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Abstract

We investigated the electronic heat capacity, thermal conductivity, and resis-
tivity of UN using Quantum Espresso and EPW code. GGA, PBEsol func-
tional was used. The calculated electronic heat coefficient was found to be
significantly reduced (0.0176 J-mol'-K versus 0.0006 J-mol™'-K2) when the
non-local hybrid functional (B3LYP) was used. Furthermore, we calculated
electrical resistivity using a very transparent Ziman’s formula for metals with
the Eliashberg transport coupling function as implemented in EPW code for
non-spin-polarized calculations. The number of mobile electrons in UN, as a
function of temperature, was derived from the ratio of the calculated resistiv-
ity and available experimental data. The electronic thermal conductivity was
evaluated from the calculated electronic resistivity via Wiedemann-Franz law
with the number of mobility electrons (12.,) incorporated (averaged over the
temperature range 300 K - 1000 K). Both the electronic thermal conductivity
and resistivity, as calculated using newly evaluated n,,, compare well with ex-
perimental data at ~700 K, but to reproduce the observed trend as a function
of temperature, the number of mobile electrons must decrease with the tem-
perature as evaluated.
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1. Introduction

Urania fuel, which is used in conventional nuclear reactors, is not suitable for
some designs of new generation reactors (e.g., SuperCritical Water Reactor) due
to its low thermal conductivity [1]. In the context of finding a sustainable devel-
opment solution to the use of non-renewable energy sources, innovative re-

search towards enhanced accident-tolerant nuclear fuel (EATF) that can with-
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stand the loss of coolant for a long time is gaining momentum. EATF materials
must have higher thermal conductivities to prevent meltdown [2]. High-density
metallic compounds, uranium silicide (U;Si,) and uranium and thorium nitrides
(UN, ThN) [3], have been proposed as alternative EATFs [2] for implementation
as lower enrichment fuel.

In our previous papers [4] [5], we have investigated UN, which has the same
cubic structure (Fm3m symmetry) as ThN, and may be used in combination to
enhance thermal conductivity as both are metals. In these metallic fuels, thermal
conductivity does not deteriorate with increasing temperature like the lat-
tice-governed thermal conductivity in insulators (e.g. urania [6]). This is due to
the increasing presence of electronic carriers with mobility as temperature rises.
Since both electronic conductivity and electronic contribution to thermal con-
ductivity are related to electron mobility, they can be derived from each other via
the Wiedemann-Franz proportionality law (WFL), which is very useful in de-
termining the contribution from electrons to the measured total thermal con-
ductivity.

Enhanced computational capabilities have led to significant developments in
extending the potentialities of based on density functional theory (DFT) codes.
Ab initio calculations based on DFT have become an essential theoretical tool in
investigating novel nuclear materials. In this study, we used first-principles, pre-
dictive calculations based on DFT, where ground state energy is calculated using
functionals dependent on the electronic density only. Unlike urania, fewer such
studies have been done on these alternative fuels. In particular number of mobil-
ity, electrons need to be investigated, since they are crucial in enhancing the
thermal conductivity of metals at high temperatures. High thermal conductivity
in metallic fuels allows for fast heat dissipation and makes reactors safer and
more economical.

In an evaluation of the electronic heat capacity, very accurate calculations of
electrondensities of states are required. In our previous work on thoria [7], we
found that the non-local hybrid functional (B3LYP) [8] modified the electronic
structure significantly and led to a larger bandgap. It was therefore of interest to
examine the electronic structure of UN using B3LYP to find how it might affect

the value of the electronic heat capacity coefficient of UN, as evaluated here.

2. Calculation Methodology

To evaluate the geometrical and electronic structures of UN we used Quantum
ESPRESSO (QE) code [9], since there is already an interface provided between
QE and EPW (Electron-Phonon coupling using Wannier functions) code [10],
which we used to evaluate electronic transport.

