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Abstract

The structure and the thermophysical properties of 6-UZr, are investigated using 0 K density
functional theory and ab initio molecular dynamics (AIMD). Modeling the true paramagnetic
state of this intermetallic compound has been challenging using first-principles calculations.
For the first time, we find that the generalized gradient approximation method without
applying an on-site Coulomb interaction term (Hubbard U) can result in a ground state that
is antiferromagnetic (AFM). We believe that this weak AFM ground state is the closest to the
real paramagnetic state. We found that structure optimization at finite temperatures using
AIMD is necessary to achieve this ground state instead of the non-magnetic and ferromagnetic
states previously reported in the literature. Our findings indicate that applying the Hubbard
U on uranium f-orbitals in this metallic system is unnecessary and not recommended, as
it leads to a large overestimation of the volume and introduces an unphysical strong spin
polarization. Our approach results in atomic volume, thermal expansion, and heat capacities
that have strong agreement with experiments.

Keywords: Density functional theory, ab initio molecular dynamics, U-Zr, magnetism,
Hubbard U

1. Introduction

U-Zr-based fuels are one of the strongest candidates for use in sodium-cooled fast reactors.
Metallic fuels are characterized by high fissile density, high thermal conductivity, and ease of
fabrication, and have a demonstrated proficiency in research and test reactors, such as EBR-II
[1, 2]. While the low-temperature « phase of U is unsuitable to serve as a fuel in the reactor,
the high-temperature v phase can be stabilized through transition metal alloying additions
[3, 4]. The alloying of U with Zr raises the solidus temperature and enhances dimensional
stability compared to the pure a-U phase [5]. A thorough understanding of the U-Zr phase
space is needed to assess the behavior of U-Zr fuels inside the reactor, particularly as novel
reactor and fuel designs begin to be implemented.

The only intermetallic phase in the U-Zr phase diagram is the § phase (often referred to as
0-UZrs [6]) with a Zr composition range around 2/3. The § phase is stable up to a temperature
of 873 K, where it then transforms to the v phase [7]. However, there is a disagreement in the
literature on this phase transition temperature and on the stable composition range amongst
the three available phase diagrams [7, 6, 8]. One reason why 0-UZr; is of great concern is
that it exists in U-rich U-Zr fuels, especially in the periphery of the fuel [9]. It may also exist
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in the fuel center due to Zr redistribution resulting in higher Zr density in the fuel center
[10]. Additionally, there are fuel designs that will explore higher zirconium content than the
traditional 10 wt.%, which will likely lead to an increased presence of the ¢ phase [11].

Figure 1: The P6/mmm unit cell of the UZr, structure. The A sites at the corners are always occupied with
Zr (green). The B sites at z = 0.5¢q are randomly populated with Zr (green) and U (blue).

Density functional theory (DFT) has proven to be an invaluable tool for the exploration
of the fundamental structure and properties of crystalline phases [12, 13]. However, the dif-
ficulties in the DF'T analysis of the ¢ phase include chemical ordering, magnetism, and the
scarcity of experimental data to benchmark. The § phase has a hexagonal crystal structure
with a space group P6/mmm with a partially ordered structure [8, 14]. The A-sites (0,0,0)
are mostly occupied with Zr atoms, while U and Zr atoms randomly populate the B-sites
(2/3,1/3,1/2) and (1/3, 2/3, 1/2) as shown in Figure 1. 6-UZr, is paramagnetic according to
experiments [15]. The complexity of modeling paramagnetic ordering in first-principles cal-
culations is addressed in the literature by proposing the dynamic mean field theory (DMFT)
method [16, 17]. Ab initio molecular dynamics (AIMD) had been used to model param-
agnetism at finite temperatures as an alternative to the computationally expensive DMFT
method [18]. The other difficulty is the scarcity of experimental data on which computational
methods may be validated. For instance, we only have a single experimental value of -4.0 +
10.1 kJ/mol (-0.014 £ 0.035 eV /atom) for the formation enthalpy of §-UZry at 298.15 K in
the literature. This value was reported by Nagarajan et al. [19] in a dissolution calorimetry
experiment. However, Gyasi et al. [20] presented a thorough critique of that experiment and
estimated a new endothermic value of 15.5 + 17.1 kJ/mol (0.054 £ 0.059 eV /atom). Both
values are questionable and additional measurements are needed to confirm a value for the
formation enthalpy of this intermetallic phase. Previously, Ogawa [21] commented on the
results obtained by Nagarajan et al. [19] and suggested that the destabilization of §-UZrs by
nitrogen and oxygen makes it difficult to measure its relative stability without a significant

