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Pressure-induced structural and electronic phase transitions of uranium trioxide
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The crystal structures, phonon spectra, and electronic properties of uranium trioxide (UO;3) under high
pressure have been systematically explored using a particle swarm optimization structure prediction method in
conjunction with first-principles calculations. Our calculated lattice constants and the transition pressure of the
two experimentally reported phases of y- and n-UOj; are consistent with previous experiments. At pressures
of 13, 62, 220 GPa, three new structures of P63/mmc, Pm3n, and Fm3m are predicted in sequence to be
thermodynamically stable. Based on our calculated elastic constants and phonon spectra, we indicate that these
three phases are mechanically and dynamically stable. Interestingly, upon phase transition from P6;/mmec to
Pm3n, UO; undergoes a semiconductor-to-metal electronic transition. In addition, we report results of specific
heat, entropy, bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio, and Debye temperature. Our
results provide key insights into understanding the structural as well as the electronic behaviors of UO; under

the condition of external pressure.
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I. INTRODUCTION

Actinides have received much attention not only owing
to their technological significance in nuclear energy appli-
cations, but also with respect to their intriguing physical
properties due to the partially filled 5 f electrons [1-3]. The 5 f
electrons have substantially large relativistic effects, itinerant
or localized features, and multiple competing states. These
complex electronic behaviors have led to fascinating struc-
tures, magnetic states, and also physical properties. Actinide
oxides, as one of the most challenging systems in actinides,
exhibit a broad range of oxidation states because of the
hybridization among actinide-5f6d and O-2p orbitals [4,5].
Changing the chemical surrounding or external environment
will greatly influence their structures and electronic states. In
a nuclear fuel cycle, the actinide dioxides AnO; (An = Th, U,
Np, Pu, Am, Cm, etc.) are the most stable and the most rele-
vant members [2]. Many experimental and theoretical works
have focused on AnO; [1,2,6-9]. In our previous studies
[8,10-14] we also paid attention to AnO,. We systematically
investigated the ground-state properties (and high-pressure
behaviors) of AnO;, including ThO; [10], NpO, [11], PuO,
[12], AmO; [14], UO, [13], and CmO, [8]. At ambient condi-
tions, all of these AnO, crystallize in a high-symmetry cubic
fluorite structure with space group Fm3m. Under pressure,
the Fm3m structure of UO, [13,15,16], ThO, [6,10,17], and
PuO, [12,18,19] undergoes a transition to a low-symmetry
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orthorhombic structure. Upon compression, especially after
the structural phase transition, the electronic structure, mag-
netic state, phonon vibrations, elastic, and thermodynamic
properties are greatly changed.

Compared with actinide dioxide, the higher oxides are
coexistent with different oxidation states in nuclear fuels
and have more complicated crystal structures. Moreover, it
is difficult to prepare single crystals of such systems [4].
Up to now, there is a paucity of data in the literature for
the higher actinide oxides. Uranium trioxide (UQOj3), with the
highest oxygen content in a solid U-O system, is a signifi-
cant intermediate material in the nuclear fuel cycle [20,21].
UO; can be generated in the ore milling and refinement
stages in the nuclear fuel cycle, in reprocessing of the spent
nuclear fuel, or by heating uranyl nitrate in vacuum [4,22]. At
ambient conditions there are six known different crystalline
polymorphs of UQOj3, including a-, 8-, y-, 8-, &-, and ¢-UO3
[23]. These structural forms have been well characterized us-
ing x-ray diffraction (XRD) or neutron diffraction techniques
[24-31] and a portion of UO3 pure phases including «, 8,
and y phases have been measured by visible/near IR diffuse
reflectance spectra and Raman spectra [32,33]. Under high
pressure conditions, an earlier study [34] based on XRD has
reported the seventh polymorphs (n-) at ~3 GPa. Brincat
et al. [35] verified the thermodynamic stability of n-UO; at
high pressure using first-principles calculation. However, the
pressure-induced structural transitions and electronic features
of UOj; are still poorly understood. A complete study in this
respect is helpful for understanding its various structures and
particular properties under the condition of hydrostatic com-
pression.

©2021 American Physical Society
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In our present work we extensively investigate the
pressure-induced phase transitions of UOsz and the corre-
sponding structural, elastic, dynamic, and electronic prop-
erties up to 300 GPa using crystal structure prediction and
first-principles calculations. Our calculations support the ex-
istence of the pressure-induced structural transition from the
y to n phase at ~3 GPa [34,35]. By further gradually increas-
ing pressure, we find three new stable crystalline structures:
P63 /mmc, Pm3n, and Fm3m. The symmetry of them is in-
creased in sequence. We study in detail these new crystal
structures together with their dynamical and mechanical sta-
bility, and corresponding thermodynamic properties, elastic
properties, and electronic band structures, at their correspond-
ing stable pressure ranges. Our findings indicate that the UO3
displays a rich family of structural phases and appears as an
insulator-to-metal electronic transition at high pressure.

We organize the paper as follows. In the following section
we present our calculation methodology. In Sec. III we give
the results and discussion of structural phase transitions, sta-
bility, and electronic structure. Finally, we conclude the main
findings in Sec. I'V.

