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SPECIAL TOPIC — Structures and properties of materials under high pressure
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The ground-state magnetic ordering of uranium mononitride (UN) remains a contentious topic due to the unexpected
lack of crystallographic distortion in the traditionally accepted 1k antiferromagnetic (AFM) state. This discrepancy casts
doubt on the validity of the 1k magnetic ordering of UN. Here, we investigate the crystal structure, high-pressure phase
transitions, and dynamical and mechanical properties of UN in its 1k and 3k AFM ground states using density functional
theory (DFT). Our results reveal that the undistorted 3k AFM state of Fm3m within the DFT + U + SOC scheme is more
consistent with experimental results. The Hubbard U and spin—orbit coupling (SOC) are critical for accurately capturing the
crystal structure, high-pressure structural phase transition, and dynamical properties of UN. In addition, we have identified
a new high-pressure magnetic phase transition from the nonmagnetic (NM) phase of R3m to the P63/mmc AFM state.
Electronic structure analysis reveals that the magnetic ordering in the ground state is primarily linked to variations in partial
5f orbital distributions. Our calculations provide valuable theoretical insights into the complex magnetic structures of a
typical strongly correlated uranium-based compound. Moreover, they provide a framework for understanding other similar

actinide systems.

Keywords: UN, antiferromagnetic, magnetic order, density functional theory
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1. Introduction

Uranium mononitride (UN) is a promising candidate for
the next-generation nuclear fuel in light water reactors (LWRs)
due to its superior physical properties compared to today’s ox-
ide fuels.!'=3] These properties, including high fissile density,
high thermal conductivity, and high melting temperature, are
attributed to UN’s unique electronic structure, which arises
from its partially filled f orbits.[*-%! Notwithstanding the ex-
tensive research into its atomic structure, its magnetic struc-
ture is another interesting topical issue. 8]

In 1965, Curry reported an antiferromagnetic (AFM)
structure with a Néel temperature of Ty = 53 K.[° Subse-
quent experiments confirmed this AFM behavior and classi-
fied UN as possessing the 1k (one wave vector) phase.!-1%11]
However, the expected crystallographic distortion associated
with the imbalanced magnetic forces in the 1k AFM form
was rarely observed. The presence of tetragonal distortion in
UN has been a topic of debate for a long time. Marples et
al.'"?! reported a small tetragonal distortion (8 = |c/a — 1| =
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6.5 x 107*) below the Néel temperature using x-ray diffrac-
tion. However, Knott e al.['3! did not observe any distortions
in single crystals, casting doubt on the proposed 1k order-
ing. Recently, Bright et al.l'*) also challenged the 1k AFM
state by studying thin epitaxial films of UN. They proposed
that the accepted 1k AFM magnetic ground configuration of
UN may be incorrect and that the true state of the magnetic
configuration should be 3k (three independent wave vectors),
which implies that tetragonal distortion does not actually oc-
cur. The debate about magnetic ordering is not unique to
UN. A similar debate regarding the magnetic state of UO; has
also emerged.!5-18] Ultimately, neutron inelastic experiments
definitively confirmed the presence of a 3k AFM structure. "]

In addition, theoretical studies play a crucial role in un-
derstanding the behavior of 5f electrons and predicting the
magnetic properties of actinide compounds such as UN.[20-2°]
In recent years, extensive first-principles calculations have
been performed on UN, investigating the impact of magnetic
ordering on its crystal and magnetic structures. Gryaznov et
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al.®% used DFT + U simulations to calculate the lattice con-
stants of UN for both ferromagnetic (FM) and 1k AFM orders.
They found that the symmetry reduction caused by the tetrag-
onal distortion was inevitable. Utilizing an identical com-
putational method, Lan et al. B1 derived & = 0.022, which
substantially exceeds the experimentally measured value of
6.5 x 10741121 Kocevski et al.®?! investigated the crystal
structure of UN in 1k AFM ordering, confirming significant
distortion induced by the AFM state. It is evident that the-
oretical calculations performed using 1k AFM ordering con-
sistently demonstrate the expected structural distortion. The
divergence between theoretical predictions and experimental
findings for the 1k AFM state raises a further question about
the magnetic structure of UN. To reconcile this discrepancy,
Kocevski et al.’! employed a constrained cubic lattice model
for the 1k AFM phase. By constraining the lattice to main-
tain cubic symmetry, they found that the phonon spectrum no
longer exhibited imaginary frequencies, indicating dynamical
stability. This suggests that lattice distortion is responsible for
the dynamical instability in the 1k AFM state. This discrep-
ancy between theory and experiment may be attributed to two
main possibilities. First, as hypothesized by Ogloblichev et
al.," the current theoretical framework may not adequately
capture the complex electronic and magnetic structure of UN.
Alternatively, as suggested by Bright ez al.,['* the accepted
1k AFM ordering might be incorrect. The true magnetic state
of UN could be the 3k AFM state, which would explain the
absence of the predicted distortion.

