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Abstract 
Recently, we demonstrated that the electronic thermal conductivity of UN can 
be predicted from first principles, in good agreement with experimental meas-
urements. Furthermore, we found that by implementing Hubbard U (HU) or 
spin orbit (SOC) corrections and antiferromagnetic (AFM) ordering was nec-
essary to increase electrical resistivity and reduce the previously overpredicted 
electronic thermal conductivity for non-magnetic UN. We found that calcu-
lated electronic thermal conductivity for 3k noncollinear (NCL) magnetism in 
UN was underpredicted with and without SOC correction. Additionally, ther-
momechanical properties were presented at finite temperatures as calculated 
using quasi-harmonic approximation (QHA) within Density Functional The-
ory (DFT). 
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1. Introduction 

Metallic ceramic fuels, for example, UN, are very interesting materials as their 
thermal conductivity remains high even at very high temperatures due to signifi-
cant electronic heat transport [1]. U-density (34.2 atoms/nm3) in UN is higher 
than in UO2 (24.47 atoms/nm3); therefore, it is more economical and suitable for 
implementation as a lower enrichment (LEU) fuel. They are important because 
urania fuel, which is used in conventional nuclear reactors, is not the optimum 
option for some designs of new-generation reactors due to its low thermal con-
ductivity [2].  

There have been many fewer investigations of UN than UO2, since Uranium 
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was used in conventional nuclear reactors. However, due to the presence of U 
atoms in both compounds, similar techniques can be used. In particular, Hubbard 
U is widely used with various implementations [3] [4]. Lichtenstein et al.’s up-
dated implementation has also been successfully used for UO2 with 3k noncollin-
ear magnetism, as described in detail [4] [5]. We use HU in the rotationally or-
bital-invariant implementation, (Dudarev et al. [4]). It has been found previously 
[6] that the results of the energy of formation of defects and band gaps of UO2 
with the HU implementation were inconsistent due to the presence of multiple 
metastable states. Although the energetics of the system may be significantly af-
fected by metastable states, the structural parameters remain nearly unchanged 
[6].  

These metastable states originate from different ways of filling the seven 5f lev-
els of U with two electrons [6], which can be trapped there. The occupation matrix 
control code (OMC) [7] is now widely used to select states during several initial 
iterations to avoid trapping in a metastable state. Although this method still does 
not provide exact energetics due to spin orbit (SOC) corrections being neglected, 
it leads to consistency between various calculations [6]. It has been reviewed re-
cently [8] that while OMC can perhaps reach the true ground state of bulk mate-
rials more reliably, the U-ramping method is more popular for the calculation of 
defects. Furthermore, in UO2, the increased number of degrees of freedom [8] and 
additional splitting (Dr. S. L. Dudarev’s private communication) when SOC cor-
rection is implemented reduce the possibility of falling into a metastable state. 
Therefore, unless specified, it can be assumed that SOC correction is enough to 
achieve the ground state without applying OMC [8], and we implemented them 
here for comparison. 

2. Methodology 

The new electron-phonon physics from first principles code Electron-Phonon 
coupling using Wannier functions (EPW, v. 5.4) code [9], as implemented in 
Quantum Espresso (QE, v. 6.8) code [10] based on density-functional theory 
(DFT), predicts electronic-thermal conductivity for thorium mononitride and 
thorium carbide in agreement with experiment. However, the current version 
of the EPW code for non-magnetic solids overestimates the electronic thermal 
conductivity of UN and underestimates resistivity [11]. Therefore, recently, 
we evaluated the relaxation time for UN from the EPW code and implemented 
it into the new BolTztrap2 code [12] combined with the VASP code [13], which 
allowed us, to calculate the electronic transport of magnetic UN with the ad-
ditional implementation of Hubbard U [4] solely from first principles [11]. 