2



error. That confusion led to adopting a value of zero to the enthalpy of formation of §-UZr; in
Calphad models [22]. Moreover, other basic properties such as elastic constants of §-UZr, are
still unmeasured experimentally. Regardless, several DFT studies have attempted to model
the 6-UZry phase [23, 24, 25, 26].

The work of Landa, et al. [23] was the first DFT study to correctly predict the partial
ordering in the 0-UZr, using special quasirandom structure (SQS) cells of 16 atoms. Their
results using muffin-tin-based DFT methods yielded reasonable equilibrium volume and a
negative enthalpy of formation for the UZry. Ghosh, et al. [26] also investigated different
chemical orderings using SQS cells of 24 atoms. They reported lattice parameters, enthalpies,
and elastic properties for structures with different ordering. Also, their HSE06 hybrid func-
tional results showed a pseudo gap in the density of states which is not physical for this
metallic system. However, neither study [23, 26] reported the magnetic state of -UZrs in
their calculations.

Xie, et al. [24] employed the DET+U method on SQS cells of 12 atoms and obtained a
theoretical Hubbard U value for -UZry of 2.21 eV following the linear response approach
[27]. Still, in their calculations, the Hubbard U term was treated as a fitting parameter to
the formation enthalpies of U-Zr binary phases, with values between 1 and 1.5 eV resulting in
reasonable energetics [24]. These values are expected to increase the local magnetic moments,
however, Xie et al. [24] only reported the total magnetic moments of the simulation cell
divided by the total number of atoms including Zr atoms. This may lead to misinterpretation
of the reported values because they mention that the moments are mostly on U sites rather
than Zr sites, however, they did not report local magnetic moments. They described the local
magnetic moments as random and not forming a ferromagnetic or antiferromagnetic ordering.
For instance, if we look at the reported spin magnetic moment of the whole simulation cell,
we can observe that it increased from 0 to 0.35 Bohr magneton (up) per atom (which implies
1.05 pp per U atom) when adding a Hubbard U of 1.24 eV. This introduced magnetization
cannot be ignored and should be of great concern when using DFT+U. The use of the
DFT+U method in the treatment of U-Zr systems by Xie et al. [24] has been criticized in a
comment on that paper by Soderlind et al. [28]. It is argued that the use of the Hubbard U
correction leads to unrealistic large volumes and also gives rise to magnetism in non-magnetic
systems. In another study, Matar [25] suggested that ferromagnetic ordering is the ground
state (energetically more favorable than antiferromagnetic ordering) for 6-UZrs according to
DFT calculations at 0 K, which does not agree with experimental findings.

In this work, the goal is to investigate 0-UZry using first-principles calculations while
accurately accounting for the magnetic state. We pursue ordered, partially ordered, and
SQS supercells at 0 K and at finite temperatures using AIMD. Both DFT and DFT+U
methods will be implemented to explore the effect of the Hubbard U term.