We calculated the electronic heat capacity coefficient (y), which is propor-
tional to the electron density of states at Fermi energy at the equilibrium lattice
constants using the density of states of electrons per eV at the Fermi energy
(p(ep) for UN from:
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C,(T)=n/3x6.242x10" p(&, )N k2T =T (1)

The respective electronic heat capacity is proportional to y and increases line-
arly with temperature and can be evaluated using Equation (1). A very accurate
evaluation of the electronic structure was required; therefore, in addition to
generalized gradient approximation (GGA) of the Perdew, Burke, and Ernzerhof
functional developed for solids (PBEsol) [11] DFT, we used non-local Becke
three-parameter hybrid exchange (B3)+LYP functional (B3LYP) [8] to modify
the electronic structure around Fermi energy, and the respective electronic heat
coefficients were compared. We used the same norm-conserved pseudopoten-
tials and setup for the electronic structure calculations as detailed in our previ-
ous work on UN [5].

Using the density functional perturbation theory (DFPT) method as imple-
mented in QE code [12], we evaluated previously [5] the phonons’ dispersion
relation and the densities of states of UN.

We computed the electrical resistivity calculation (pe.{ 7)) using a very trans-
parent Ziman’s formula for metals (Equation 54 in Ref. [10]) with the Eliashberg
transport coupling function: atzyF (a)) (Equation 55 in Ref. [10]) and a hard-
coded number of mobility electrons (nc) per cell equal to 8 (assumed for lead as

an example) as implemented in EPW code [10]:

4mtm

Peac (T) = e x]gda)hafrF(a))n(a),T)[l+n(a),T)] (2)

ne’k,T
where 1 = nc/omega and omega is the calculated in the code volume of the pri-
mitive cell in a.u.. Note that in the new version (QE 6.7) nc is a parameter with
the default value equal to (4).

We also calculated integrated electron-phonon strength (1) as a function of

frequency (w) [10]:

r

azF(a))d

A= w (3)

SR ¥

w

The cumulative electron-phonon strength and Eliashberg transport coupling
function could be used in future comparisons with other metallic fuels. Addi-
tionally, since the experimental resistivity is known for UN, we evaluated the ef-

fective number of electron carriers in electronic transport (2.4 7)):

8p(T),u
ey () (D), @)
When replacing n, the number of mobility electrons in Equation (2) with
n.A T), the calculated resistivity would become equal to the experimental. We
also calculated averages of an effective number of electron carriers in the 300 K -
1000 K temperature range (11.,) and calculated resistivity by replacing n with 72,
The electronic contribution to the thermal conductivity (x.) can be calculated

via Wiedemann-Franz law [13] from the electrical conductivity (o) or resistivity

(D) = o(D):
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K, :g(k—B] ol (5)

e

where &z is the Boltzmann constant, e is the electron charge, and 7'is the tem-
perature in K. We calculated electronic thermal conductivity using the n,, num-

ber of mobility electrons of Un and compared results with the experiment.

3. Results and Discussion

Here we adopted for UN the same parameters and norm-conserving pseudopo-
tentials: U.pbesol-n-nc.UPF and N.pbesol-nc.UPF from QE code as in our pre-
vious studies [5]. We assumed 5f, 6d', 7s* for U and 2s% 2p’ for N as the elec-
tronic configurations. The evaluated lattice constants for non-magnetic UN
(0.489 nm) and using this setup [5] agreed very well with the experimental value
of 0.489 [14].

3.1. Electrons’ Density of States and Electronic Heat Capacity

Using QE code, we previously performed [5] non-spin-polarized calculations to
evaluate the electronic structure of UN at the equilibrium lattice constants. In
addition, we used here the non-local hybrid exchange functional (B3LYP) [8] to
try to modify its electronic structure around Fermi energy as demonstrated be-
fore during an evaluation of the bandgap of ThO, [7]. However, there are no
pseudopotentials developed for B3LYP either for N or U atoms and the calcula-
tions are very computationally demanding. Therefore, we reduced the kinetic
energy cutoff for wave functions to 200 Ry (2721 eV) and used existing pseudo-
potentials for other functionals: N.blyp-hgh.UPF and the used above U.pbesol-
n-nc.UPF. Otherwise, we used a similar setup and the same lattice constants as
previously determined for PBEsol calculations [5].