II. COMPUTATIONAL DETAILS

To determine the stable structures of UOj3 at various pres-
sures, we carried out a systematic structural search utilizing
the particle swarm optimization (PSO) methodology as imple-
mented in the CALYPSO code [36,37], which is not affected
by any prior known structure and only depends on the knowl-
edge of the chemical composition and external conditions.
Such an approach has warranted its success in being used
to predict various kinds of compounds, such as the high-
temperature superconductors of hydrogen sulfide [38,39] and
LaH;o [40,41]. Also, it has been used in the study of the
high-pressure crystal structures of uranium dioxide [19] and
hydride systems [42—45]. In the structure search of UQOj3, the
number of generations was set to be 30 and each generation
contains 30 structures. It should be noted that the complex
experimental structures, such as y-Fddd with 128 atoms and
y-14|/amd with 64 atoms in their unit cells [29], have not
been reproduced in the present study due to the limitation of
the computational resource.

Subsequently, all candidate structures from our own
searches combined with previously reported structures [29,34]
were applied to structural optimization and total energy
calculations, which were performed at the level of den-
sity functional theory (DFT) using the Vienna ab initio
simulation package (VASP) [46]. The generalized gradient ap-
proximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
functional was chosen for the exchange-correlation functional
[47]. The electron-ion interaction was described by apply-
ing the projector augmented-wave method (PAW) [48]. In
the electron configuration of UQO3, since the U-5f electrons
have the greatest degree of direct participation in the chem-
ical bonding, the f orbitals are nominally empty. Thus, the
spin-polarization calculations are always converged to a non-
magnetic state [5,35] and our present calculations also support
this fact. In our following study, all calculations were con-
ducted with settings of spin unpolarized.

Besides, previous computational works on UO; [5,35,49]
have proved that the DFT4-U scheme improves the calcu-
lations in capturing the structures and band gaps over the
standard DFT, and infer that +U is essential to simulate UQOj.
This method strongly depends on the Hubbard effective pa-
rameter U-J, which can be labeled as one single parameter
U for simplicity. The parameter in the DFT+U correction
was originally derived by Dudarev et al. [S0-52], based on
the experimental measurements on UO,. Work in the lit-
erature [53] has demonstrated that changing the effective
U parameter mainly affects the predicted band gap. Since
there is no parameter available for UOs, we performed an
assessment of the band gap dependence on U parameter,
verifying that the U parameter in a range of 3—4 eV would
be the most appropriate value for UO3; polymorph (see the
Appendix). For convenience of the calculation and compar-
ison, the Hubbard terms were set as U = 4.5 eV and J =
0.54 eV, which also have been validated by Brincat ez al.
[35].

In our calculations, the spin-orbital coupling (SOC) has
not been taken into account because it does not have sig-
nificant effects on the results. In our previous work [13] we
have carefully analyzed the inclusion of SOC on uranium
dioxide. We found that the inclusion of SOC gives an im-
proved descriptions of the magnetic state and ground-state
electronic structures, but has very limited influence on macro-
scopic properties, such as pressure-induced phase transition,
equation of states, phonon dispersions, and elastic properties.
Since our current work focuses on structural transitions and
stabilities of UO3 under high pressure, the DFT+U formalism
is good enough for those properties, and our results should be
reliable even without SOC.

During each structural relaxation under corresponding
pressure conditions, the convergence criteria of the total en-
ergy and forces were set as 1x107® eV and 0.01 eV/A,
respectively. An energy cutoff of 500 eV and appropriate
Monkhorst-Pack [54] k meshes were chosen. For different
phase structures, we refer to the general rule “a - k, ~ b - kj =
c- k.~ 30” (a, b, and c are lattice parameters in unit of 10\),
which has been used for our study of uranium oxide [5]. To
examine the dynamic stability of our predicted phases, phonon
calculations were performed by using a supercell approach as
implemented in the PHONOPY package [55].

III. RESULTS AND DISCUSSIONS

A. Pressure-induced phase transitions

In order to search stable phases of UO3 under pressure,
a systematic structure prediction is performed at a series
of pressure points (0, 20, 50, 100, 150, 200, 250, and
300 GPa). After accurate optimizing, we obtain a series of
low-energy structures. The experimentally known a (P3ml,
C2mm, C2) [27,56], B (P2,) [28], and § (Pm3m) [30] phases
are successfully reproduced, validating the reliability of our
methodology. The thermodynamic stability under pressure is
evaluated by calculating the enthalpies for all UO3; phases
across the full pressure range of 0-300 GPa.