2. Methodology and Computational Details

2.1. Density Functional Theory Calculations

The projector-augmented wave method (PAW) [29] implemented in VASP [30, 31] was
utilized in this work. A cutoff energy of 500 eV is used in all simulations. In 0 K calculations,
3x3xb5 and 6x6x2 k-points meshes were applied for the 24-atom ordered and SQS cells,
respectively. These meshes were chosen according to a total energy convergence criterion



of 1 meV/atom. Meshes of 2x2x4 and 4x2x4 were used for 8l-atom (ordered 3x3x3
supercells) and 72-atom (ordered 2x3x4 supercells or SQS cells) systems, respectively. At
finite temperatures, a coarser k-point mesh of 2x2x2 was utilized for 81-atom and 72-atom
systems to reduce computational expense. The initial AIMD calculations were performed
with the 3x3x3 ordered supercell with an initial magnetic moment of zero on all U sites.
Then, the choice of 72-atom systems was made to assign an initial antiferromagnetic ordering
on an even number of U sites (24 U atoms). These two categories of structures will be referred
to as non-magnetic and antiferromagnetic, respectively. However, it should be noted that non-
magnetic here does not mean a non-spin polarized calculation. All the results presented in this
paper are from spin-polarized calculations but with different initial magnetic moments. The
effect of including spin-orbit coupling in DF'T simulations on magnetism, lattice parameters,
and enthalpies of formation was previously found to be minimal in §-UZry [24, 26], thus,
spin-orbit coupling was not included in this work.

Both the generalized gradient approximation (GGA) [32] and GGA+U methods were
used, where Hubbard U values of 1 eV, 1.5 eV, and 2 eV were applied on the uranium f-
orbitals [33]. The Hubbard U was added using a ramping technique in both 0 K and AIMD
calculations. The theoretical Hubbard U values obtained by the linear response approach in
the literature for a-U and §-UZr, are 1.87 eV and 2.21 eV, respectively [24]. However, when
the formation enthalpy of 0-UZrs is calculated, the same Hubbard U must be applied in the
reference phases. This is done because a comparison cannot be made between the ground
state energies of two systems obtained by adding two different values of the Hubbard U to
the Kohn-Sham Hamiltonian. Additionally, it has been shown that the application of the
Hubbard U value for a-U is not necessary to accurately predict structural properties [34, 35,
36]. It is important to emphasize that Hubbard U in our study is not a fitting parameter
to the formation enthalpy. Although the Hubbard U value that yields the experimental
formation enthalpy should also result in reasonable values for other physical properties, such
as electronic structure and magnetism as suggested by Wang et al. [37], that approach is
not followed here since experimental data for the o phase is scarce and its accuracy has
been questioned. The goal is to investigate how the Hubbard U parameter and the chemical
ordering affect the structural parameters and the magnetic behavior of §-UZry at 0 K and
finite temperatures.

Elastic constants are calculated using 2x2x2 ordered supercells (24-atoms) with antifer-
romagnetic ordering at 0 K with the finite differences technique. A coarser k-point mesh of
2x2x4 was utilized for computational purposes.

2.2. Structure Optimization

The unit cell of §-UZr, is shown in Fig. 1. Our initial study using 0 K DFT involved using
4 different configurations in 24-atom supercells. We fixed the occupancy of the A-site (0,0,0)
to be solely occupied by Zr in all of these calculations. The four structures considered are
(1) an ordered 2x2x2 supercell constructed by 8 unit cells with the same chemical ordering;
(2) a special quasirandom structure (SQS) cell with a Zr occupancy of 1 at (0,0,0) and with
an occupancy of 0.5 for both Zr and U at the other two sites; (3) an ordered supercell as (1)
but with switching the Zr and U in B-sites positions in only one of the 8 unit cells; and (4)
a 2x2x2 supercell with 4 unit cells having an alternating occupancy at B-sites. Complete
compositionally disordered UZry is believed to be a metastable structure called the w phase



that exists during cooling from the ~ phase to the low-temperature § phase. It was also
observed in quenched and as-cast U-Zr alloys [38]. However, that phase is beyond the scope
of this work. SQS cells were constructed with the ATAT code[39, 40, 41].

Final 0 K calculations were made after equilibrating these structures at 100 K with AIMD.
The initialization of atomic positions for 0 K structural relaxation calculations is obtained
from the 100 K equilibrated structure. This facilitated the ionic relaxation at 0 K and was
observed to be necessary to yield non-magnetic and antiferromagnetic structures with lower
energies than the initially obtained ferromagnetic structure, as will be shown.

