant. The so-called DFT þ U approach developed
by Anisimov’s group [10e12] following the idea of Hubbard [13,14]
and implemented in electronic structure codes by for instance
Dudarev et al. [15] or Lichtenstein et al. [16] is capable of improving
the description of strong correlation, leading to a better prediction
of band gaps, densities of states and electronic and magnetic
properties [4,17e19] among others.
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A recent review on the various computational approximations
to deal with strong correlations in actinide oxides was carried out
by Wen et al. [20], in which a paragraph was devoted to simulations
of uranium nitride. This review was complemented later [21] to
give more emphasis on the results and it was concluded that the
DFT þ U scheme is indeed needed, although using the computationally more expensive HSE hybrid functional may provide similar
results. However, the orbital anisotropy induced by the improved
modeling of electron correlation by DFT þ U increases the number
of metastable states (i.e. the number of local energy minima on the
potential energy surface) [22]. DFT þ U calculations are prone to
converge to these metastable states depending on the initial conditions, a problem that is shared with the HSE hybrid functionals
[23]. A comparison of formation energies of UO2 by different authors was reported by Dorado et al. [24], showing extreme variations. It is consequently essential to ensure that the ground state of
the system has indeed been reached to obtain the correct
description of the bulk material properties. This is needed before
one can attempt to study point defects and impurities.
Several approaches have been used so far to ﬁnd the ground
state among these many possible metastable states within DFT þ U
modeling. The so-called “U-ramping” approach [22,25] uses a
gradual increase of the Hubbard U and exchange J parameters from
zero to their ﬁnal values. The starting point of each simulation is the
ﬁnal point of the previous one. Such a U-ramping has to be done for
every calculation and this scheme is therefore becoming very
computationally expensive when many simulations are needed,
such as for studying point defects. Recently Rabone and Krack [26]
presented a procedure for bypassing metastable states by using an
f-occupation smearing combined with U-ramping, which was
applied to uranium dioxide surfaces.
The quasi annealing approach [27] uses a random added electronic noise which is slowly turned off to allow the system to
converge to the ground state. This noise is acting upon the minimization path to help avoiding the metastable states.
The controlled symmetry reduction (CSR) method [17] is based
on a geometric distortion which ensures the convergence of the
system to a speciﬁc state. By reviewing experimental data on for
instance the magnetic ordering, it is possible to gain knowledge
about the shape and deformation of the primary cell. The starting
point is then an exaggeratedly deformed cell for which there will be
no metastable state, and the distortion will be slowly reduced in
successive simulations where the ﬁnal electronic density found by a
simulation is used as an initial condition for the next one. This has
been applied to UN with promising results by Gryaznov et al. [28].
Another procedure to reach unequivocally the ground state was
presented by Jomard et al. [29] on plutonium oxides. The occupation matrix control scheme (OMC) is based on the monitoring of the
occupation matrices of the correlated orbitals. By imposing an
initial occupation matrix it is possible to control the ﬁlling of the 5f
levels. The imposed occupation matrices are deﬁned according to
the quantum numbers mi and mj corresponding to the orbitals
which are ﬁlled.
In the present work we demonstrate the applicability of the
occupation matrix control scheme to uranium nitride, by
comparing it with U-ramping results. In the ﬁrst part of this paper,
the inﬂuence of magnetism is investigated using the U-ramping
method. Then, a systematic search of the ground-state occupation
matrix is carried out. The electronic ground state and metastable
states are addressed and characterized by comparing structural and
magnetic properties and the density of states (DOS). The capability
of the OMC method to ﬁnd the ground state is discussed, and once
it is established, its applicability to point defect calculations is
assessed by studying the incorporation of ﬁssion products in the UN
crystal. This has already been done using conventional DFT in UN