The absolute value of the electrons’ relaxation time (τ800 = 6.70 × 10−15 s) was 
evaluated using non-magnetic thermal electronic conductivity calculated at 800 K 
temperature from the BoltzTraP2 code (in relaxation time units: 4.08677 × 1015 
W·m−1·K−1·s−1) and calculated from solving the Boltzmann transport equation 
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(BTE) implemented in the EPW code (27.39717 W·m−1·K−1) at the same tempera-
ture [11]. We adapted the scattering rate determined earlier (using the EPW code), 
increasing linearly with temperature (dsR/dT = 1.23373 × 1011 s−1·K−1), for the se-
lected 6, 7 bands within the kBT energy range around the Fermi Energy ([14], Fig. 
7). The derived correlation for electrons’ relaxation time (τT) as a function of tem-
perature is [11]: 

 ( )( ) ( )( )1 11 14 11
800 800 d d 1 4917 10 800 1 23373 10T RT s T . T .τ τ

− −−= + − = × + − ×  (1) 

We assumed that the derived electrons’ relaxation time (Equation (1)) for 
non-magnetic (NM) UN is the same for the previously studied ferromagnetic 
(FM) and antiferromagnetic (AFM) UN. The same electrons’ relaxation time 
was used in this study for the noncollinear (NCL) magnetic structure with and 
without SOC incorporated to investigate electronic thermal conductivity. How-
ever, it is important to expand EPW code to include magnetic cases to verify this 
assumption. 

We used DFT + Hubbard U in the rotationally orbital-invariant implementa-
tion to develop the correlation (R2 = 0.99) between band gap and Hubbard U (in 
eV) in UO2 [15]: 

 20.0109 0.5268G U U= +  (2) 

Furthermore, we found [15] that Hubbard U of 3.5 eV reproduced the experi-
mentally measured band gap of ~2 eV in UO2, and therefore we used this value 
for UN for a material-transferability assumption. Similarly, Dudarev et al. [5] 
found the value of HU = 3.46 eV computed fully by ab initio that delivers the band 
gap of 2.11 eV in UO2. HU = 3.46 eV was used in recent studies of noncollinear 
3k-type antiferromagnetic UN by Li et al. [16]. It has also been noted that in the 
literature multiple values of HU in the range from 1.0 eV - 5.0 eV were employed 
for UO2 and UN. We find that various HU values are required to reproduce the 
respective properties. 

The generalized gradient approximation (GGA) of Perdew, Burke [17], and 
Dudarev Hubbard U [4], the rotationally orbital-invariant implementation in the 
VASP code (option 2) [13], was used. Density functional method (DFT) was used 
here with the most recent (version 64) generalized gradient approximation (GGA) 
potentials [17] that are based on the projector-augmented-wave method projec-
tor-augmented-wave (PAW) as implemented in VASP code [13]. The energy cut-
off for the plane-wave basis was set to 500 eV. 

Furthermore, we explored the lattice constant, bulk modulus and its derivative 
over pressure, and the thermal expansion of UN at non-zero temperatures using 
the quasi-harmonic approximation (QHA) implemented in Phonopy combined 
with VASP [18] [19]. The accurate calculations of energy versus volume with a 
fine grid of (12, 12, 12) k points were required to resemble a parabolic fit for the 
energy versus volume relation (e-v.dat file). The properties of AFM UN with and 
without HU and SOC corrections versus UN with noncollinear magnetic ordering 
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with and without spin-orbit correction included were compared. 
The thermal expansion is studied using various definitions, and here we use the 

linear thermal expansion coefficient (α) equal to one-third of the volume thermal 
expansion evaluated in Phonopy: 

 1 d da a Tα −=  (3) 

which is defined for QHA for temperatures 0 ≤ T ≤ 1000 K. The temperature step 
is set to 50 K with α = 0 K−1 at 0 K. 