The accurate inclusion of magnetic ordering in DFT cal-
culations is critical for reproducing experimentally observed
structural phase transition pressures. For instance, Olsen et
al.®3 and Bihan et al.!3* experimentally observed a UN struc-
tural phase transition from the cubic phase to the rhombohe-
dral phase at 28-29 GPa. Previous DFT studies using non-
magnetic (NM) models*>! predicted a transition pressure of
18 GPa, which underestimated the experimentally observed
value of 28-29 GPa. After incorporating the 1k AFM or-
dering into DFT 4 U calculations,?®! the predicted transition
pressure was elevated to 23.5 GPa, bringing it closer to the
experimental value. This discrepancy emphasizes the crucial
role of magnetic effects. These results also predicted that the
pressure-induced structural transition of UN may involve an
AFM-to-NM transition. However, the focus of previous theo-
retical investigations has primarily been the 1k AFM state due
to its historical acceptance. Very few theoretical studies have
reported details of the 3k AFM ordering. Since UN’s physical
properties are intimately linked to its magnetic structures, in-
vestigating its behavior under 3k AFM ordering is crucial. Ex-
ploring the 3k magnetic ground state, pressure-induced struc-
tural phase transitions, and their associated physical properties
is crucial for understanding this vital nuclear fuel.

In this paper, we present a comprehensive and systematic
DFT study that aims to examine the magnetic ground state of
UN, exploring both the 1k and 3k AFM configurations. To
account for the strong correlations of the U-5f electrons, we
employ DFT + U calculations with and without the inclusion
of spin—orbit coupling (SOC). We calculate the structural pa-
rameters, phonon dispersion relations, and mechanical prop-
erties to assess the relative influence of the relativistic effects
of SOC on the AFM magnetic ordering. Additionally, con-
sidering the impact of magnetic ordering on pressure-induced
phase transitions, we perform a thorough structural search of
UN at pressures of up to 200 GPa to identify potential struc-
tural phase transitions and calculate the transition pressures
for various ground-state magnetic orderings. The framework
of this paper is as follows. In Section 2, we introduce our
calculation method. In Section 3, we present the results and
discuss the magnetic ground structure, structural phase transi-
tions, dynamical properties, mechanical properties, and elec-
tronic structures. Finally, in Section 4, we summarize our main
findings.

2. Methodology

We performed DFT calculations using the projector aug-
mented wave (PAW) method, as implemented in the Vienna
Ab initio Simulation Package (VASP).[’-40 The general-
ized gradient approximation (GGA) scheme, as formulated
by Perdew, Burke and Ernzerhof (PBE), was chosen to de-
scribe the exchange—correlation energy.!*!*?1 The 6p®6d25f>
and 2s22p® shells were treated as the valence electrons for U
and N, respectively. The conventional cubic cell was selected
for the ground-state structural mode in the 1k and the 3k AFM
orderings. In all cases, we used a cutoff energy of 520 eV for
the plane wave basis set and a Monkhorst—Pack k-point inter-
val of 0.03 A~! for all phases.[*}] The convergence criteria
for energy and force were set to 1078 eV and 107* eV-A~1,
respectively. The strongly correlated 5f electrons of U were
described using the DFT + U method formulated by Dudarev
et al.** The screening of Hubbard U was estimated using
the DFT calculations presented in Section 3. Phonon calcula-

[43] and den-

tions were performed using the PHONOPY code
sity functional perturbation theory (DFPT) as implemented in
VASP.

The particle swarm optimization (PSO) method, as imple-
mented in the CALYPSO code, was used to explore the crystal
structure and determine the stable structure of UN at various
pressures. [*®47 This method has successfully been employed
to predict the high-pressure structure of, for example, hydride
systems 801 and uranium oxides.!3!?! In the UN structural
search, we set the number of generations to 30, with each
generation comprising 30 structures. To ensure the stochas-

ticity of the structural search process, the algorithm was de-
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signed to update 60% of the structure deterministically, while
the remaining 40% was generated through random processes.
These searches utilized DFT 4- U calculations exclusively. Af-
ter identifying the lower enthalpy phases, we conducted com-
prehensive structural optimizations and total energy calcula-
tions for each candidate in the NM, FM, and AFM states. The
pool of structures included both those predicted in this work

and previously reported phases from the literature.33-3%]