In Figure 1(a) and Figure 1(b), we compare the electronic structure of UN
evaluated using a) PBEsol and b) B3LYP functionals. We present the evaluated
per formula unit (f.u.,: UN) total electronic density of states of UN (solid black
line) together with the projected partial electron densities of states (plotted with
0.1 eV energy step) of nitrogen: 2p (dashed-dot-dot blue line), and 2s (dashed-
long pink line) and for uranium: 6d (dark red dotted line) and 5f (dashed me-
dium green line) electron densities of states. The Fermi energy is indicated by
the grey dashed line. The integrated (with 0.01 eV energy step) total number of
electrons as a function of energy is indicated as dashed-dot red lines, with the
total number of electrons at Fermi energy: 11e. In both calculations (Figure 1(a)
and Figure 1(b)) 2p electrons of the N atom are located below 10 eV while 2s
electrons are located below 0 eV energy.

Similar to our previous results for thoria [7], we found that the non-local hy-
brid functional B3LYP pushed 5f electrons of U up and away from Fermi energy
(Figure 1(b)) when compared with our calculations using PBEsol in Figure 1(a).
This resulted in a lower density of states at Fermi energy (p(&r)) as the hybrid-

ized states of 6d and 5f U electrons also moved up just above it, as shown in Ta-
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ble 1, second row.

Our calculations predict a significant reduction of the electronic heat coeffi-
cient () for UN (B3LYP result), as shown in Table 1. It would be interesting to
examine an experimental evaluation although recently Parker ef al, using the
experimental fit [15] for ThN, also found y to be very small (0.001 J-mol-K™?).
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Figure 1. The calculated total (black solid line) electron densities of states of UN us-
ing (a) PBEsol functional and (b) non-local hybrid functional (B3LYP) are presented.
The projected partial electron densities of states of nitrogen 2p (dashed-dot-dot blue
line), and 2s (dashed-long, pink line) and for uranium: 6d (dark red dotted line) and

5f (dashed medium green line) electron densities of states are shown as indicated.

The dashed grey lines indicate the Fermi energy. The integrated total number of

electrons (left y axis) as a function of energy is indicated as dashed-dot red lines.

Table 1. The comparison of the calculated electron density of states at Fermi energy, the
electronic heat capacity coefficient, and Fermi Energy of UN using PBEsol and B3LYP

functionals.
Calc. QE UN UN
This work (PBEsol) (B3LYP)
pler) [electr./eV/FU] 7.472 0.253
y [J-mol -K?] 0.0176 0.0006
ErleV] 12.31 13.72
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3.2. Electronic Resistivity

We calculated phonons’ dispersion and the density of states as before [5] but
used a finer grid: 6 x 6 x 6. Next, using EPW code, we calculated the Eliashberg
transport coupling function: o, F(w) (Equation 55 in Ref. [10]) together with
the integrated electron-phonon strength (A1) as a function of frequency (w) using
Equation (3). In Figure 2, we present the results by a dashed red line and
dashed-dot blue line, respectively. The integration was done on a 48 x 48 x 48
homogeneous k-point mesh and a 48 x 48 x 48 homogeneous q-point mesh with
Gaussian smearing of 100 meV for the electrons, and 0.1 meV for the phonons.
The total integrated electron-phonon strength of 0.2472 only slightly increases
(0.2516) when 36 x 36 x 36 grids are used while the Eliashberg transport coupl-
ing function (indicated by a solid black line), which is presented here using 0.5
meV smearing, shows a more visible effect of grid change (Figure 2).