Additionally, we present comparison between mean coefficient of linear ther-
mal expansion (MCTE, T0 = 303 K) and extrapolated α calculated from experi-
mentally measured lattice constant Equation (3) of UN in oxidative tempera-
ture: 

 
( )

0

0 0

a a
MCTE

a T T
−

=
−

 (4) 

The elastic constants were evaluated using the elastic code [20] (Release v5.1.0-
14-g6596fd4) with a command option and adapted for a high-performance batch 
submission script posted on our research web page. 

TM, melting point temperature, was calculated using an empirical correlation: 

 11553 5.91mT C= +  (5) 

3. Results 

In Table 1 and Table 2, we summarise our results calculated using the methodol-
ogy described in Section 2. The initial magnetic moment was set to 1 μB along z 
direction for 1 k antiferromagnetic (AFM) state and 0.5 along respective x, y, z 
coordinates for noncolinear (NCL) magnetism in UN. 

In Table 1, lattice constant (forced a = c), electrical resistivity (ρ), and conduc-
tivity (κe) are listed as calculated at 300 K (row 3 - 8) versus experimental results 
listed in row one. In the last three column spin, orbital and total moments are listed 
versus experimental magnetic moment measured below the Neel temperature [21] 
listed in row two. The calculated Ms values are larger than the shown value of 0.75 
µB, but smaller than the value evaluated from the susceptibility effective moment 
(2.8 µB). 

We found that employing both SOC and HU correction leads to unphysically 
high resistivity therefore we do not include these results as further investigation is 
required. The initial diagonal occupation matrix was set by VASP automatically 
the same for AFM with SOC or HU correction included. 

In Table 2, we compare experimental values of single-crystal elastic constants 
(Cij) [17] (listed in the second row) versus those calculated using VASP [13] and the 
elastic code [20]. We found a reasonably good agreement for GGA/PBE calculations 
for NM and AFM UN. However, for AFM and NCL cases, using GGA/PBE with 
HU or SOC correction incorporated, C11 elastic constants were underestimated. 
Note that we managed by enhancing accuracy to fix incorrect elastic constants for 
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AFM UN, GGA + HU [11], which are corrected in Table 2, row five. We present 
here the C11 elastic constant, which is reduced by the HU = 3.5 eV or SOC correc-
tion implementation for AFM UN or NCL UN. 

 
Table 1. The calculated at 300 K versus experimental values of lattice constants (a, c) elec-
trical resistivity (ρ), thermal electronic conductivity (κe), and at 0 K, the value of spin-in-
duced magnetic moment (Ms) and orbital moment (ML), MT =MS + ML, per U atom in UN 
cell or in the bracket magnetic moment of 5f electrons per U in various magnetic states 
(NM—non-magnetic, 1k AFM—antiferromagnetic, 3k NCL - noncolinear) of UN. The 
GGA/PBE functional was used except where indicated incorporation of GGA with HU = 
3.5 eV or SOC correction. The listed experimental references are in order as presented val-
ues in row 2.  

UN magnetic state a/c [nm] ρ [Ωm] κe [W·m−1·K−1] M/s [μB] M/l [μB] M/T [μB] 

Experiment [21]-[23] 0.4889 1.46 × 10−6 5.03   0.75 

NM 0.4853 4.68 × 10−7 15.66 0 0 0 

AFM 0.4860 6.34 × 10−7 11.56 (0.94) 0 (0.94) 

AFM (HU: 3.5 eV) 0.4960 8.95 × 10−7 8.19 (1.28)  (1.28) 

AFM (SOC) 0.4878 1.19 × 10−6 6.19 0.86 −0.95 −0.09 

NCL 0.4880 2.77 × 10−6 2.65 1.09  1.09 

NCL (SOC) 0.4883 2.80 × 10−6 2.62 1.02 −1.47 −0.46 

 
Table 2. Calculated versus experimental values of single-crystal elastic constants (Cij) at 0 K. The 
shown melting point Tm is calculated from C11 using Equation (5). Calculated via DFT/QHA bulk 
modulus (BM), its derivative over pressure (BM'), and linear thermal expansion coefficients at 300 K 
are shown in the last column.  