The enthalpy differences curves relative to the §-UO3 as
a function of pressure are shown in Fig. 1. One can see that
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FIG. 1. The relative enthalpy curves as a function of pressure for
UO; from 0 to 300 GPa. The enthalpy of the Pm3m phase is set as
zero for reference.

both the Fddd and I4;/amd phases can be viewed as the
ground state at ambient pressure, since their enthalpies are
almost the same in a wide pressure range. In experiments,
both Fddd and 14,/amd phases are regarded as the y-UOs3,
which is the thermodynamically stable structure at oxygen
pressures <10 atm [4]. Loopstra et al. [29] have performed
neutron diffraction experiments on y-UQOj3 over a range of
temperature, identifying it exists as three phases including

14, /amd at 373 K, Fddd at 293 K, and Fddd at 77 K. The
Fddd phase is a maximal subgroup of 74, /amd and has twice
the number of atoms of /4;/amd. Although they belong to
different space groups, our calculated as well as previously
reported [29,35] enthalpies and energies per formula unit are
essentially identical (see Fig. 1 and Table I). Thus, both Fddd
and 14;/amd phases could potentially be the ground state
at ambient pressure. In the following, if not specially stated,
y-UO; would refer to the /4 /amd phase. Since we only focus
on the pressure effects in our present work, not temperature,
here we would not discuss in detail the temperature-induced
phase transitions in UO3.

Comparing with y-UOj phase, the enthalpy differences
at ambient pressure are 0.59, 0.55, 0.44 and 0.14 eV for
P3ml, C2, P2;, and Pm3m phases, respectively, which are
consistent with previously reported data [35]. Upon com-
pression, the n (P2,2,2;) phase gradually becomes stable
and the y-to-n phase-transition pressure is ~3 GPa, in
good agreement with previous experimental and theoreti-
cal reports [34,35]. Further increasing the pressure, three
energetically favorable high-pressure phases are predicted:
P63/mmc, Pm3n, and Fm3m. The corresponding phase-
transition pressures are 13, 62, and 220 GPa, respectively.
Therefore, the sequence of high-pressure phase transitions of
UOs; is Fddd or 14, /amd(y) — P2,2,2:(n) — P63/mmc —
Pm3n — Fm3m. This phase transition process shows that the
pressure can induce an enhancement of the structural sym-
metry compared with the low-symmetry phases of y and .
Even though the results are encouraging, three new phases
from theoretical prediction still need to be verified in a future
experiment.

TABLE I. Calculated lattice parameters, Wyckoff positions, and energy of various UO; phases at select pressures.

Pressure Lattice parameters Energy
Space group (GPa) (A, deg) Wyckoff positions (eV/fu.)
a =9.936, b =20.667, c = 9.925 U1 16¢ 0.000 0.000 0.000
Fddd 0 a=p=y =90° U2 16f 0.125 0.875 0.435
a=9.823,b=19.849, c = 9.632 [29] 01321 0.752 0.001 0.317 —34.86
a=9.94,b=20.68, c =9.93 [35] 02321 0.2750.025 0.161 —34.970 [35]
03 321 0.275 0.025 0.484
a=>b="7.025c=20.654 U1 8¢ 0.000 0.000 0.000
14, /amd 0 a=p=y =90° U2 8¢ 0.000 0.250 0.565
a=b=06901,c=19.975 [29] 01 16/ 0.000 0.049 0.089 —34.863
a=b="17.020, c =20.680 [35] 02 16/ 0.000 0.003 0.433 —34.970 [35]
03 16/ 0.000 0.551 0.234
a=5312,b=5522,c=17.721 U 44 0.783 0.389 0.174
P2,2,2, 3 a=p=y =90° 01 4a 0.412 0.873 0.579 —34.730
a=5.220,b=5.470,c = 7.510 [34] 02 4a 0.418 0.6370.250 —34.820 [35]
a =5.340,b = 5.560, c = 7.760 [35] 03 4a 0.534 0.365 0.588
U 2¢ 0.333 0.667 0.250
P63 /mmc 50 a=b=3.868,c=5998 01 25 0.000 0.000 0.250 —32.921
a=p=90°y =120° 02 4f 0.333 0.667 0.947
Pm3n 200 a=b=c=23.859 U 2a 0.000 0.000 0.000 —26.916
a=p=y =90° 0O 6¢ 0.250 0.000 0.500
U 4a 0.000 0.000 0.000
Fm3m 250 =b=c=4775 01 8¢ 0.250 0.250 0.250 —24.782
a=p=y =90° 02 45 0.500 0.500 0.500
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FIG. 2. Structural features of stable UO; phases at different
pressures: (a) Fddd, 14,/amd at 0 GPa, (b) P2,2,2, at 3 GPa,
(c) P63/mmc at 50 GPa, (d) Pm3n at 200 GPa, and (e) Fm3m at
250 GPa. In all these structures, green and orange spheres represent
O and U atoms, respectively.