3. Results and discussion
3.1. The selection of Hubbard U parameters

The DFT + U method is essential for accurately describ-
ing the strongly correlated electronic structure of UN, which
contains partially filled 5f electron orbitals. The introduc-
tion of the Hubbard U parameter within the DFT 4- U frame-
work enhances the description of localized electronic states.
In the case of UN, the selection of an appropriate U value
is critical, as it directly impacts key properties such as elec-
tronic structures, magnetic moments, equilibrium lattice con-
stants, and formation energies. Determining an optimal Hub-
bard U parameter is a crucial step to ensure the accuracy
of DFT + U simulations, particularly when predicting the

ground-state magnetic structure of UN. Therefore, we first fo-
cus on selecting suitable U parameters to describe the various
magnetic states of UN. The optimal value of the U parameter
is primarily determined by comparing theoretical predictions
with experimental observations for UN. Specifically, (I) UN
exhibits an AFM ground state at low temperatures, ! (IT) UN
crystallizes in a rock-salt structure with a lattice constant
of 4.889 A,1934331 (TIT) UN shows no significant tetragonal
distortion!"-1%!11 or only a very small tetragonal distortion, ']
and (IV) the experimentally measured magnetic moment of
UN is 0.75ug. !

CoeC CoCC) CoeC Co¢C
¢ete ©teCe ¢©ete ©e©SHe
Coe € CoCeCp CeCo GG

(a) NM (b) 1k-AFM (c) 3k-AFM (d) 3k-AFM
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© N~ u=(0,0,0) .U' 1w=(0, 0, 0) 0U‘ w=(0,0,1) oU’ n=(0,0, —1)
Quw=0.1.1) @uiu=000 @uv=0. -1, QU u=(-1.0 -1

Fig. 1. The magnetic structures of UN in the (a) FM, (b) 1k and (c)-
(d) 3k AFM magnetic states. For the 3k AFM state, both the (c) longitu-
dinal and (d) transverse domains are considered. The orientation of the ef-
fective magnetic moment (1) of each ion is described by the p = (a,b,¢)
wave vector matrix. The arrows within the purple spheres indicate the
corresponding wave vectors for each magnetic ordering.
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Fig. 2. The total energies (a), the volumes per conventional unit cell (b), the ratios of lattice parameters ¢/a (c), and the spin magnetic moments
of U atoms (d) for the 1k and 3k AFM magnetic states as a function of the U parameter. The green lines represent experimental values.

To investigate the most stable magnetic ground state
structure of UN, we calculated the energies of the NM, FM,
and AFM states for different U values. The FM, 1k and 3k
AFM structures are illustrated in Fig. 1. The energies, unit cell
volumes, ¢/a ratios, and magnetic moments of these magnetic

states are shown in Fig. 2. as functions of the U parameter

(ranging from 0 to 2.0 eV). First, we investigated the influence
of the Hubbard U parameter on the magnetic configurations
of UN using DFT + U without SOC. As shown in Figs. 2(a)—
2(d), the choice of U has an important influence on these basic
properties. In Fig. 2(a), we find that the FM and 1k AFM

magnetic states exhibit lower energies compared to the NM
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and 3k AFM states. For U values below 1.6 eV, the FM state
is the most stable magnetic structure. However, as the U value
increases beyond 1.6 eV, the 1k AFM state becomes energeti-
cally more favorable than the FM state, indicating that a suffi-
ciently strong on-site Coulomb repulsion is crucial to stabilize
the 1k AFM order. In contrast, the 3k magnetic state con-
sistently remains higher in energy than the FM and 1k AFM
states, indicating that this configuration is an unstable mag-
netic ground state within the DFT + U framework.

The calculated equilibrium volumes increase with rising
values of U, as illustrated in Fig. 2(b). In the 1k state, U =
0.9 eV reproduces the experimental volume, while U = 1.4 eV
yields the best agreement for the 3k state. The ¢/a ratio for the
1k state (Fig. 2(c)) shows significant variation with U, match-
ing experimental observations only within the range of 0.5-
1.3 eV. In contrast, the 3k state displays negligible variation
in the c/a ratio, indicating the absence of lattice distortions.
Importantly, while specific U values within the 1k state can
yield experimental volumes and minor lattice distortions, they
fail to predict the AFM ground state observed at low tempera-
tures. Furthermore, magnetic moment calculations, as shown
in Fig. 2(d), reveal that the 1k state consistently overestimates
experimental values regardless of the choice of U. Similarly,
the 3k state can reproduce experimental lattice constants and
magnetic moments at particular U values, but it also fails to
satisfy the low-temperature AFM ground-state criterion.

SOC is known to have a significant effect on the energy
and magnetic moments of ground states. Therefore, we calcu-
lated the relative energies of the AFM and FM states, the ¢/a
ratio, and the spin magnetic moment as functions of the U pa-
rameter, ranging from 1.6 eV to 2.0 eV (Figs. 2(e) and 2(f)).
Specifically, for the 3k AFM state, the energy becomes lower
than that of the FM state within the U range of 1.6-1.8 eV, in-
dicating the stability of the AFM phase in this region. The cal-
culated ¢/a ratio and spin magnetic moment for the 3k AFM
state with SOC demonstrate better agreement with experimen-
tal values than the 1k state.