[30,31], in UC [32] and in UO2 [33]. However, such a systematic
study using the DFT þ U framework in UN is still missing. One could
also mention that this study should be further improved taking into
account the spin-orbit coupling (SOC), since it has been shown by
Gryaznov et al. that its effect should not be neglected [28]. However, all of the simulations presented in this study have been done
without SOC, as a ﬁrst step.
2. Computational details
All the calculations done in this work are carried out within the
density functional theory framework [2,3] using the projector
augmented wave (PAW) formalism [34] as implemented in the
code VASP (Vienna Ab initio Simulation Package) [35e37]. For the
Hubbard parameter U, the rotationally invariant Liechtenstein [16]
approach was chosen, and the values U and J were ﬁxed to 2.0 eV
and 0.1 eV, respectively [18,28]. One should realize that this choice
is not to be seen as a ﬁtting parameter, and ideally, U would come
from an experiment or another simulation, and not from ﬁtting the
room temperature lattice parameter or magnetic moment on a
zero-Kelvin simulation. Using the U-ramping scheme, the U-value
was increased from 0 to 2.5 eV in steps of 0.1 eV to study the
magnetic stability. In order to study the appearance of the metastable states using the OMC framework, the full exploration was
carried out for different values of U. The integration in the reciprocal space over the Brillouin zone was performed using 9  9  9
Monkhorst-Pack meshes [38] for the antiferromagnetic cell with 8
atoms. For the 64-atom supercells, a 2  2  2 k-point mesh has
been used after comparing the results with a 5  5  5 k-point
sampling for the incorporation energies in a few cases, yielding a
difference of under 4%. The cut-off energy for the plane wave
expansion was ﬁxed at 600 eV and the fractional electron occupancies were estimated with the method of Methfessel and Paxton
[39] with a smearing parameter of 0.1 eV. Bulk calculations are
done using UN unit cells with 8 atoms, with and without crystal
symmetry. Simulations in a 64-atom cell have been performed
without any imposed crystal symmetry and otherwise identical
parameters for the point defect conﬁgurations. In Fig. 1 the antiferromagnetic ordering (type 1) of the 8-atom UN cell is shown, as
found by Curry [40].
In order to determine the ground state with the OMC scheme,
different occupation matrices were imposed at the beginning of

Fig. 1. UN rock-salt crystal structure showing antiferromagnetic order. White atoms
are uranium while black atoms correspond to nitrogen atoms. Arrows represent the
spin orientation.
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each calculation. Each occupation matrix corresponds to a particular ﬁlling of the uranium 5f-orbitals. We only impose diagonal
occupation matrices leading to 21 different ways of ﬁlling the seven
5f-orbitals with two correlated valence f-electrons with full occupancy [41,42]. Each of the 21 ways is called an electronic conﬁguration. Since there are several degenerate f levels, some of the
electronic conﬁgurations are identical by symmetry i.e. they have
identical electronic energies. In each calculation, one particular
diagonal occupation matrix is imposed during the ﬁrst 15 steps of
the ﬁrst self-consistent cycle. This constraint is then lifted and the
calculation is left to converge without further constraints. Further
details about the OMC scheme are described elsewhere [24,29].
The incorporation energy of an impurity is calculated as follows:
ref
Einc ¼ Ecell  Ecell
 Ecoh

(1)