The lattice parameters, atomic coordinates, and total ener-
gies for the six phases at their energetically stable pressures
are listed in Table 1. For comparison, we also present the
previous experimental and theoretical data [29,34,35]. As
shown, our optimized lattice constants of the y and n phases
are in good agreement with those data. The structural fea-
tures of Fddd (U32096), 141/amd (U1604g), P212121 (U4012),
P63/mmc (U206), Pm§n (U206), and Fm§m (U4012) are
presented in Fig. 2. The P63/mmc structure belongs to the
hexagonal lattice. Its primitive cell has two formula units (f.u.)

of UOs;. In this phase, the anions occupy two nonequivalent
sites, while the U atoms are located in the long diagonal of
the hexagonal lattice and are surrounded by 11 O atoms in
a trigonal icosahedron. The Pm3n phase crystallizes in the
cubic system with two f.u. in the unit cell. In this phase, the
arrangement pattern of U atoms forms a becc sublattice, and
there are 12 O atoms surrounding each U atom, forming an
U-O icosahedron. Notably, the Pm3n phase is isostructural to
the proposed low-temperature phase of «-UH3 [57-60]. The
Fm3m phase also crystallizes in a cubic system with four
f.u. in its unit cell, which is isostructural with the fcc phase
of PuH; [61]. In Fm3m phase, the U atom is coordinated
by 14 O atoms in a rhombic dodecahedron configuration,
showing the highest coordination number. Comparing with
the low-pressure Fddd, I4/amd, and P2,2,2; phases, the
U atoms in Fm3m phase are hypercoordinated. Hence, the
compression will increases the coordination number of the U
atom. Such pressure-induced behavior has also been found in
AcH, [62] and FeP, [63]. Additionally, the U sublattice of
Fm3m UOQj is the same with that of Fm3m UQO,, which be-
longs to the fluorite structure [13]. The main difference arises
in the extra O anion sublattice at the 4b Wyckoff site. Similar
cases have been identified in other high uranium oxides, such
as U,Os5 [53,64], U307 [65,66], and U30g [67,68]. These
works show that it is possible to stabilize the fluoritelike of
rich-O U-O compounds at high temperature and pressure. We
note that the primitive cell of Fm3m UO; has only one f.u.
In our following calculations of its dynamical and electronic
properties, the primitive cell is adopted.

B. Dynamical and mechanical stability

In addition to the enthalpy calculations, we also calculate
the phonon and elastic properties to verify the dynamical and
mechanical stability of our predicted phases.

The calculated phonon dispersions and partial phonon den-
sity of states (PhDOSs) of P63;/mmc, Pm3n, and Fm3m
phases at their energetically stable pressures of 50, 200, and
250 GPa, respectively, are displayed in Fig. 3. The primitive
cell of P63/mmc and Pm3n phases has eight atoms (double
f.u. of UO3), while the Fm3m phase only has four atoms
(one U and three O). So, there are 24 and 12 phonon modes
for P63/mmc (Pm3n) and Fm3m phases, respectively. It is
noteworthy that there are no negative phonon frequencies in
the Brillouin zone. So, all our predicted structures of UO3 are
dynamically stable.

As shown, the highest vibrational frequencies of Pm3n
phase is larger than that of the P63/mmc phase, indicating
that the pressure strengthens the interaction between cations
and anions. Besides, the PhDOSs of the three phases can
be viewed as two parts. The U atom mainly contributes to
the low-frequency vibrations because of its relatively heavier
mass, while the O atom dominates the high-frequency vibra-
tions. The coupling between the optic and acoustic modes
for P63/mmc and Pm3n is evident, while such coupling for
Fm3m is negligible. The optic to acoustic mode ratio for
P63/mmc and Pm3n is larger than that of the Fm3m. Thus,
the lattice thermal conductivity for the two former phases may
be lower than that for the third one. In our next work we may
mainly focus on this point, but not here. Besides, comparing
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FIG. 3. Calculated phonon dispersions as well as PhDOSs for
(a) P63/mmc phase at 50 GPa, (b) Pm3n phase at 200 GPa, and
(c) Fm3m phase at 250 GPa.

with the phonon modes of UQO, [13], the lowest acoustic
mode along the I'-K of UO3; shows evident soft behavior. This
indicates a potential easy slipping direction along the [110].
Based on the total energy and PhDOS, we further cal-
culate the thermodynamic properties including specific heat
and entropy. The specific heat at constant volume Cy can be
calculated by the derivative of the energy versus temperature

[12]
oo (2E
=),

_ fio(gv) )
_;kB( kT >

exp h(]‘;(;“)

[exp(fe) —1]°

ey

| @

~-— Fm3m VO,
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FIG. 4. Temperature dependencies of (a) specific heat at con-
stant volume and (b) entropy for P6s;/mmc, Pm3n, and Fm3m
phases of UOj; at 50, 200, and 250 GPa, respectively. Results of the

Fm3m UO, from DFT [13] and experiments [70,71] are presented
for comparison.

and the entropy S can be calculated by the derivative of the
Helmholtz free energy versus temperature
oF

S=-—
aT

= Z hw(qv)coth( Zk(q;))
—kBZm[zs (hw(q;))], )
B

where ¢ is the wave vector, v is the index of phonon mode,
w 1is the phonon frequency, kp is the Boltzmann constant, 7 is
the reduced Planck constant, and T is the temperature.

Our calculated Cy and S are shown in Fig. 4. It can be
seen that the Cy increases quickly up to room temperature and
becomes close to a constant in the Dulong-Petit limit [69]. The
temperature-dependent behaviors of the S are similar with that
of UO, [13] at ambient condition. Over 50 K, the S of UO;
becomes slightly large. Additionally, after phase transitions
of P63/mmc — Pm3n — Fm3m, the values of Cy and S are
reduced.