Based on these considerations, we selected U = 1.7 €V,
as it provides a reasonable balance between satisfying the re-
quirement of an AFM ground state and maintaining a reason-
able agreement with experimental lattice parameters and mag-
netic moments. While this choice may introduce minor de-
viations in the magnetic moment and lattice constants, it re-
mains a suitable compromise for our study. For the 3k mag-
netic state, U = 1.7 eV not only ensures that the AFM state
is the ground state but also predicts small tetragonal distortion
and magnetic moments close to experimental values with the
DFT + U+ SOC method. Furthermore, U = 1.7 eV is close
to the values employed in many previous theoretical studies,
such as 1.85 eV,13% 1.9 eV,32 and 2.0 V.3

3.2. Magnetic ground-state structure

The crystal structure of UN is known to be influenced by
its magnetic ordering. Existing experimental studies of the
AFM structure primarily focus on the crystallographic distor-
tion caused by the unbalanced magnetic forces.!'>'4 To ac-
curately describe the ground-state magnetic ordering, we in-
vestigate the 1k and 3k AFM configurations using various
DFT methods, including DFT 4 U with and without the in-
clusion of SOC. To facilitate a more accurate comparison with
experimental values, two scenarios are considered for the 1k
AFM configuration: one constrained to a cubic structure, la-
beled 1k (I), and another without the cubic constraint, labeled
1k (II). The transverse and longitudinal orientations of the 3k
magnetic state are labeled 3k (T) and 3k (L), respectively.
Note that the initial atomic configurations of these magnetic
states are based on the cubic (Fm3m) structure.

Table 1 presents the calculated lattice parameters, ener-
gies per UN unit cell, magnetic moments, and space group
numbers of the 1k (I), 1k (II), 3k (L), and 3k (T) states.
Experimental results are included in Table 1 for comparison.

Consistent with other theoretical studies, 32!

tetragonal distor-
tion is observed in the 1k AFM state regardless of the com-
putational methodology utilized for structural optimization.
Interestingly, the DFT and DFT + U methods result in op-
posing compression/extension trends in the z direction, high-
lighting the significant impact of the Hubbard U parameter
on the structural description of UN. When constrained to a
cubic structure, the 1k (I) magnetic state no longer exhibits
structural distortion, but its energy is higher than that of the
1k (II) magnetic state. This suggests that the 1k AFM state
with structural distortion is the theoretically predicted stable
configuration.

In contrast to the 1k AFM state, the 3k AFM state results
in the expected absence of lattice distortion, aligning with the
prediction made by Bright er al.!'*! Furthermore, SOC intro-
duces a subtle energy split between the transverse and longi-
tudinal orientations of the 3k AFM state, with 3k (L) lying at
slightly lower energy. Therefore, unless explicitly stated oth-
erwise, all references to the 3k state in this article pertain to the
longitudinal orientation. By comparing the energies of differ-
ent magnetic orderings, we find that the energy of the 1k mag-
netic state is lower than that of the 3k AFM state within the
DFT + U framework. When SOC effects are considered, the
energy of the 3k (L) AFM state becomes lower than that of the
1k state by 0.021 eV. This trend is consistent with the results
presented in Fig. 2(e), which demonstrate that the 3k (L) AFM
state is more stable than the 1k state in the DFT + U + SOC
framework. The significant energy difference resulting from
the inclusion of SOC highlights the crucial role of SOC in de-
termining the magnetic ground state of UN.
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Table 1. The total energy (eV/cell), lattice parameters (A), lattice distortion (&), and magnetic moment (ig) of the 1k and 3k

AFM states of UN according to different calculation methods.

Magnf:tic Method Energy Lattice parameters (A) s Magnetic
ordering V) a b c moment
DFT —22.112 4860 4.860 4.860 0.000 0.991
1k (D DFT+U —20.626 4910 4910 4910 0.000 1.611
DTF+U +SOC  —23.487 4960 4960 4960 0.000 1.477
DFT —22.114 4852 4.852 4.873 0.004 0.994
1k (II) DFT+U —20.639 4954 4954 4829 0.025 1.441
DTF+U+SOC  —23.593 4969 4969 4918 0.010 1.636
DFT —22.118 4.860 4.860 4.860  0.000 0.597
3k (T) DFT+U —20.554 4907 4907 4.907 0.000 1.006
DTF+U+SOC  —23.572 4961 4961 4961 0.000 0.789
DFT —22.118 4.860 4.860 4.860  0.000 0.596
3k (L) DFT+U —20.537 4904 4904 4904 0.000 0.929
DTF+U+SOC  —23.614 4952 4952 4952 0.000 0.747
Exp.[3+53] - 4.889 4.889 4.889  0.000 0.750

In terms of the magnetic moment, the value of 0.747ug
predicted by DFT + U + SOC is in excellent agreement with
the experimental measurement of 0.750ug.!”! Based on the
combination of lowest energy, minimal lattice distortion, and
good agreement with experimental magnetic moments, we
conclude that the 3k AFM state calculated using the DFT +
U + SOC method represents the most likely ground state of
UN.