UN magnetic state 
C11  
[GPa] 

C12  
[GPa] 

C44  
[GPa] 

TM {K} 
BM (300 K)  
[GPa] 

BM’  
(300 K) 

α (300 K) 
[10−6 K−1] 

Exp. [21] [22] [24] 423.9 98.1 75.7 2923 ± 100 203205.9 6.30 7.5210 

NM 430.8 132.4 42.3 3099 228.8 4.28 4.4224 

AFM 408.7 126.8 50.4 2968 209.6 4.78 4.4224 

AFM (HU: 3.5 eV) 339.4 95.4 63.05 2559 170.4 5.11 6.5664 

AFM (SOC) 372.0 118.6 49.4 2751 195.9 4.58 5.1303 

NCL 369.2 130.6 50.23 2735 209.0 4.62 4.9015 

NCL (SOC) 375.9 113.8 55.47 2775 194.2 4.44 4.9015 

 
TM, melting point temperature, was calculated using empirical correlation 

(Equation (5)). 
The shown in Table 2 experimental value for the linear thermal expansion co-

efficient (α) was derived using Equation (3) and the published correlation for a 
lattice constant of UN as a function of temperature [24]. Interestingly, we get the 
best agreement with experiment for BM’ and α using GGA + HU equal 3.5 eV, 
while bulk modulus (BM) is in the best agreement with experiment for GGA with-
out HU and SOC corrections. 
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3.1. Resistivity 

In Figure 1 we compare experimental resistivity [24] versus electrical resistivity 
calculated by combined BltzTrap2/VASP codes with relaxation time evaluated by 
Equation (1). The results for NM, 1k AFM and 3k NCL UN with GGA and with 
and without HU and SOC correction incorporated are shown as indicated. The 
best agreement with experiment, indicated by the black open circle, is for 1k AFM 
UN resistivity calculated using GGA with HU equal to 3.5 eV or SOC corrections 
(solid dark red circles) incorporated. The presence of NCL magnetism signifi-
cantly increases resistivity, while the results for NM UN underestimate it as can 
be compared in Figure 1. 
 

 
Figure 1. The comparison of the experimental electrical resistivity of UN (indicated by the 
open black circles) [24] against the calculated values using BoltzTrap2 code with electrons’ 
relaxation time evaluated from Equation (1). The evaluated resistivity for GGA calculations 
for NM UN is indicated by a black short-dashed line, and a dashed dot black line for AFM 
UN. GGA + HU results are displayed by a solid dark blue line. NCL UN case is indicated 
by a long-dashed red line for GGA calculations and for GGA with SOC correction by a 
green dashed medium line. 

3.2. Conductivity 

In Figure 2, the respective results are shown for electronic thermal conductivity 
calculated using the Wiedemann-Franz law as described before [e.g. 11] and 
listed in Figure 1 resistivity. Universal Sommerfeld Lorenz number was used, 
which is widely used for modeling nuclear fuel at operating conditions and re-
liable for 5f electrons at these higher temperatures. The same respective display 
as for ρ is used. We compare these results with the previously presented [11] κe 
and obtained using the EPW code (dashed-dot-dot black line) and previous es-
timates by Czekała et al. [25] and Yin et al. [26] and indicated by solid triangles 
up and down, respectively. Surprisingly, our new calculations for AFM UN cal-
culated using GGA with SOC correction included (displayed by dark solid red 
circles) agree even better with the previous evaluations [25] [26] than when the 
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HU = 3.5 eV correction (indicated by a solid dark blue line) is included. NCL 
UN case with and without SOC correction underestimates thermal conductivity. 
The combined calculations with both HU and SOC corrections included are not 
included due to observed significant overestimate of resistivity and therefore 
reduction of electronic thermal conductivity, respectively. Further investigation 
is required. All results calculated with the relaxation time calculated using Equa-
tion (1) and combined BoltzTrap2/VASP codes show correctly increasing κe with 
temperature, which is in contrast to the decrease in κe at lower temperature when 
using the EPW code for NM UN and indicated by the dashed-dot-dot black line. 
The results are very consistent between having implemented HU or SOC correc-
tion. 
 