The elastic constants measure the response of crystal struc-
ture to external strain, and also impose constrains on the
structural stability. Here the mechanical stability of UOj3
under high pressure is evaluated by calculating the elastic con-
stants with the energy-strain method. Our calculated elastic
constant, various moduli, Poisson’s ratio, density, elastic wave
velocities, and Debye temperatures for high-pressure phases
of UOj; are presented in Table II. Obviously the positive value
of the elastic constant matrix of UOj at different pressures
indicate that they are elastically stable. The mechanical sta-
bility criteria for the P63/mmc structure are [72] C44 > 0,
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TABLE 1II. Calculated elastic constants (GPa), bulk modulus B
(GPa), shear modulus G (GPa), Young’s modulus E (GPa), G/B
ratio, Poisson’s ratio (v), density p (g/cm?), transverse v, (m/s),
longitudinal v; (m/s), average v,, (m/s) sound velocities, and Debye
temperature @, (K) for P63/mmc, Pm3n, and Fm3m phases of UO;
at 50, 200 and 250 GPa, respectively.

P65 /mmc Pm3n Fm3m
C 516.1 1115.3 1284.8
Ch 245.5 786.3 880.9
Ci3 228.8 - -
Cs; 836.9 - -
Cu 127.7 349.0 620.8
B 357.2 896.0 1015.5
G 150.3 258.1 369.3
E 395.5 706.4 1052.0
G/B 0.4 0.3 04
v 0.315 0.369 0.327
P 12.2 16.5 17.5
v 3508.3 3845.1 4764.9
vy 6757.1 8428.9 9405.1
Upy 3926.5 4334.1 5341.1
®p 547.7 680.8 839.0

Ci1 > |Cpal, (Ci1 + 2C12)C33 > 2C}, while for the Pm3n and
Fm3m structures are Cy; > 0, Cuy > 0, Cy; > |Cra2|, Ci11 +
2C12 > 0.

We find that the elastic constants for our predicted three
high-pressure phases of UOj; satisfy the above conditions,
confirming their mechanical stabilities. All the elastic con-
stants for three phases in the considered pressure increase with
increasing pressure. The elastic constant Cj; is related to the
axial compression along the principal crystallographic direc-
tions, and the Cy4 represents the deformation in shape [73].
For the three phases, it is obvious that C;; is almost two/three
times of Cy4, indicating that the high-pressure phases of UO3
present a higher resistance to the axial compression than the
shear deformation.

Based on our calculated elastic constants, the bulk modulus
B and shear modulus G are calculated from the Voigt-Reuss-
Hill (VRH) approximations [51,52,74] through B =
1/2(B, + Bg) and G =1/2(G, + Gg). The Young’s
modulus E and Poisson’s ratio v are calculated through
E =9BG/(3B+ G) and v = (3B —2G)/[2(3B + G)]. The
Debye temperature ®&p can be determined from the elastic
constants within the Debye theory, in which the vibrations of
solid are considered as elastic waves. The Debye temperature
of the solid is related to an averaged sound velocity [75],
which is calculated by

h 3n \'/3
Op=— ms 3
D= s (4;:9) v )

where h and kg are Planck and Boltzmann constants, re-
spectively, n is the number of atoms in the molecule, 2 is
molecular volume, and v,, is the average sound wave velocity.
Approximately, v, can be given by

1 2+1 -1/3 @
=13 v} '

where v, = /G/p (p is the density) is the transverse elastic
wave velocity and v; = /(3B +4G)/3p is the longitudinal
elastic wave velocity.

As indicated in Table II, pressure-induced enhancements
of the elastic constants, elastic moduli, elastic wave velocities,
and Debye temperatures are evident. Only the Poisson’s ratio
is an exception. The shear modulus and Young’s modulus
of the Fm3m phase are very high compared to other two
phases, indicating its great resistivity towards the compres-
sion. The values of the shear modulus and Young’s modulus
of the P63/mmc UO; at 50 GPa are smaller than those of
Fm3m UO, at 40 GPa [13]. This indicates that, comparing
with UO,, UO; is relatively easy to be compressed. Such a
difference may originate from their different oxidation states.
High oxidation states of uranium or plutonium may soften
the oxides and lower their stability [4,5]. According to Pugh’s
criteria [76,77], the ratio of G/B determines the ductile or brit-
tleness of material. If the value of G/B < 0.57, then materials
show ductile behavior, otherwise is brittleness. Our calculated
value indicates that the UO; in these phases show a duc-
tile character. The Poisson’s ratio v provides the information
about compressibility of materials. The calculated v shows
that the P63;/mmc phase is more compressible compared to
Pm3n and Fm3m phases. The enhancements of the wave
velocities and Debye temperature under pressure also supply
useful information for high-pressure phases of UOs3.