3.3. Phase transitions

To investigate the influence of magnetic ordering on high-
pressure phase transitions, we performed ab initio structural

pressure range of 0-200 GPa. These searches identified sev-
eral low-enthalpy candidate phases, including Fm3m, R3m,
and P63/mmc. Subsequently, we recalculated the formation
enthalpies of each structure for NM, FM, and AFM magnetic
configurations, employing both DFT 4 U and DFT +U +SOC
methods. For the AFM state, both the 1k (II) and 3k mag-
netic orders were considered. The enthalpy difference curves
relative to the Fm3m AFM phase are shown in Fig. 3. Our
results reveal that the first high-pressure structural phase tran-
sition in UN occurs from Fm3m to R3m, regardless of the
initial magnetic ordering or computational approach. This
phase transition contrasts with both experimental observations

prediction calculations using the DFT + U method over a  and other theoretical results.*®! Furthermore, we find that
0.8 0.8
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Fig. 3. Pressure dependence (0-200 GPa) of the relative enthalpy for the (a) 1k and (b) 3k magnetic states calculated using DFT + U, and for
the (c) 1k and (d) 3k magnetic states calculated using DFT 4+ U+ SOC. The enthalpy of the Fm3m AFM phase is the zero reference.
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the incorporation of SOC leads to a phase transition pres-
sure more consistent with experimental findings, emphasiz-
ing the crucial role of SOC. The transition pressures are also
influenced by the magnetic ordering. For the 1k (II) AFM
state, the DFT + U + SOC method predicts a transition pres-
sure of 34.1 GPa, slightly higher than the previously reported
value. 3% Conversely, the predicted transition pressure for the
3k AFM state is 29.4 GPa, providing a closer match to ex-
perimental observations of UN’s structural phase transition
behavior.?*34 With increasing pressure, we observe that ac-
cording to DFT+ U 4 SOC, the 1k (II) and 3k magnetic states
undergo a second structural phase transition from the R3m NM
phase to the P63/mmc AFM phase at 90.2 GPa. Notably, this
transition does not occur without SOC, clearly demonstrating
the significant influence of SOC on pressure-induced struc-
tural transitions.

Figure 4 illustrates the primitive cells and supercells of
these three phases. The R3m phase exhibits a lattice parame-
ter of 3.489 A at 40 GPa. The unit cell of the P63/mmc phase
contains two formula units (f.u.) of UN, with lattice constants
ofa=b=2.982A and c = 6.025 A at 91 GPa.

(d)

Fig. 4. Crystal structures of (a), (c), (¢) the primitive cells and (b), (d),
(f) the supercells of the Fm3m, R3m, and P63/mmc phases of UN, respec-
tively. Here, the large orange and small brown spheres represent U and N
atoms, respectively.

3.4. Dynamical and mechanical stability

To further validate our method and assess the stability of
UN in the 1k (I), 1k (IT), and 3k AFM magnetic ground states,

we also analyze their dynamic and mechanical properties. The
DFT +U and DFT 4 U+ SOC methods are employed to calcu-
late the phonon dispersion relations of the Fm3m AFM, R3m
NM, and P63/mmc AFM phases at their respective stable pres-
sure points. A primitive cell containing two atoms is used for
the Fm3m and R3m phases, while the primitive cell of the
P63/mmc phase contains four atoms. The calculated phonon
dispersion relations for UN at the corresponding pressures are
displayed in Fig. 5. For the Fm3m phase, the results of a pre-
vious experimental investigation!>*! are plotted for compari-
son. The calculated phonon dispersion relations consist of
six total modes, including three acoustic modes in the low-
frequency zone and three optical modes in the high-frequency
zone. Due to the large mass difference between the U and
N atoms, there is a large gap between the optical modes and
the acoustic modes. The optical modes show nearly flat dis-
persion. Similar features have also been observed in uc, 351
PuH,, %% ThH,, 7! and ThN. 58!