2.3. ab initio Molecular Dynamics

The AIMD simulations on UZr, were performed using an NPT ensemble with a Langevin
thermostat and a timestep of 2 fs. First, an equilibration run of at least 1000 timesteps
(2 picoseconds) was performed. Then, production runs were performed for a minimum of
2000 timesteps (4 picoseconds) for each temperature in the range of 100 K to 600 K with
an increment of 100 K to calculate thermal expansion and heat capacities. Temperature
ramping was used to reduce the equilibration time required prior to each production run.
The same procedure was followed with pure a-U and a-Zr systems. A 108-atom supercell
was used to model the a-U reference phase with a 2x1x1 k-points mesh, while a 96-atom
supercell was used for the a-Zr phase with a 2x2x2 k-points mesh. The potential energies
(Ep) of each of the three systems were time-averaged to calculate the enthalpies of formation
(AH) at finite temperatures according to the following equation:

AH = EO((SUZTQ) - E(](OéU) - E()(OZZT)

and the time-averaged total energies (F) of §-UZry were used to calculate the heat capacities
(C,) as follows:

E(T+ AT)— E(T — AT)
C,(T) =
Finally, the linear thermal expansion coefficient is obtained from the slope of the time-
averaged lattice parameters a and c in the ordered supercells when plotted versus tempera-
ture.

3. Results

3.1. Structural Relaxation: From 0 K to Finite Temperature

Initial 0 K calculations resulted in a ferromagnetic ground state when using either GGA
or GGA+U methods. A non-magnetic or anti-ferromagnetic state was not achieved for any
system via the typical DFT relaxation. Reasonable accuracy was obtained for the atomic
volume for U values of 2 eV and below, but a negative formation enthalpy was only achieved
at Hubbard U = 3 eV and 4 eV for ferromagnetic §-UZry. However, the atomic volume was
highly overestimated using that setup. At U = 3 eV, the volume per atom was between 24.51
and 24.68 A3 /atom, depending upon the configuration. While at U = 4 eV, values between
24.84 and 24.98 A3 /atom were obtained. For reference, the experimental volume per atom
is reported to be 22.58 A% at room temperature [14]. Moreover, ionic relaxation difficulties
arise when applying these high U values on the f-orbital in the pure a-U phase which is a
reference in calculating the enthalpy of formation.



Subsequently, systems were equilibrated at 100 K utilizing AIMD for 4 ps. As stated, this
equilibrated structure is utilized as the starting point for ionic relaxations at 0 K. Using a
non-magnetic initialization for the ordered 3x3x3 supercell, the optimized structure was non-
magnetic and more stable by 0.1 eV /atom compared to the ferromagnetic structure obtained
by GGA prior to AIMD equilibration. The AIMD equilibrated structures are approximately
1% lower in volume (22.39 A?/atom versus 22.66 A®/atom) compared to the initial 0 K
relaxation.

Following the same approach, assigning antiferromagnetic ordering to the 72-atom or-
dered and SQS cells yielded an even more stable configuration with lower energy. We believe
that these antiferromagnetic structures are the ground state of UZry according to GGA. This
process and these findings have been observed for other uranium compounds, such as UN
[42]. It was shown by Kocevski and coworkers [42] that a non-zero temperature simulation
was required to obtain the appropriate ground state magnetic ordering and more accurate
electronic and thermal properties. Furthermore, the work done by Soderlind et al.[43, 44]
using full-potential linear muffin-tin orbital and self-consistent ab initio lattice dynamics em-
phasizes the importance of finite temperature effects in calculating thermodynamic properties
of UN and ~+-U such as the free energy. Thus, it is emphasized that it appears to be required
to include finite-temperature effects or utilize an initial AIMD simulation to reach the true
0 K ground state configuration and magnetic state for some uranium compounds.

