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Abstract
Computing vibrational properties of crystals in the presence of complex defects often
necessitates the use of (semi-)empirical potentials, which are typically not well characterized
for perfect crystals. Here we explore the efficacy of a commonly used embedded-atom
empirical interatomic potential for the UxTh1−xO2 system, to compute phonon dispersion,
lifetime, and branch specific thermal conductivity. Our approach for ThO2 involves using
lattice dynamics and the linearized Boltzmann transport equation to calculate phonon transport
properties based on second and third order force constants derived from the empirical potential
and from first-principles calculations. For UO2, to circumvent the accuracy issues associated
with first-principles treatments of strong electronic correlations, we compare results derived
from the empirical interatomic potential to previous experimental results. It is found that the
empirical potential can reasonably capture the dispersion of acoustic branches, but exhibits
significant discrepancies for the optical branches, leading to overestimation of phonon lifetime
and thermal conductivity. The branch specific conductivity also differs significantly with either
first-principles based results (ThO2) or experimental measurements (UO2). These findings
suggest that the empirical potential needs to be further optimized for robust prediction of
thermal conductivity both in perfect crystals and in the presence of complex defects.
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1. Introduction

First-principles based modeling of phonon mediated thermal
transport using density functional theory (DFT) and the lin-
earized Boltzmann transport equation (LBTE) is a powerful
approach for predicting thermal conductivity of crystalline
materials [1–5], but it remains too computationally expen-
sive to model crystals with nontrivial defects. Given the much
smaller computational cost, molecular dynamics based on
empirical interatomic potentials (EIP) provides a path for-
ward for studying thermal transport in the presence of complex
defects. Illustrative examples include using the Tersoff poten-
tial to examine the influence of vacancy defects on thermal
transport in silicon [6], investigating the effect of pores and
He bubbles on the thermal transport properties of UO2 using a
composite EIP involving the Leonard-Jones and Buckingham
potentials [7], and using the Busker potential to examine the
effects of edge dislocations on thermal transport in UO2 [8].

EIPs are typically trained on data that involves thermo-
physical properties such as thermal expansion and specific
heat, which are obtained by averaging over the phonons and
their interactions. Moreover, these EIPs, and sometimes more
advanced machine learning based potentials [9], are widely
utilized to model thermal transport without carefully charac-
terizing the vibrational properties of perfect crystals [10–12].
While this training (benchmarking) approach is a good first
step, it can lead to scenarios where multiple errors cancel
resulting in unfounded confidence in the fidelity of the poten-
tial. Another benchmarking approach for EIP involves directly
comparing interatomic force constants (IFCs) derived from the
EIP to those obtained from first principal calculations. A con-
cern with this approach is that there are far fewer free param-
eters in the EIP functional formalism than there are unique
IFCs, especially third-order IFCs (3IFCs). While it may be
argued that only a small subset of 3IFCs are important in deriv-
ing thermal transport properties, prediction unencumbered by
reduction is desired as it can be compared to measurement
with confidence. To directly assess an EIP in the context of
thermal transport, one may benchmark EIPs by comparing the
prediction of phonon dispersion and lifetime, as well as branch
specific conductivity contributions to either experimental mea-
surements or first-principles calculations. Indeed, elements of
this approach have recently appeared in the literature for highly
characterized materials, such as silicon or gallium nitride [13].
However, significant technological gaps remain for extending
this method to more exotic materials that either currently pre-
clude accurate first-principle descriptions or that are difficult
to precisely synthesize and/or characterize.

The chemically complex UxTh1−xO2 system provides an
illustrative example in this regard. For the entire composi-
tional spectrum, the phonon properties of this system are a
challenge to measure primarily due to the difficulty in grow-
ing large single crystal samples suitable for inelastic neu-
tron scattering (INS) measurements. On the uranium-rich side
of composition, strong electron correlation effects invalidate
conventional first-principles calculations [14]. From this per-
spective, we consider the efficacy of a popular many-body
EIP, developed by Cooper et al [15]. This potential (referred

to as CRG) uses the embedded-atom method [16], which
incorporates the pair-wise interactions and many-body inter-
actions, with a total of 16 fitting parameters for both ThO2 and
UO2 systems. These parameters are optimized to reproduce
the lattice parameter, the elastic constants, and the thermal
expansion coefficient [15]. It exhibits a good reproduction of
thermomechanical properties as a function of temperature and
composition. It has been extensively used across the chemi-
cal compositions from ThO2 to UO2 to study thermal trans-
port [10], mass transport [17, 18], radiation damage and defect
properties [19, 20]. Further application will involve using this
potential to investigate the impact of radiation-induced defects
on thermal transport, which has been actively pursued experi-
mentally (e.g., [21–24]). However, a prudent first step should
involve testing the efficacy of this potential beyond predicting
properties that are obtained by averaging over the phonons and
their interactions.

Towards this end, we carefully investigate the phonon
structure predicted using this potential—comparing with both
detailed experimental results and first-principles calculations.
For ThO2, we use the second- and third-derivatives of the
CRG potential to compute the phonons, phonon linewidths,
and the thermal transport within the LBTE, and we make
one-to-one comparisons with first-principles calculations and
experiments. We find suitable agreement in the phonon disper-
sion for the acoustic branches, while the highest energy optical
branches show considerable disagreement. Additionally, the
branch specific contribution to thermal conductivity obtained
using the two computation methods exhibits disagreement,
most notably for the transverse acoustic (TA) modes. These
differences are explored by comparing IFCs and the phonon
scattering phase space. For UO2, because a first-principles
treatment remains elusive due to strong electron correlations,
we compare results using the CRG potential to the phonon dis-
persion curves obtained previously using INS. The disagree-
ment in the overall thermal conductivity and the branch spe-
cific conductivity is considered in relation to differences in
phonon dispersion and lifetime.