As shown in Figs. 5(a) and 5(b), the constrained cubic
structure 1k (I) phase exhibits phonon dispersion that closely
matches the experimental results,>* both with and without
SOC. The absence of imaginary frequencies confirms the dy-
namical stability of the cubic 1k (I) phase. However, the
1k (II) phase, which undergoes lattice distortion, shows dy-
namical instability regardless of whether SOC is considered.
These findings are consistent with the computational results of
Kocevski et al.’! and indicate that the distorted lattice struc-
ture is unstable, likely due to symmetry breaking caused by the
structural distortion. For the 3k AFM magnetic ground state,
dynamical instability is observed without SOC, as shown in
Fig. 5(a). However, when SOC is included, the 3k AFM state
becomes dynamically stable, as confirmed by its phonon spec-
trum. The low-frequency phonon branches agree well with
experimental data, while the high-frequency optical branches
have slightly lower vibration frequencies than those observed
experimentally. This discrepancy may be due to the fact that
the lattice constants predicted by DFT + U + SOC are slightly
larger than the experimental values. Based on the combi-
nation of magnetic ordering and lattice distortion, we con-
clude that the 1k (I) and 3k AFM phases calculated using the
DFT + U + SOC method represent the most likely ground state
of UN.

For the high-pressure R3m NM and Fm3m AFM phases,
the inclusion of SOC has a limited impact on the low-
frequency acoustic phonon branches, as shown in Figs. 5(c)
and 5(d). The primary effect of SOC is a reduction in the vi-
brational frequencies of the high-frequency optical branches.
With increasing pressure, the highest vibrational frequencies
of the high-pressure phase exceed those of the low-pressure
phase, indicating that pressure enhances the interaction be-
tween cations and anions.
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Fig. 5. Calculated phonon dispersion relations for the Fm3m structure with 1k (I), 1k (IT), and 3k magnetic ordering in the AFM phase at 0 GPa
using DFT + U without (a) and with SOC (b). Previous results from an inelastic scattering e@eriment with thermal neutrons (circles)>* for the
1k AFM phase are also shown for comparison. The phonon dispersion relations for (c) the R3m structure in the NM phase at 40 GPa and (d) the

P63/mmc structure in the AFM phase at 91 GPa.

Table 2. The elastic constants (GPa), bulk moduli B (GPa), Young’s mod-
uli E (GPa), shear moduli G (GPa), Vickers hardnesses H, (GPa), Poisson
ratios v, and Debye temperatures @p (K) of UN for the Fm3m structure
in the 1k (I), 1k (II), and 3k AFM states at 0 GPa, the R3m structure in
the NM state at 40 GPa, and the P63/mmc structure in the AFM state at
91 GPa.

DFT+U DFT + U+SOC Exp.
Fm3m AFM Fm3m AFM R3m P63/mmc Fm3m
k(@ k@) 3k 1k lkd) 3k NM AFM [0l
Ci 3952 4214 3952 363.5 357.1 365.5 3767 6034 4239
Cip 927 856 960 92.8 88.0 946 1727 300.7 98.1
Ciz — 1090 — — 1014 — 3098 3363 -
Ciy - - - - - - 710 - -
Cy;  — 3412 — — 3807 — 5699 943.1 —
Cyy 57.0 675 481 615 635 757 1883 2692 757
Ces — - - - - - 976 1502 -
H, 76 69 69 78 79 11.0 82 169 —
B 187.4 198.6 1957 1862 186.1 185.0 295.7 4443 2059
E 2079 207.2 205.0 210.0 210.8 245.0 290.8 539.1 229.0
G 791 781 773 80.0 804 958 1088 207.7 1039
v 0315 0326 0325 0312 0311 0.279 0336 0.298 0.263
Op 3223 319.5 317.7 324.1 3248 353.1 3663 493.6 282.0

Next, we calculate the elastic constants of all our stud-
ied structures using DFT + U with and without SOC to as-
sess their mechanical stability and related properties. The cal-

culated elastic constants, various moduli, Vickers hardnesses,
Poisson ratios, and Debye temperatures are listed in Table 2.
The number of independent elastic tensor terms, C;j, differs
between the Fm3m, R3m, and P63/mmc phases. Additionally,
due to the significant structural distortion in the 1k (II) AFM
state of the Fm3m phase, a direct comparison of its C; ; with
those of the 3k AFM state is not meaningful. We also calcu-
lated various moduli, Vickers hardnesses, Poisson ratios, and
Debye temperatures for these structures. The mechanical sta-
bility criterial®®0! for the Fm3m structure are C;; — Cj2 > 0,
C11+2Ci2 >0, and Caq > 0. The criteria for the R3m structure
are C;1 —Ci2 >0, Cy4 > 0, C%3 < % x C33(Cy1 + C12), and
a, < % X C44(C11 — C12), while for the P63/mmc structure,
they are Ca4 > 0, C1; > |C12|, and (Cy1 +2C12)Cs3 > 2C25.
From our calculated elastic constants, it can be concluded that
all the structures satisfy the corresponding mechanical stabil-
ity criteria.