In addition to changes in the volume/energy, there are associated changes in local bond
structure which allow for the convergence to a non-magnetic or anti-ferromagnetic state. In
the ordered structure, the change is most apparent from an analysis of the radial distribution
function. There is a single U-U peak at 3.1 A in the idealized 0 K pre-equilibration structure.
After AIMD relaxation, that single peak splits into two peaks at distances of 2.5 and 3.8 A.
What this physically corresponds to is U atoms alternately moving up or down in the c-axis.
In the SQS structure, the equilibration process results in a minimally shorter U-U distance.

A note should be included regarding the alternate structures explored. The structure
identified as number (4) consistently displays higher energy than either the ordered or SQS
structures. The structure identified as number (3) has sublattice disordering such that it
is impossible to converge to an antiferromagnetic state. Thus, only the ordered and SQS
supercells are utilized for the remainder of the work presented.

3.2. Structure and Thermophysical Properties

The formation enthalpy and the atomic volume of the optimized structures of the ordered
and the SQS cell are shown in Figure 2 for temperatures between 0 K and 600 K. It should
be noted that this graph includes the quenched 0 K DFT data and results from full AIMD
simulations at non-zero temperatures. Both GGA and GGA+U results are presented for
Hubbard U values of 1 eV, 1.5 eV, and 2 eV. Unless labeled otherwise, all of the results
reported are of the antiferromagnetic structures. It can be observed that the enthalpy of
formation is almost temperature-independent below 600 K. The average enthalpy of formation
of a formula unit of 0-UZry from pure GGA (without using Hubbard U) is 0.252 eV (0.084
eV/atom) and 0.233 eV (0.078 eV /atom) for the SQS and ordered supercells, respectively.
The only experimental measurement reported in the literature is -0.04 eV per formula unit
(-0.014 eV /atom) [19]. Although we expect a negative enthalpy because this phase is stable
at low temperatures, the accuracy of that single measurement is questionable as suggested



recently by Gyasi et al. [20], whose modified value is also included in Fig. 2a. The GGA+U
method brought the formation enthalpies closer to the experimental value, and at U = 2
eV a negative formation enthalpy was achieved. However, the GGA+U method leads to
an overestimation of the atomic volume by approximately 6%, as seen in Fig. 2b, which is
considered a large discrepancy. This observation was noted before by Soderlind et al. [28] in
their comment on the results from Xie et al. [24] using GGA+U.
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Figure 2: (a) The enthalpy of formation per formula unit of -UZrs obtained from SQS (solid lines) and
ordered cells (dashed lines); (b) The atomic volume versus temperature of SQS cells (solid), and ordered
supercells (dashed). The experimental values are from references [14, 19, 45, 20].

The atomic volumes obtained using Hubbard U values of 0, 1, 1.5, and 2 eV are plotted



in Figure 2b. It can be observed that GGA results (U = 0) are in good agreement with
experiments [14, 45], with the SQS structure exhibiting a near exact match to experimental
results. The atomic volume increases and deviates from the experimentally measured value
by increasing the value of the Hubbard U. Thus, one is not able to simultaneously achieve
an optimized volume that favorably compares to experiment while also obtaining a negative
formation enthalpy. Increasing the magnitude of on-site Coulombic repulsion increases the
volume while decreasing the formation enthalpy.

The associated lattice parameters and atomic volume of the optimized structures at 0
K and room temperature are shown in Table 1 for both non-magnetic and AFM states.
Although the perfectly-ordered supercells (O-NM and O-AFM) do not represent the true
partially-ordered UZry observed experimentally, they allow us to calculate the lattice param-
eters a and ¢, unlike the SQS cells. The a; and ay lattice parameters in the ordered supercells
are not identical because the optimized supercells broke the hexagonal symmetry, thus we
report an average value for the lattice parameter a to compare with experiments. The values
after the + sign in Table 1 represent the standard deviation of this lattice parameter. We
observe a 2 % increase of lattice parameter ¢ when changing the magnetic ordering from the
non-magnetic to the antiferromagnetic structure, which is likely the source of the overestima-
tion of the atomic volume in the antiferromagnetic ordered supercells as reported in Table 1
and Figure 2. However, it should be restated that the antiferromagnetic ordered cells had an
energy approximately 35 meV /atom lower than the non-magnetic ordered supercells. On the
other hand, the atomic volume of the SQS cell has very good agreement with experimental
values [14, 45], but extracting information about the lattice parameters from this system is
not applicable.