where Einc is the incorporation energy, Ecell is the total energy of the
ref is the total energy of the cell with
cell including the impurity, Ecell
the defect but without the impurity and Ecoh is the cohesive energy
of the ﬁssion products.
The cohesive energy of the ﬁssion products is computed
considering the room temperature phase. For instance, for xenon,
we used a gas atom, i.e. a single atom in a large box, and for solids,
we used a unit cell of its crystallographic form and divided the total
energy by the number of atoms.
3. Results
Standard energy calculations of 5f-electron systems using the
GGAþU technique are likely to be trapped in local energy minima
on the potential energy surface instead of reaching the energetic
ground state. For instance free relaxation of the UN crystal in its
experimental geometry leads to a total energy which is higher than
the one of the ground state found with the OMC, by 5 meV per U
atom for a U-value of 2.0 eV. The next two subsections deal with
proper characterization of the ground state.
3.1. U-ramping scheme on bulk UN
In this part, the inﬂuence of magnetism on the crystal stability is
investigated. The cell size, shape and the ionic positions have been
allowed to relax. The results are displayed in Fig. 2.
As has been previously shown [28], without the correlation
term, the stable phase at 0K is the ferromagnetic (FM) one. When
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Fig. 2. Relative energy of the FM and AFM states of UN as a function of the U
parameter.
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the U term reaches around 1.75 eV, the most stable phase becomes
antiferromagnetic (AFM), which is in line with low-temperature
experiments [40]. This effect is surprisingly not observed when
the same calculations are carried out with the spin-orbit coupling
taken into account. Gryaznov et al. [28] concluded that the effect of
the spin-orbit coupling is important in their study and more simulations are still needed to corroborate this ﬁnding.
We noted no effect of the U-ramping scheme for U-parameters
up to 2.5 eV. A single calculation with a U-parameter of 3.5 eV
yielded a higher total energy than the U-ramping method, but such
a high U-value is not realistic and higher than any suggested value
for UN in the literature. That seems to indicate that the beneﬁts of
using the U-ramping scheme for UN are not apparent, at least when
the SOC is not considered.
In addition, the authors of the U-ramping recognize that this
method can yield a higher ground state energy as compared with
the OMC framework [43].
3.2. Occupation matrix control scheme on bulk UN
3.2.1. Relaxation and total energy
Table 1 shows the initial diagonal occupation matrices for UN
and the relative energies computed for different U-values. For each
electronic initial state, the difference in energy relative to the
lowest-energy state is given in meV. The calculations have been
performed in an 8-atom cell. Whereas the energy differences have
been reported for 5 different values of U, the lattice constants and
magnetic moments are indicated for the free relaxation case with a
U-value of 2.0 eV. J has been kept equal to 0.1 eV for all the simulations. Generally, no crystal symmetry constraints were imposed,
except for one case, indicated in Table 1 by SYM, where the conventional computation time reduction through symmetry conservation was used. This one case was selected since 2 eV of added
correlation is the value commonly accepted in the literature, to
show the importance of turning off the symmetries.
It can be noted that the metastable states seem to appear only
after a certain amount of introduced correlation. They are
completely absent at U ¼ 0.5 eV; there are ﬁve different states for
U ¼ 2.0 eV and eight for U ¼ 2.5 eV. Metastable states of higher
energy can be found when the crystal symmetries are conserved,
which should be expected and is behind the reasoning for the CSR
scheme. For computations not conserving crystal symmetry, eight
occupation matrices converged to the electronic ground state (GS)
for the chosen value of U, having slight cell distortion. Gryaznov
et al. have shown that the cell is not cubic anymore when U-J is
above 1 eV, and that for the AFM phase without SOC, the c/a ratio is
below 1 [28], whereas Lu et al. have found a ratio above unity [18].
In this study, the tetragonal shape seems not to be conserved as
soon as the symmetry constraints are lifted, in favor of a orthorhombic phase. It can be noted that the second metastable state,
60 meV per U atom above the ground state yields a tetragonal
structure. Experimentally, no tetragonal distortion has been noted
(perfect cubic cell with a ¼ 4.888 Å) [44], although it could be
expected at low temperature due to the ﬁrst-order antiferromagnetism. The authors have no explanation for the orthorhombicity.
The magnetic moment is found to be similar to previous results
without SOC [28].
Comparing the ground state energy found by using the OMC
method and the U-ramping approach (Fig. 3), one can see that up to
a U-value of 2.0 eV, the difference seems to be limited. However,
when U becomes larger, the OMC method gives an obviously lowerenergy state. Looking precisely at the numbers, already for an
added correlation of 0.5 eV, the OMC framework yields a lower total
energy than the U-ramping (4 meV per U atom for U ¼ 2.0 eV), and
the latter should not be trusted to yield the ground state.
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Table 1
Metastable states for different values of U and for the different initial diagonal occupation matrices. J ¼ 0.1 eV in all cases. DE in meV per U atom. Lattice parameters [Å] and local
magnetic moment [mB] only given for U ¼ 2.0 eV without symmetry constraints. SYM: Some crystal symmetry was conserved (see text). Highlighted lines correspond to the
ground-state conﬁgurations for U ¼ 2.0 eV without symmetry constraints.
Initial matrix

DE U ¼ 0.5 eV

DE U ¼ 1.0 eV

DE U ¼ 1.5 eV

DE SYM U ¼ 2.0 eV

DE U ¼ 2.0 eV

DE U ¼ 2.5 eV

a

b

c

m

0000011
0000101
0001001
0010001
0100001
1000001
0000110
0001010
0010010
0100010
1000010
0001100
0010100
0100100
1000100
0011000
0101000
1001000
0110000
1010000
1100000

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

33
33
0
0
33
0
48
33
0
33
0
33
0
33
0
0
19
0
0
4
0

36
36
94
0
36
0
82
36
0
36
0
36
0
36
0
0
36
0
28
28
15

0
0
162
5
375
5
0
0
5
0
5
0
5
207
5
5
162
5
5
5
5

60
66
60
0
66
0
40
66
0
66
0
66
0
66
0
0
66
0
65
65
65

32
130
105
0
150
0
32
130
0
130
0
32
0
134
0
0
192
202
170
170
170

4.96
4.83
4.96
4.90
4.83
4.90
4.96
4.97
5.03
4.97
5.03
4.83
4.90
4.97
4.90
5.03
4.97
5.03
4.96
4.96
4.96

5.07
4.98
5.07
4.97
4.98
4.97
5.03
4.98
4.97
4.98
4.97
4.98
4.97
4.98
4.97
4.97
4.98
4.97
4.86
4.86
4.86