A comparison between the elastic constants of the 1k (I)
and 1k (II) phases aims to assess the impact of lattice dis-
tortion on the mechanical properties of UN. The elastic con-
stant Cp1, associated with axial compression, is consistently
larger than Cu4 (related to shear deformation), indicating that
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all phases exhibit greater resistance to compression than to
shear. The difference in C;; between the 1k (I) and 1k (II)
phases calculated using the DFT 4+ U method is significantly
larger than that obtained using DFT 4 U + SOC, as the latter
yields smaller lattice distortions. However, the bulk moduli
(B), Young’s moduli (E), and shear moduli (G) of the 1k (I)
and 1k (II) phases are nearly identical, likely due to the min-
imal impact of small structural distortions on these moduli.
When SOC is included, both the elastic constants and bulk
moduli exhibit noticeable changes, underscoring the signifi-
cant influence of SOC. Compared to the 1k (I) phase with-
out lattice distortion, the 3k AFM state yields results closer
to experimental values, as its calculated lattice constants align
more closely with experimental data. These findings demon-
strate that lattice distortions significantly affect elastic con-
stants, particularly Cy;. For structures without lattice distor-
tions, the 3k AFM state, calculated using the DFT 4 U + SOC
method, provides a more accurate description of the ground-
state mechanical properties of UN. This underscores the sig-
nificant impact of AFM magnetic ordering and SOC effects on
the mechanical properties of UN.

Compared with the ground-state structure, we find that
the mechanical properties of UN are significantly enhanced
after the pressure-induced structural phase transitions. For ex-
ample, the Debye temperature ®p increases with compression
pressure from 353.1 K for the 3k AFM state of Fm3m under
ambient conditions to 493.6 K for the AFM state of P63/mmc
at high pressure. The preceding analysis indicates that both
the ground-state magnetic ordering and the pressure-induced
magnetic phase transitions significantly influence the mechan-
ical properties of UN. To gain further insight into the intrinsic
nature of these magnetic phases, we conducted a detailed in-
vestigation to explore the unique electronic behavior of UN
during magnetic phase transformations. This approach has
been successfully applied to investigate the magnetic structure

of actinide compounds, such as PuO,.[%?!

3.5. Electronic structures

To investigate the intrinsic impact of magnetic ordering
on the structure, high-pressure transition, and dynamical and
mechanical properties of UN, we performed DFT + U calcula-
tions for both spin-polarized and spin-unpolarized cases. Fig-
ure 6 presents the total electronic DOSs and the projected den-
sities of states (PDOS) of the 1k (II) and the 3k AFM states.
It is evident that both the 1k (I) and 3k AFM states exhibit
metallic behavior, with significant contributions from 5f elec-
trons near the Fermi level. The DOSs and the PDOSs of the 1k
(IT) and 3k Fm3m states indicate the significant role of the 5f
electrons. As shown in Figs. 6(a) and 6(c), the DFT 4 U results
exhibit several sharp and intense peaks in the DOSs between
—0.5 eV and 0.5 eV, indicating localized 5f electronic states.

The inclusion of SOC slightly smoothes the peaks near the
Fermi level, as shown in Figs. 6(b) and 6(d), suggesting a re-
duction in the localization of the 5f orbitals. Interestingly, the
5f electronic states exhibit distinct distributions in the 1k (II)
and the 3k AFM states, which may be attributed to the crystal
structure distortions present in the 1k (II) AFM state.

6
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Fig. 6. The total and projected electronic densities of states (DOSs) of
UN calculated using DFT + U for the 1k (II) AFM state (a) without and
(b) with SOC and for the 3k AFM state (c) without and (d) with SOC.
The Fermi level is set to zero, as represented by a vertical dashed line.

It is well known that the octahedral-bonding environment
around the U atoms allows the 5f states to split into distinct
energy levels: the highest singlet state of Ay, (fyy;), the lower
two-triplet state of T1y (fy3,2_ 12, f,2, f (32 12)) and Toy (f 2,
f.2, T,3). The relative energy levels of Ty, and Ty, depend on
the strength of the ¢ and 7 bonding interactions.[%3] When the
o character predominates, the Ty, state is at the lowest energy
level. Conversely, the Ty, state is at a higher energy level.
To gain further insight into the partial 5f orbital distribution,
we plotted the PDOSs of 5f orbitals and the electronic band
structures of the f,;2 2 and f > orbitals in the 1k (II) and
3k AFM states using DFT + U + SOC (as shown in Fig. 7).
The PDOS analysis reveals that the f > and f;(3,»_\») orbitals
dominate the states below the Fermi level, while the f, > and

f,3 orbitals are predominant in the states above the Fermi level
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in the 1k (II) AFM phase. In contrast, the contributions of the
5f orbitals near the Fermi level are relatively uniform in the 3k
AFM state.

To better reveal the distribution characteristics of partial
5f orbitals, we performed a close examination of the band
structure. As shown in Fig. 7(a), the fy(3xz,yz) and f» orbitals
primarily contribute to the valence band (—1.5 eV to 0 eV) in

the 1k (II) AFM. In contrast, in the 3k AFM, these orbitals
contribute across a broader energy range (from —1.5 eV to
2 eV) near the Fermi surface, as shown in Fig. 7(b). Further-
more, compared to the 1k (II) AFM state, the bands near the
Fermi level in the 3k AFM state display splitting and reduced

degeneracy.