Table 1: Lattice parameters and volume per atom at 0 K and room temperature calculated by GGA (U =
0) for non-magnetic and antiferromagnetic perfectly-ordered supercells (O-NM and O-AFM, respectively),
and for antiferromagnetic SQS cells (SQS-AFM). Data are compared against room temperature experiments
[45, 14].

T a (A) ¢ (A) [ V/atom (A?)
O-NM 5.026 £ 0.003 | 3.073 22.39
0K O-AFM 5.004 £ 0.004 | 3.145 22.78
SQS-AFM - - 22.49
O-NM 5.043 £ 0.002 | 3.083 22.58
O-AFM 5.020 £ 0.005 | 3.147 22.93
SQS-AFM - - 22.64
Room Temp. | U-50Zr (72 at.% Zr) [45] 5.040 3.096 22.70
U-35Zr (58 at.% Zr) [45] 5.028 3.077 | 2247
U-487Zr (71 at.% Zr) [14] 5.032 3.089 22.58

The thermal expansion behavior in UZry can be observed in Figure 2 as the slope of the
volume with respect to temperature. Qualitatively, the volumetric thermal expansion of both
the ordered and SQS cells according to GGA (U=0) are close to experiments [14, 45]. But
to have a closer quantitative look at the anisotropy of the thermal expansion, we plot the
lattice parameters a and ¢ from the ordered supercells versus temperature in Figure 3. The
thermal expansion coefficient (the slope in the figure) in the ordered supercell agrees well
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structures. The experimental values are from references [14] and [45].

with experiments in the literature despite the slight differences in the absolute values of a
and c. The temperature evolution of the lattice parameters a and ¢ in the AIMD simulations
can be described by a linear relation for the non-magnetic supercell as follows:

a(T) =5.02+ 7.00 x 107°T
c(T) =3.07+1.75 x 10°°T
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and, for the antiferromagnetic (AFM) supercell as follows:
a(T) = 5.00 + 5.50 x 107°T

c(T) =314+1.38 x 10°°T

The experimental temperature evolution of the lattice parameters according to Xie et al. [45]
is:

a(T) = 5.002 + 8.384 x 107°T

o(T) = 3.076 4 0.996 x 107°T

These equations translate into a thermal expansion coefficient of the a lattice parameter of
1.4x107° and 1.1 x 10~° in the NM and the AFM supercells, respectively, while the thermal
expansion coefficient of the ¢ lattice parameter is 5.7 x 107% and 4.4 x 107¢ in the NM and
the AFM supercells, respectively. The experimental values reported by Xie and coworkers
are 1.66 x 107° and 3.2 x 107° for the lattice parameters a and ¢, respectively. The agreement
in the expansion coefficient in both the a and ¢ directions for both magnetic configurations is
considered reasonable to excellent. A more recent experiment on the thermal evolution of the
U-Zr system used a second-order polynomial fit to describe the thermal expansion behavior
[46]. That approach yields a temperature-dependent thermal expansion coefficient. For the 6-
UZry in a U-30Zr casting, Williams and coworkers [46] report coefficients of thermal expansion
of 7.7x 10797 4+ 1.34 x 107° and —1.46 x 10787 4 1.05 x 10~ for a and c lattice parameters,
respectively. Our computed coefficients of thermal expansion are also in reasonable agreement
with this experiment for temperatures below 600 K.