C. Electronic structure

In general, structural transitions are always accompanied
by the redistribution of electrons. To investigate the electronic
properties of UO3; under pressure, the electronic band struc-
tures of our predicted three phases at selected pressures are
calculated and are shown in Fig. 5. It can be seen that the
P63 /mmc UOj3 at 50 GPa shows semiconductor behavior with
an indirect band gap of ~2.07 eV between the I' and M
points. For Pm3n and Fm3m phases, there are no insulating
band gaps. Both of these phases exhibit metallic character-
istics, especially the Pm3n. Similar with the P63/mmc, the
valence band is mainly contributed by O-2p while the conduc-
tion band is mainly U-5f. The difference is that several energy
bands cross the Fermi energy in Pm3n phase. Both U-5f and
O-2p states contribute to the valence and conduction bands
around the Fermi level. This feature reveals the hybridization
between U-5f and O-2p electrons. The Fm3m phase shows
the characteristic of semimetal. As shown in Fig. 5(c), the par-
tially occupied valence band top and conduction band bottom
cross the Fermi level and locate at different high symmetry
points of I' and X, respectively. There is a continuous band
gap, not an insulating band gap, between the mainly O-2p
occupied valence band and the mainly U-5f occupied con-
duction band. Unlike the common metal, there are very few
states at the Fermi energy level. So, the metallic nature of
the Fm3m phase is weak. Obviously the electronic properties
of UOj3 are sensitive to the applied pressure. According to
our results, we find the semiconductor-to-metal-to-semimetal
electronic transitions following the structural transitions of
P63/mmc — Pm3n — Fm3m.

To obtain deeper insight into the electronic structures of
UOj; under pressure, we calculate the total electronic density
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(a) P6,/mme, 50 GPa

(b) Pm3n,200GPa © U-5f O U-6d O O-2p

(¢) Fm3m,250 GPa
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FIG. 5. Electronic band structures for (a) P6;/mmc phase at 50 GPa, (b) Pm3n phase at 200 GPa, and (c) Fm3m phase at 250 GPa. The
size of the circles of the electronic band is proportional to the contribution of U-5f, U-6d, and O-2p electrons.

of states (TDOSs) as well as the projected density of states
(PDOSs) of U-5f and O-2p orbitals for all five phases, as
shown in Fig. 6. It is clear that the band gap of UO; grad-
ually decreases with elevated pressure and eventually closes,
becoming a metal. Our calculated band gap for the ground
state y-UO3 is ~2.88 eV, in good agreement with previous
works [5]. As mentioned in the literature [5,35,49], the band

15 ‘
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FIG. 6. TDOSs and PDOSs for (a) /4,/amd phase at 0 GPa,
(b) P2,2,2, phase at 5 GPa, (c) P6;/mmc phase at 50 GPa, (d) Pm3n
phase at 200 GPa, and (e) F m3m phase at 250 GPa. The Fermi energy
level is set as zero and is denoted by the vertical dotted line.

gaps of all UO3 polymorphs at ambient conditions are in the
range of 0.64-3.21 eV. Although the band gaps of y-, n-,
and P63/mmc UQj; are comparable to those of Fm3m and
Pnma phases of UO, [13], the electronic structures are very
different. For UO,, which is a Mott insulator, both the top
of the valence band and the bottom of the conduction band
mainly consist of U-5f orbitals, which lead to the localized
behaviors of the 5 f electrons. In contrast to UO,, the valence
band of UO; is mainly associated with the O-2p orbitals with
a small partial of the U-5f orbitals. The conduction band
is mainly from the U-5f orbitals, with less presence of the
O-2p orbitals. According to previous reports [35] as well
as our present work, the «-, 8-, y-, §-, and n-UOj3 as well
as P63/mmc UO; are described as charge-transfer insulators
and the U-5f electrons are manifested as exhibiting itinerant
features. As mentioned in a recent study [78], comparing
with UQO,, the higher oxides of U;O; also exhibit a similar
electronic structure, which may arise from the changes of
coordination polyhedra and shorter U-O bonds.

Below the Fermi energy level, the O-2p orbitals mainly
contribute while the U-5f orbitals partially contribute in
the energy range of —3 to —2 eV. Comparing the TDOSs
and PDOSs under different pressures, we find that the con-
tributions of U-5f orbitals on valence bands are gradually
decreased with increasing pressure and upon the structural
transitions. The compression will compel the U-5f electrons
to participate in the chemical bonding, realizing the increase
of the coordination number for the high-pressure phases. For
Pm3n phase there is a significant overlap between U-5f and
O-2p electrons around the Fermi level, implying the strong
coupling and covalent bonding between U and O atoms. In
particular, the metallic state is kept in its stable pressure range.
The 5f electrons in Pm3n and F m3m exhibit evident itinerant
behaviors.

To reveal the electron transfer behaviors of UO3; under
pressure, we calculate the line charge density along the U-O
bonds and perform the Bader charge analysis [79]. The cal-
culated partial charges and atomic volume for atom U and
O are listed in Table III. In P63/mmc and F m3m phases,
each U atom loses 3.02 and 2.95 electrons, respectively, which
distribute unevenly surrounding the O atoms. In Pm3n phase,
the U atom loses 2.88 electrons to neighboring O atoms.
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TABLE III. Calculated partial charges and atomic volume for U
and O in P63 /mmc, Pm3n, and Fm3m phases of UO; under pressures
of 50, 200, and 250 GPa, respectively. The atom types and number
in primitive cell are also listed.