(c) 1k(II) AFM

DOS (state/eV, f.u.)
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Fig. 7. The PDOS of the U 5f orbitals and f,5 >

(sates/eV, f.u.)

) and f_» orbital-projected band structures of the 1k (I[) AFM (a) and the 3k AFM (b)

configurations calculated using DFT + U + SOC. The PDOSs associated with the Ay, Ty, and Ty, energy levels of the 1k (II) (c) and 3k AFM

(d) states of UN, respectively.

) (b) R3m with SOC N GO 2
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Fig. 8. Calculated Ay,-, T}y-, and T,y -level orbital-projected band structures show the DOS and PDOS projected onto the U 5f orbital for (a) R3m
NM and (b) P63/mmc AFM phases under high pressure. The Fermi level is set to zero, as represented by a vertical dashed line.

The differences in the partial distribution of the 5f or-
bitals may lead to variations in bonding interactions between
the 1k (II) and 3k AFM states. To investigate this, we plotted
the total DOS for the combined partial 5f orbitals associated

with the Ay, Ty, and Ty, energy levels of the 1k (II) and 3k
AFM states, as shown in Figs. 7(c) and 7(d), respectively. In
the energy range of —1.0eV to —0.2 eV, the 1k (II) AFM state

is primarily dominated by contributions from the fr, orbitals,
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while in the range from —0.2 eV to 1 eV, the fr,, orbitals are
the main contributors. In contrast, near the Fermi level in the
3k AFM state, the contributions from fr,, and fr,, are nearly
equivalent. Based on these differences in partial 5f orbital dis-
tribution between the 1k (II) and 3k AFM states, we infer that
there may be variations in bonding interactions between the
1k (II) and 3k AFM states of UN.

Subsequently, we further investigated the evolution of
the electronic structure during high-pressure-induced mag-
netic structural phase transitions. The calculated fa,,, fr,,,
and fr, orbital-projected band structures, projecting the DOS
and PDOS onto the 5f orbitals under high pressure, are pre-
sented in Fig. 8. It is noteworthy that the R3m NM phase
of UN exhibits metallic behavior, which strongly correlates
with the 5f electrons. In contrast, the P63 /mmc phase displays
semi-metallic characteristics due to the presence of a continu-
ous bandgap between the valence and conduction bands. This
transition from metallic to semi-metallic behavior following
the high-pressure structural phase transition is consistent with
observations of UQ3.15!!

From the band structure analysis, it is evident that the fr,,
and fr,, states dominate near the Fermi level in both struc-
tures. The DOS analysis indicates that the 5f electrons in
the R3m NM phase exhibit itinerant features below the Fermi
level. In contrast, the 5f electrons in the P63/mmc AFM phase
show strong localization near the Fermi level. The calculated
partial DOS projected onto the U 5f orbitals reveals that the
fx( 2 -3)2) orbital is the primary contributor near the Fermi level
for both phases. Notably, the contribution of the f,(,2_32) or-
bital shifts to lower-energy regions during the NM-to-AFM
transition with increasing pressure. Although the fx(x273y2) or-
bital remains the dominant contributor at the Fermi level in the
P63/mmc AFM phase, its contribution is reduced.

Overall, our findings suggest that the primary partial 5f
orbital remains the dominant contributor near the Fermi level
in both the R3m NM and P63/mmc AFM phases. However, the
5f electrons shift to lower-energy regions and become more lo-
calized in the P63/mmc AFM phase. This relocalization of the
5f electrons may enhance the exchange interactions between
uranium atoms, leading to the stabilization of the P63/mmc
AFM state. These changes in electronic structure may also
have significant implications for the dynamical and mechani-
cal properties of UN under high pressure.

4. Conclusion

In this work, we investigated the ground-state magnetic
ordering and high-pressure magnetic phase transitions in UN
using first-principles calculations. Specifically, we employed
the DFT + U + SOC scheme to study the 1k and 3k AFM
states, calculating the crystal structure, dynamical properties,

mechanical properties, and electronic structure. Through com-
prehensive structural searches, we successfully reproduced the
structural phase transition from the Fm3m AFM state to the
R3m NM state at 29.4 GPa. Furthermore, we predicted a novel
pressure-induced magnetic phase transition within the R3m
NM phase, transforming it to the P63/mmc AFM state. Elec-
tronic structure analysis revealed that the primary difference
between the 1k and 3k AFM states in the Fm3m phase lies in
their partial 5f orbital distributions. These findings provide
valuable insights into the complex interplay between mag-
netism, structure, and electronic properties in UN and have
important implications for understanding the behavior of ac-
tinide materials under extreme conditions.
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