Next, we calculated the electrical resistivity of UN and the number of mobility
electrons using Equations (2) and (4), and the results are presented in Figure 3
and Figure 4. We used porosity-free experimental resistivity for UN by Hayes et
al [16]. We note that both the resistivity and the evaluated number of mobility
electrons are not much affected by a change in the grid. The averages over a
number of mobility electrons in the temperature range 300 K - 1000 K are
slightly higher for the finer grid (2. 0.343 e versus 0.337 e). We found that Zi-
man’s formula (Equation (2)) predicts a stronger decrease of resistivity for de-
creasing temperatures than experiment when assuming that the number of mo-
bility electrons is constant and equal to 1., as indicated in Figure 3. To repro-
duce the experimentally observed temperature dependence of the resistivity of
UN as presented in Figure 3 (black solid line), a variable with a tempera-

ture-dependent number of electrons was needed, as evaluated in Figure 4.

0.3 0.4
E ——— UN, a * (o), 36x36x36 grid g
31 = == UN, A (0.2516, for 0.1 meV smearing) g’
IS
2 ====UN, a2 (), 48x48x48 grid Loz @
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10 20 30 40 50 60

Frequency [meV]

Figure 2. The calculated Eliashberg transport coupling function for UN: «F (w)

together with the integrated electron-phonon strength (1) as a function of fre-
quency () using the same homogeneous grid for k-point and q-point meshes: 48
x 48 x 48 is shown by dashed red line while for the 36 x 36 x 36 grid a solid black
line is used. The respective integrated electron-phonon strengths (right y axis) are
indicated by the dashed-dot blue line and dashed long black line, respectively.
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Figure 3. The calculated electrical resistivity of UN using Equation (2) for two gr-
ids as indicated and a constant number of mobility electrons (72.,): 0.343 e and
0.337, respectively, versus experimental correlations [16] are shown, as indicated.
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Figure 4. The evaluated temperature dependence of the number of mobility elec-
trons of UN as a function of temperature, which reproduces the experimental re-
sistivity [16] for Ziman’s formula (Equation (2)).

3.3. Thermal Conductivity

In Figure 5, the electronic thermal conductivity of UN, as calculated from the
experimental resistivity of UN [16], via Wiedemann-Franz law [13] Equation
(5), is shown by a solid black line.

We also calculated the electronic thermal conductivity of UN, using Equation
(5) and the calculated resistivity shown in Figure 3 for the constant number of
mobility electrons (11,,): 0.343 e and 0.337 e, respectively. They are indicated by
the dashed red line and vertical, black marks, respectively.

It can be noted that the derived thermal conductivity for the assumed constant
number of mobility electrons is almost independent of temperature and behaves
similarly to that studied by us for Al [6]. Therefore, to reproduce the experimen-

tally observed strong temperature dependence (indicated by black, solid line) of
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Figure 5. The calculated electronic thermal conductivities of UN, using Equation (5) and
the calculated (presented above in Figure 3) resistivity for the constant number of mobil-
ity electrons (12.r): 0.343 e and 0.337 e are indicated by dashed red line and vertical, black
marks, respectively. The black solid line represents the electronic thermal conductivity
calculated from the experimental resistivity [16] and Equation (5) or alternatively using
Equation (2) with the derived number of mobility electrons shown in Figure 4.

the electronic thermal conductivity of UN it is necessary to use the number of
mobility electrons that increase with the increasing temperature, as presented in
Figure 4. Further experimental investigation of the number of mobility electrons

in UN as a function of temperature is of interest.

4. Summary

We have investigated the electronic heat capacity, thermal conductivity, and re-
sistivity of UN using Quantum Espresso and EPW code. GGA, PBEsol function-
al, and non-local hybrid functional (B3LYP) were implemented. The calculated
electronic heat coefficient was found to be significantly reduced (0.0176 J-mol*-K—
versus 0.0006 J-mol™-K2) when the non-local hybrid functional (B3LYP) was
used.

Furthermore, we found that the calculated electrical resistivity using Ziman’s
formula for metals with the Eliashberg transport coupling function as imple-
mented in EPW code for non-spin-polarized calculations, would only reproduce
the experimental results for UN when the derived number of mobility electrons,
which increases with increasing temperature, was used. This also applies to the
evaluated electronic thermal conductivity, which for any assumed constant
number of carriers in UN would be not increasing with the increasing tempera-

ture but would remain almost independent of temperature, like Al for example.
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