Partial charge Volume

Phase Atom No. (eV/atom) (A3 /atom)
P65 /mmc U 2 +3.02 12.23
(0] 2 —1.12 9.96
02 1 —-0.95 8.34
03 3 —-0.95 8.36
Pm3n U 2 +2.88 10.39
(0] 6 —0.96 6.12
Fm3m U 1 +2.95 9.91
(0} 1 —1.09 6.39
02 2 —0.93 5.46

These charges are evenly distributed among the neighboring O
atoms. In addition, we find that the pressure-induced transition
is always accompanied by a volume collapse of the U atom.

Using the AIM-UC software [80], we perform the bond
critical point (BCP) search in order to discuss the bonding
features. The characteristics at BCP, including Laplacian, cur-
vature ratio, and ellipticity, are related to bonding features. For
instance, the properties of the specified interaction between
atoms can be expressed by a Laplacian and curvature ratio
at BCP. The positive values of the Laplacian and the rela-
tively small curvature ratio indicate closed-shell interactions,
i.e., ionic bonding, otherwise, it is the shared interactions,
i.e., covalent bonding [81]. The intermediate value between
those exhibited by predominantly ionic and covalent bonds
are pictured as being intermediate in character. In Table IV we
present the calculated Hessian eigenvalues, Laplacian, curva-
ture ratio, and ellipticity of the charge at BCP for U-O bonds
in P63 /mmc, Pm3n, and Fm3m phases of UO3 under pressure
of 50, 200, and 250 GPa, respectively. At the same time, the
bond lengths and line charge density at the corresponding
bond points (CD,) are also listed. In these phases, all of
the Laplacian and curvature ratio are positive values, which
indicated that the U-O bonds in UO3 under high pressure are
dominated by an ionic characteristic. However, the U-O2 bond
in P63/mmc possesses the lowest Laplacian value and the
highest curvature ratio, which is similar to the U-O bond in
6-UOs; [81]. This is most likely to be one of uranyl-like bonds
with the covalentlike characteristic.

Moreover, the value of CD;, can reflect to some extent the
covalent or ionic features of a chemical bond [8,12]. Since
the CD, value for U-O2 of 0.271 e/a.u.? is greatly higher
than 0.104 ¢/a.u.? found for Si covalent bond [82], the U-O2
bonds in P63/mmc phase show evident features of covalent
and are much stronger than other U-O bonds. Our previous
value for Si is under the condition of ambient pressure. Such
a large CD,, value of U-O2 is mainly due to its short bond
length and under the condition of high pressure. Besides, the
CD,, value for U-O1 of 1.02 e/a.u.? is also close to 0.104
e/a.u.? for Si. Therefore, the U-O bonds in P63 /mmc exhibit
a covalent characteristic. In Pm3n phase, the CD,, value for
its three U-O bonds of 0.123 e/a.u.? is also larger than that
of Si, indicating a covalent bonding feature. In Fm3m phase,
the CD,, of its U-O1 bonds is smaller than that of the U-O2
in P63/mmc phase, while the covalent nature of its U-Ol1
is stronger than that of the U-O1 in P63/mmc phase. Thus,
the bond formation of three new phases is dominated by an
ionic bond, also with less presence of covalent bonds, such
as U-O1 and U-O2 in P63/mmc, U-O in Pm3n, and U-O1 in
Fm3m. These characteristics are mainly originated from their
different bond lengths. Shorter bond lengths would result in
stronger covalent bonding.

IV. CONCLUSION

In summary, we systematically performed theoretical stud-
ies on the structural variability and associated physical
properties of UOs3 under high pressure. Through a struc-
ture searching method and first-principles calculations, we
have predicted three high-pressure phases, apart from the
known ambient- or low-pressure phases. Our calculations
suggest that the y-UO3; will first transform to n-UOj3; of
P2,2,2; phase, agreeing with previous experiment studies,
and then gradually change to the P63/mmc, Pm3n, and Fm3m
phases at pressures of 13, 62 and 220 GPa, respectively.
The stabilities have been analyzed and warranted through
calculating both phonon spectra and elastic constants. Based
on our calculated phonon spectra and elastic constants, we
further obtained the specific heat, entropy, various moduli,
Poisson’s ratio, elastic wave velocities, and Debye tempera-
tures. The electronic structures show that there are electronic
phase transitions along with the structural transitions: from
the semiconducting state of low-pressure P63/mmc phase
to high-pressure metal and semimetal states of Pm3n and
Fm3m.

TABLE IV. BCP characteristics, bond length, and charge density at bond points (CD,) for U-O bonds in P63/mmc, Pm3n, and Fm3m

phases of UO; under pressure of 50, 200, and 250 GPa, respectively.

Hessian eigenvalues Bond length CD,

Phase Bond A Ao A3 Laplacian Curvature ratio Ellipticity A) (e/a.u.?)
P63 /mmc U-01 —3.602 —2.805 12.305 +5.898 +0.293 0.284 2.234 0.102
U-02 —12.350 —11.868 22.330 +1.887 +0.553 0.041 1.819 0.271
U-03 —1.364 —1.251 6.676 +4.061 +0.204 0.090 2.527 0.049
Pm3n U-O —4.485 —4.135 15.761 +7.142 +0.285 0.085 2.157 0.123
Fm3m U-01 —5.881 —5.877 18.179 +6.421 +0.324 0.001 2.067 0.151
U-02 —2.190 —2.190 9.558 +5.178 +0.229 0 2.387 0.075

174103-8



PRESSURE-INDUCED STRUCTURAL AND ELECTRONIC ...