We also computed the heat capacities at constant pressure from the AIMD total energies,
and our results are compared with experiments [47, 15] in Figure 4a. The agreement of
our heat capacities calculated using antiferromagnetic structures with experiments [47] is
excellent. This is in contrast to the non-magnetic structure as observed in Figure 4a, which
drastically overestimates the heat capacity. This result provides confidence in the choice of
antiferromagnetic ordering to model the paramagnetic UZr,. Moreover, we found that the
calculated heat capacities do not depend on the Hubbard U value for the AFM state, as
shown in Figure 4b.

Finally, elastic constants were calculated using the finite-differences approach as imple-
mented in VASP for the AFM ordered 2x2x2 supercell, and the results are shown in Table
2. Experimental measurements of the elastic constants of this phase are not available up to
the date of publishing this paper. So, the elastic constants of the pure a-U and «a-Zr phases
are shown in Table 2 for comparison. The computationally calculated elastic constants by
Ghosh et al. [26] for an ordered supercell are also included in the table. An asymmetry
can be observed in the Cq; and Cyy terms although the cell vectors a; and ay are almost
identical at 0 K. This reinforces the local disordering of bond lengths that was achieved via
thermal equilibration and quenching. Generally, minor differences are observed for the elastic
constants affected by the broken symmetry (Cy; and Cag, Ci3 and Cay, and Cyy and Css).
The results show distinct differences from the calculations of Ghosh, namely a factor of two
reduction in Cz3 and C;3/Cas. The other primary elastic constants, Cq1/Cag, are also lower
than found by Ghosh [26] by approximately 25 GPa.
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Figure 4: a) The calculated heat capacities versus temperature from antiferromagnetic (AFM) cells and non-
magnetic (NM) ordered supercells using GGA (U = 0). The experimental values are from reference [47]. b)
The constant heat capacity calculated from the slope of total energy versus temperature in antiferromagnetic
(AFM) SQS cells.

Table 2: Elastic moduli in GPa calculated from the ordered supercell of §-UZrs using 0 K GGA are compared
against previous DFT calculations [26], and experimental elastic moduli of a-Zr measured at 4 K [48] and
a-U measured at room temperature [49].

Phase Cu Coo Cas Cia | Ciz | Caz | Cua | Cs5 | Cos
0-UZrs (This Work) 136 140 93 64 23 26 38 39 40
0-UZrs [26] 175 175 186 92 50 50 43 43 41
a-7r [48] 155.4 | 155.4 | 172.5 | 67.2 | 64.6 | 64.6 | 36.3 | 36.3 | 44.1

a-U [49] 215 199 267 46 22 108 | 124 73 74

3.3. Magnetic and Electronic Properties

The lattice parameters and enthalpies of formation can be modified by changing the on-
site Coulomb term (Hubbard U) value which may yield seemingly good results but does not
solve the problem of describing the magnetic ordering. Liu and coworkers [50] addressed
the same problem in the UsSiy system. We can conclude from their findings that the choice
of the magnetic state should precede choosing the Hubbard U value. Supplying the DFT
code with a Hubbard U parameter fitted to reproduce a physical property and waiting for
the simulations to predict the true magnetic state is highly unlikely to occur, as it strongly
depends on the initialization of magnetic moments. In our case, we argue that Hubbard U
is not just unnecessary but it also introduces unphysical strong spin polarization, as will be
shown in this subsection.

To quantify the degree of spin-polarization, we extracted the local magnetic moment
on U sites at 0 K (see Table 3) and the time-averaged local magnetic moments at finite
temperature (see Figure 5). It should be noted that the reported values here are the absolute
values regardless of the spin state (up or down). The total net magnetic moments in these
AFM structures are very close to zero and are not plotted here.