4.96
4.97
4.96
5.04
4.97
5.03
4.90
4.83
4.90
4.83
4.90
4.97
5.03
4.83
5.03
4.90
4.83
4.90
4.96
4.96
4.96

1.95
1.54
1.95
1.89
1.54
1.89
1.82
1.54
1.89
1.54
1.89
1.54
1.89
1.54
1.89
1.89
1.54
1.89
1.65
1.65
1.65

Exp [40,45]

e

e

e

e

e

e

4.886

4.886

4.886

0.75

10

8
U-ramping
OMC

Density of states (arb. units)

Relative energy [eV]
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Fig. 3. Comparison of the total energy obtained using the U-ramping and OMC
schemes. The energy reference is taken as the energy of the system without a Ucorrection.
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Fig. 4. Density of states of UN.

From this point, all the results presented have been achieved
using the OMC method.
3.2.2. Density of states
The density of states (Fig. 4) is very similar to what has been
found elsewhere, using either the CSR scheme [28], no scheme [18],
or the more advanced framework of dynamical mean ﬁeld theory
[41]. Unfortunately, it is not possible to compare directly with the
study of Sun [46], using the spin-polarized T-matrix ﬂuctuation
exchange solver, since only the paramagnetic and ferromagnetic
phases were investigated there.
As expected, the introduced correlation is sufﬁcient to split the fband and separate the f5/2 and f7/2 contributions, while conserving a
metallic behavior. Without this correlation, there is no splitting [21].
3.2.3. Elastic properties
The elastic properties of this orthorhombic system have been

computed using the small displacement method to get the Hessian
matrix. The coefﬁcients of the Hessian matrix are then used to
calculate the elastic constants. A bulk modulus of 165 GPa, a
Young’s modulus of 236 GPa and a shear modulus of 94 GPa have
been determined. This compares reasonably well with the experiments reviewed by Hayes et al. [47] of respectively 185 GPa,
258 GPa and 111 GPa for a fully-dense sample at room temperature
although it is a bit closer to the results corresponding to a porosity
of few percent, which is not present in the perfect cell used for this
work. Comparing with previous numerical simulations [18,48], the
bulk modulus found is about 15% lower. This could be explained by
the lack of a scheme to avoid the metastable states in these early
works, a different choice of the couple (U,J), or even the fact that we
ﬁnd an orthorhombic cell compared to a tetragonal distortion in
Ref. [18]. As a quick check, the elastic constants have been
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computed on a tetragonal metastable state obtained with the initial
occupation matrix (0000011), but yielding a bulk modulus of
159 GPa, similar to the one of the ground state. Thus, metastable
states only affect the elastic properties by a few percent.
3.3. Incorporation energies of ﬁssion products
The incorporation energies of the most common ﬁssion products have been calculated in the UN crystal. Four positions have
been considered, similarly to what had been done using conventional DFT in UN [30] and in UC [32]. These atoms have been located
in both uranium and nitrogen substitutional positions, in a Schottky
defect and in interstitial positions (with reduced coordinates
(0.25.0.25.0.25) or (0.25.0.25.0.50), whichever was more stable), as
indicated in the table. No split interstitial conﬁgurations were
observed. Considering the high packing fraction of the rocksalt
structure, it is not surprising that the incorporation energies in the
interstitial position are systematically higher than in the other
positions. The N vacancy also seems to be avoided by these elements, but the incorporation energy in a Schottky defect or in a
uranium vacancy are usually very similar, and the most stable of the
two depends on the impurity.
The incorporation energies of the ﬁssion products indicate
where they will preferentially be located in the crystal, and
therefore which diffusion paths they may take. Their diffusion coefﬁcients will however most likely be determined by different
diffusion mechanisms. It might be worth noting that the incorporation energy does not take into account the formation energy of
the occupied defect, and that for this reason, the actual location of
the ﬁssion product might be different.
It is not straightforward to compare the results with previous
ones since the cohesive energy of the chosen impurity reference
state can vary from paper to paper, although the most stable position is unaffected. There are many similarities with GGA results,
but with some differences. For instance, barium is now found more
stable in a uranium vacancy, whereas it had been previously found
to prefer a Schottky defect [30].
3.3.1. Elastic correction
Due to computational limitations, it is impossible to have a
supercell big enough so that all the elastic interactions created by
the incorporation of a foreign atom vanish through relaxation. This
might create a bias on the calculated incorporation energies, presented in Table 2. At least two different approaches have been
developed to deal with this issue: the one introduced by Varvenne
et al. [49] has been adopted in this work, as the one described by
Simonovic et al. [50] is restricted to isotropic media only.
This method uses the elastic properties, through the Voigt matrix, the crystal structure of the bulk and the residual stresses after
the incorporation of a foreign atom to calculate the energy due to
the elastic strains and the effects of the periodicity. The mathematical derivation is given in Ref. [49].
The corrected incorporation energies are presented in Table 2.
One can see that the biggest changes (up to 1.5 eV) are present for
the interstitial positions. For the most stable positions, namely the
uranium vacancy and the Schottky conﬁgurations, the difference is
limited to up to 0.15 eV whereas for the nitrogen vacancy conﬁgurations, it can go up to 0.5 eV. Indeed, as previously mentioned,
the rocksalt crystal lattice is a highly packed structure and adding
an atom in the small spaces available will cause signiﬁcant distortions, leading to great elastic strains. However, that does not change
the general trend that the considered ﬁssion products are more
stable in Schottky defects or in uranium vacancies (the latter is only
the case for He, Zr and Ba). The small correction needed for these
positions proves that our supercell is sufﬁciently large. The mostly
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Table 2
Incorporation energy [eV] of ﬁssion products in UN, with and without elastic
correction (Sec 3.3.1). The preferred sites are in bold font.
Position