 
Figure 2. The electronic thermal conductivity (κe) of UN calculated previously and indi-
cated by triangle down [26] and up [25] are compared with the calculated using the relaxation 
time obtained from Equation (1) and combined BoltzTrap2/VASP codes using GGA/PBE 
calculations for UN: AFM, GGA = HU 3.5 eV (solid dark blue line), AFM GGA + SOC (dark 
red circles), NM (short-dashed black line) AFM (dashed-dot black line) and NCL magnetism 
with SOC correction (medium-dashed green line) and without correction (long-dashed red 
line). The previously listed EPW calculations [11] for NM UN are shown by dashed-dot-
dot black line. 

3.3. Thermal Expansion 

In Figure 3, the obtained from Equation (3) linear thermal expansion (α) and the 
respective experimental correlation [24] for a is presented by open black circles to 
compare with the calculated results using QHA within DFT [13] [18] [19] for 
temperatures 0 ≤ T ≤ 1000 K: It can be noted that within GGA/PBE DFT only 
when implementing HU = 3.5 eV correction we get good agreement with experi-
ment. Without this large HU implementation, linear thermal expansion is under-

https://doi.org/10.4236/jmp.2026.178042


B. Szpunar, S. L. Dudarev 
 

 

DOI: 10.4236/jmp.2026.178042 947 Journal of Modern Physics 
 

estimated. 
The included in Figure 3 MCTE (green spheres) was calculated using Equation 

(4) with T0 temperature set to 303 K and measured lattice constants for UN [27] 
We also included α (grey triangles up) calculated from the provided parabolic cor-
relation for a [27], which coincide with MCTE at T0 temperature. These results 
are much higher due to being measured in oxidative condition as pointed by the 
authors. We extend the extrapolated correlation for α to zero temperature (alt-
hough not valid) and note that it is also much higher than the obtained values 
from DFT/QHA. 
 

 
Figure 3. The calculated linear thermal expansion (α) of NCL and AFM UN using 
GGA/PBE, GGA/PBE + HU = 3.5 eV and GGA/PBE-SOC as indicated in the legend. The 
experimentally measured α (Hayes et al. [24]) is indicated by black solid circles. MCTE 
(green spheres), calculated using Equation (4) with T0 temperature set to 303 K and meas-
ured lattice constants for UN [27] together with α (grey triangles up) calculated (Equation 
(3)) up to 0 K temperature for UN in oxidative condition. 

 
We found that to reproduce thermal expansion, calculated using QHA/DFT 5th 

order polynomial fit (using seven significant figures in trendline) had to be used 
for the lattice constant as a function of temperature with R2 = 0.99999433. The 
respective derived equation for thermal expansion (α) is: 

(
)

17 4 13 3 10 2

7 6

17 5 13 4 10 3

7 2

5 3.7582125 10 4 1.2727522 10 3 1.6961513 10

       2 1.1846754 10 5.3854652 10

where  is :
3.7582125 10 1.2727522 10 1.6961513 10  

    1.1846754 10 5.385465

T T T

T a

a
a T T T

T

α − − −

− −

− −

−

= − × × + × × − × ×

+ × × − ×

= − × + × − ×

+ × − 62 10 4.8828758T−× +

(6) 

We used here the scaling factor γ = 0.980859 to reduce the overestimated lattice 
constant. This scaling factor does not affect thermal expansion but corrects in the 
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formula the lattice constant in agreement with the value at 300 K evaluated from 
experiment by Hayes et al. [24]. In Figure 4 one can compare that Equation (6) 
reproduces very well thermal expansion evaluated using QHA/DFT for UN cal-
culated using GGA + HU = 3.5 eV as implemented in VASP/Phonopy codes, 
with the exception of faster decrease to 0 K−1 at a temperature of 24 K instead 
of 0 K. However our calculations do not model magnetic phase transition at 
Neel temperature and therefore we can not make comparison for temperatures 
below 50 K. 