As shown in Figure 5 and Table 3, an increase in Hubbard U increases the local magnetic
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Figure 5: The average local magnetic moments on U atoms in antiferromagnetic cells. Solid lines are for SQS
cells while dashed lines are for ordered supercells

Table 3: Local magnetic moment per U atom in antiferromagnetic cells at 0 K

U(eV) | (up/atom) in O-cell | (up/atom) in SQS
0 0.345 0.104
0.5 0.600 0.738
1.0 0.786 1.042
1.5 1.000 1.297
2.0 2.110 1.965

moments making the UZry a perfectly AFM material with full spin polarization of f-electrons
at U = 2 eV. The reason for that may be an unphysical over-localization of f-electrons in a
metallic system induced by the Hubbard U. These trends are independent of input atomic
structure (SQS versus ordered supercell) or temperature. Although we could not exactly
reproduce the paramagnetic state using standard DFT techniques, we argue that the weak
antiferromagnetism produced by pure GGA results is the closest to a paramagnetic structure.
As a result of this, in conjunction with the other observed thermophysical properties reported
here, we suggest using the pure GGA without the Hubbard U correction for the §-UZr, phase.

The electronic density of states (DOS) calculated by GGA and GGA+U are shown in
Figure 6. The DOS from the ordered and the SQS cell in panels a and b, respectively, have
similar trends but the SQS cell has a smoother DOS. This can be attributed to the random
arrangement of atoms. The effect of a U value of 1.5 €V is minimal. The uranium f-states
are slightly pushed to the right due to the introduced Coulomb term on this orbital. The
pseudogap at the Fermi level was observed in a previous DFT study by Ghosh et al. [26]
using both GGA and hybrid functionals. This shape of the DOS is in contradiction with
the earlier study in the literature by Xie et al. [24] in which the DOS of UZry appeared flat
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around the Fermi level. The agreement with Ghosh et al. provided confidence in the reported
values, but unfortunately, no experimental data exist for comparison to truly validate the
calculated DOS.

(a) Ordered (b) SQS
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Figure 6: The total and partial density of states of the uranium f-orbital using GGA (U = 0) (solid) and
using GGA+U (U = 1.5 eV) (dashed) for (a) the ordered supercell, and (b) the SQS cell.

4. Discussion

Finally, we emphasize that the usage of Hubbard U to fit the formation enthalpy of 4-
UZr, is unjustifiable and not recommended. It not only overestimates the volume, but it also
introduces unphysical magnetism. Reasonable equilibrium volumes, thermal expansion, heat
capacities, elastic constants, and magnetic properties are obtained for a pure GGA treatment
of this intermetallic phase. This conclusion agrees with the letter by Soderlind et al. [51]
suggesting a weak electron correlation in U metal and the U-Zr system in their study on the
~ phase. Additionally, it appears that either ordered or SQS supercells with AFM ordering
are appropriate to describe 9-UZry. While the volume more closely matches experimental
results for the SQS cell, there is a negligible difference in the heat capacity and the induced
magnetism. Additional insight can be gained by utilizing ordered supercells, specifically di-
rectionally dependent phenomena such as elastic constants and anisotropic lattice expansion.

5. Conclusions

In this work, we investigated the structure and thermophysical properties of §-UZry using
DFT calculations. Chemically ordered supercells and SQS cells were considered in this study
to simulate the partially ordered §-UZry. We employed different magnetic states to model
the true paramagnetism of this phase. For the first time, we found that antiferromagnetic
ordering is the ground state for UZry according to GGA and GGA+U. We were able to
overcome the ferromagnetic local minimum that was reported in previous DFT studies due
to equilibration at a finite temperature of 100 K using AIMD. This was also the first study
that utilized AIMD methods to investigate §-UZry. After exploring the magnetic behavior in
the UZry system, we conclude that pure GGA is more suitable for describing the § phase of
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the U-Zr system. Our approach of using pure GGA (U=0) supported by AIMD equilibration
eliminates the empiricism associated with choosing a Hubbard U value. This approach results
in a ground-state solution with weak antiferromagnetism that mimics paramagnetism. It also
reproduces atomic volume, thermal expansion, and heat capacities that are consistent with
experimental measurements. Further experimental measurements, especially on the enthalpy
of formation, are warranted to validate the presented results.
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