Sub. U

Sub. N

Schottky

Inter

He
Corrected
Kr
Corrected
Xe
Corrected
Zr
Corrected
I
Corrected
Br
Corrected
Cs
Corrected
Ba
Corrected
Mo
Corrected
Tc
Corrected
Ru
Corrected
Rh
Corrected

0.32
0.33
2.82
2.73
3.74
3.61
¡3.36
¡3.36
0.95
1.06
1.92
2.00
e
e
¡1.21
¡1.28
0.49
0.52
0.11
0.10
0.44
0.42
0.22
0.23

2.19
2.19
6.11
5.88
8.45
7.90
2.62
2.73
2.31
1.80
1.06
1.29
6.98
6.50
6.33
5.90
3.26
3.13
1.88
1.73
0.73
0.54
1.07
0.81

0.39
0.39
2.13
2.06
2.79
2.64
3.18
3.19
¡2.24
¡2.37
¡3.48
¡3.57
0.86
0.77
1.13
1.19
¡0.84
¡0.95
¡0.49
¡0.57
¡0.93
¡0.96
¡1.13
¡1.15

2.98
2.95
11.43
10.61
14.64
13.18
7.93
7.45
6.76*
5.75*
5.64
4.82
12.34
11.05
10.85
9.59
6.55a
6.22a
5.46a
5.19a
4.53a
4.16a
5.01a
4.60a

a

Refers to a (0.25,0.25,0.50) site. The other interstitial sites are (0.25,0.25,0.25).

similar incorporation energies in these two conﬁgurations (U vacancy and Schottky defect) can be expected since the nitrogen vacancy in the Schottky defect has a smaller impact in comparison
with the uranium vacancy.
4. Conclusions and discussion
We aimed to provide a comparison of the efﬁciency of the Uramping and OMC schemes for the uranium mononitride compound. It appears that the occupation matrix exploration yields a
lower energy, thus closer to the ground state, than the U-ramping
approach does, noticeably at least for larger introduced correlations. The U-ramping scheme does not seem to help when
compared to a traditional DFT þ U simulation at least for usual
values of U for UN without SOC. Considering this and the lower
computational effort once the initial 21 cases have been converged,
we recommend that the OMC scheme should be favored over the Uramping scheme for DFT þ U UN calculations. A deﬁnite strength is
that the OMC method provides a systematic scan of all possible
occupation matrices ensuring that the obtained ground state corresponds to the ground state of the system.
The shape of the cell yielding the lowest energy is found to be
orthorhombic instead of tetragonal as in previous studies. The
magnetic moment and lattice parameters agree well with the
literature.
The DOS reveals a metallic behavior with a splitting of the f
electron energies in two groups. The elastic constants are predicted
within reasonable agreement with experiments.
The incorporation energies of many ﬁssion products have been
computed in four different lattice positions. These energies have
been corrected to take into account the elastic strains. The ﬁssion
products are found more stable in Schottky defects or in uranium
vacancies.
The inﬂuence of the spin-orbit coupling remains uncertain.
Although differences have to be expected, as has been shown [28],
it is unclear whether or not they will be signiﬁcant for the point
defect energetics. In conclusion, the OMC framework should be
used in subsequent studies to determine diffusion coefﬁcients and
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other properties of interest for reactor applications.
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