PHYSICAL REVIEW B 104, 174103 (2021)

;Z 1°® EXP49] ° @) 32 o EXP[4] (b)
0T v GGA+U, U=3.96eV [35] v GGA+U, U=3.96 ¢V [35]
GGA+U, U=4.00 eV [5] 2.8 GGA+U, U=4.00 eV [5]
S = This work = This work
2 1.6 Fitting 244 Fitting
2
)
B 1.5 2.0+
=
-
1.6
144 i AUO, P2,
T T T T T T T 12 T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
= ¢ 324 ® EXP[49] d
224 &UO, Pm3m © v GGA+U, U=3. @
A GGA+U, U=399¢V [81]
[~ 2.84 GGA+U, U=4.00 eV [5]
) B This work
a2.2.01 Fitting
B
= EXP (4] 2.4
£ v GGA+U, U=3.96¢V [35]
& 18- A GGA+U,U=399¢V [81]
GGA+U, U=4.00 eV [5] 2.04 U0, 14 /amd
W This work
Fitting
1.6 T T T T T T T 1.6 T T T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
U (eV) U (eV)

FIG. 7. The band gaps of (a) «-, (b) 8-, (¢) §-, and (d) y-UO;
calculated by the GGA+U formalism with U in the range of 0-6 eV.
For comparison, experimental [4,49] and other theoretical [5,35,81]
results are also presented.

Upon compression, the coordinate number, elastic con-
stants, elastic moduli, elastic wave velocities, and Debye
temperatures are gradually increased while the band gap is
decreased to zero. The symmetry of the phases is also en-
hanced to high-symmetry cubic structures. The find of the
Fm3m phase has indicated that the UO3; may be synthesized
by UO, under conditions of high pressure, high temperature,
and abundant oxygen. Our studies enrich the phase diagram
of UOj; under pressure and would be helpful for further under-
standing structural and physical properties of the whole U-O
solid system.
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APPENDIX

The DFT4U method has achieved a wide array of suc-
cesses in resolving strongly correlated and localized 5f
electronic systems, such as UO,. Unfortunately, there are no
parameters available for UOj3 so far. To verify the applicability
of the Hubbard parameter for the UO3; polymorph in this work,
we perform a complete DFT4-U calculation, wherein we vary
the U from O to 6 eV. In order to compare the experiment
values directly, we calculate the band gaps of P3m1 (a-), P2,
(B-), Pm3m (8-), and 14, /amd (y-) UOj3 using the experimen-
tal lattice constants [28-30,56]. In Fig. 7 we present the band
gaps dependence on the Hubbard parameter U for UOs;, by
comparing with available experimental [4,49] and theoretical
[5,35,81] values. It is clear, from these findings at least, that
the U value has an important influence on the band gap. The
calculated band gap for UO; increases with increasing U.
Especially for 8- and y-UQOs, their band gaps increase linearly
with increasing U . By comparing with the experimental [4,49]
and theoretical [5,35,81] values, we find that the U values
in the range of 3—4 eV are the most reasonable values. For
the - and §-UOs, their band gaps no longer increase after
U increased to 4 and 3 eV, respectively, at which the values
of their band gaps are close to the experimental results [4,49].
Overall, comparing with the experimental [4,49] and theoreti-
cal [5,35,81] results, the accuracy of the band gap for these
UOs; phases is satisfactory by tuning the U parameter in a
range of 3—4 eV with GGA+U approach.

Moreover, in order to assess the dependence of electronic
structure on Hubbard parameter U for three new structures of
P63 /mmc, Pm3n, and F m3m under pressure, we plot in Fig. 8
the total DOS and PDOS with U = 0, 3, and 6 €V. One can see
that the band gap of P63;/mmc increases with the increasing
of U. The trend is similar with our finding for 8- and y-UQj.
However, the electronic structure of Pm3n and Fm3m metal

{(a) P6,/mmc,50 GPa {U=0eV L (b) Pm3n,200GPa U=0eV | (¢) Fm3m,250 GPa U=0eV
10 It " ; B I B A
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FIG. 8. The total DOS for the (a) P63/mmc, (b) Pm3n, and (c) Fm3m phase calculated within GGA4U formalism with U = 0, 3, and
6 eV. The projected DOSs for the U-5f and O-2p orbitals are also shown. The Fermi energy level is set at zero.
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phases is less affected by increasing U, which only suppresses
a tiny contribution of U-5f around the Fermi level for Fm3m
phase. As for the Pm3n phase, both the O-2p and the U-5f
states cross the Fermi energy and have a minor contribution

around the Fermi level, which reveal the small hybridization
between U-5f and O-2p electrons. These features are not
changed with the different U values, constantly keeping its
weak metal behavior.
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