 

 
Figure 4. The comparison of thermal expansion calculated using QHA/DFT using GGA + 
HU = 3.5 eV (dashed dot red line) versus evaluated from polynomial fits to the respective 
lattice constants as a function of temperature plot. The following fits (done using seven 
significant figures in trendline label) in used temperature (T) order are shown as indicated: 
second order (black circles, R2 = 0.99799604); third order (green square, R2 = 0.99966980); 
fourth order (dark grey triangle down, R2 = 0.99997247) and fifth order (dark pink triangles 
up, R2 = 0.9999433). 

 
The fourth order fit (dark grey triangle down) is also in good agreement with 

the QHA/DFT result except at temperatures of 950 - 1000 K where thermal ex-
pansion is overestimated and additionally it goes to 0 K−1 at the temperature of 9 
K. The second and third order fit cannot reproduce QHA/DFT results as demon-
strated in Figure 4. 

3.4. Bulk Modulus 

In Figure 5, the calculated bulk modulus (BM) using QHA within DFT [13] [18] 
[19] for temperatures 0 ≤ T ≤ 1000 K is shown as indicated. In contrast to pre-
viously discussed results, where BM is underestimated with HU correction im-
plemented, we get good agreement with experiment [21] [22] for NCL (long 
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dashed red line) and AFM UN (black squares) without HU or SOC correction 
incorporated. 

 

 
Figure 5. The calculated bulk modulus (BM) of nonmagnetic (NM), antiferromagnetic 
(AFM), and noncollinear (NCL) magnetism in UN using GGA/PBE, GGA/PBE + HU = 
3.5 eV and GGA/PBE-SOC as indicated in the legend. The experimentally measured BM 
(Olsen et al., [22], Salleh et al., [21]) are indicated respectively by a red sphere and green 
triangle up. 

4. Summary and Conclusions 

An extended exploration of the properties of UN has been performed using den-
sity functional theory as implemented in the VASP [13] code and combined with 
BoltzTrap2 [12] and Phonopy [18] [19] codes. 

We found that there is no unique approach within DFT calculations of all prop-
erties of UN, which would lead to the best fit with experiment. The best setup 
depends on the target property. 

We have shown that the electronic resistivity and electronic thermal conduc-
tivity of the UN can be predicted from first principles in good agreement with the 
experiment for 1k AFM UN using GGA/PBE with either SOC or HU = 3.5 eV 
correction incorporated (Table 1 and Figure 1, Figure 2). It is not surprising that 
both corrections produced similar results, as they act similarly by splitting free 
electronic states of DFT into seven 5f orbitals of U atoms, which increases resis-
tivity. The same relaxation time was used that was developed previously for non-
magnetic case using EPW code. Furthermore, we note that, in the other ap-
proaches or when using NM or NCL magnetism, overprediction or underpredic-
tion of results occurs when comparing with experiment. In particular HU + SOC 
case for AFM UN was excluded due to significantly overestimated resistivity and 
therefore reduced electronic thermal conductivity, respectively While the lattice 
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constant and BM are predicted in good agreement with experiment without HU 
correction (Table 1, Table 2, Figure 5), the respective thermal expansion and BM’ 
are significantly underestimated unless HU = 3.5 eV correction is incorporated 
(Table 2, Figure 3). NM UN with the underestimated lattice constant shows the 
highest BM (Table 2). Both AFM and NCL UN reproduce well experimental BM 
(Table 2) without SOC correction, but lattice constants are in better agreement 
with experiment with SOC correction included. 
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