2. Methods

For ThO2, we obtain the second-order IFCs (2IFCs) and
3IFCs from the CRG potential and DFT based on the frozen
phonon (or small displacement) method. For UO2, as DFT
has accuracy issues associated with strong electron corre-
lations, only the CRG approach is performed. The forces
from the EIP for the displaced supercells are calculated
with the LAMMPS package [25]. For DFT, it is as imple-
mented in VASP [26] using the projected augmented wave
method [27], and the local density approximation is used
to describe the electronic exchange-correlation. The valence
electrons for Th and O are 12 and 6, respectively. The con-
ventional cubic unit cell with 12 atoms is fully relaxed,
and is used to build supercells. The relaxed lattice constants
are DFT-ThO2: 5.529 Å, CRG-ThO2: 5.580 Å, and CRG-
UO2: 5.454 Å, respectively. Supercells consisting of 3 × 3 × 3
multiples of conventional unit cells (324 atoms) are gener-
ated for 2IFCs calculation (convergence of phonon dispersion
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Figure 1. Comparison of dispersion curve and DOS in ThO2 from DFT-FC and CRG-FC. The experimental measurements [36] (blue
squares) are overlapped for comparison. The right figures demonstrate the unit cell structure and the Brillouin zone high symmetry
directions.

was tested with respect to supercell sizes). For 3IFCs,
supercells consisting of 2 × 2 × 2 multiples of unit cells
(96 atoms) are used. The displacement step is set to be 0.03 Å
for force evaluation. For the DFT calculations, we used a
plane-wave cutoff energy of 650 eV, convergence criterion
1.0 × 10−8 eV in energy, and Monkhorst–Pack k-point grid
of 5 × 5 × 5 for 2 × 2 × 2 supercells, and 3 × 3 × 3 grid for
3 × 3 × 3 supercells. The input scripts containing all the rele-
vant settings for the two force calculators are provided in our
data repository [28].

Phonopy/phono3py [29, 30] is used to extract IFCs from
the EIP and DFT calculations, in addition to predicting dis-
persion curves and transport properties. The thermal conduc-
tivity is calculated using LBTE under the relaxation time
approximation (RTA) [31],

κL =
1

NV0

∑
λ

Cλvλ ⊗ vλτλ (1)

where N is the number of unit cells in the system and V0 is
the volume of the unit cell. λ denotes the phonon mode as a
combination of wave vector and branch index. Cλ is the mode
heat capacity, vλ is the phonon group velocity, and τλ is the
phonon relaxation time approximated as the lifetime, which is

the inverse of phonon linewidth [30]. To account for the non-
analytical contribution from macro-electric field induced by
atomic vibrations [32], the Born effective charge and dielec-
tric constants are included for both approaches. It should be
noted that, here we only present the RTA approach as it was
demonstrated that the RTA and the full iterative solution of
LBTE show very small differences for ThO2 above room tem-
perature [33]. Furthermore, we found that the conductivity val-
ues between the RTA and the direct solution of LBTE [34]
as implemented in phono3py [30] are similar. Hence, RTA
is adopted throughout this work for computational efficiency
and easy interpretation. The convergence with respect to the
sampling mesh density in the Brillouin zone was tested [see
figure S1 (https://stacks.iop.org/JPCM/33/275402/mmedia) in
supplementary materials], and the 45 × 45 × 45 mesh grid is
used for reporting all the results. The branch specific thermal
conductivity is calculated considering all sampling points in
the Brillouin zone. This is achieved by projecting the rotated
eigenvectors for a general wave vector q (rotation in accor-
dance with the relation between q and qref (→ 0)) to the branch
eigenvectors for qref near the Γ point, and then applying
weighting factors to the basic phonon branches near the Γ
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point (see reference [35] for theoretical formulations). To ease
annotation, results obtained using IFCs from DFT calculations
will be denoted DFT-FC and results using IFCs from the CRG
potential will be denoted CRG-FC.

3. Results

3.1. ThO2

First, we compare the dispersion curves and density of states
(DOS) in ThO2 for which reliable experimental data exists [36]
(figure 1). There are three atoms in the primitive cell, lead-
ing to nine branches (three acoustic and six optical branches)
with varying degeneracy in the transverse modes across the
high-symmetry directions (Γ–X [ξ00], Γ–K [ξξ0], and Γ–L
[ξξξ]). The dispersion of acoustic branches using DFT-FC and
CRG-FC are comparable to recent INS measurements [36] that
are reproduced in figure 1. As a result, the DOS below 5.7 THz,
corresponding to the acoustic branches, are similar, though
there are detectable differences.

The optical branches from DFT-FC agree well with exper-
iment, however, a large discrepancy exists for CRG-FC opti-
cal branches. The CRG-FC optical branches exhibit notably
larger dispersion, consequently, the DOS lacks well-defined
peaks associated with zone boundaries. There are three zone-
center frequencies for the optical branches, corresponding to
a doubly degenerate TO branch, a triply degenerate Raman-
active branch, and a non-degenerate LO branch, respectively
[37, 38]. The optical branch zone-center frequencies are [7.9,
13.1, 16.7], [9.8, 15.6, 12.6], and [8.5, 13.7, 17.7] THz for
DFT-FC, CRG-FC, and experiment [36], respectively. The
LO–TO splitting from the non-analytical term in the CRG-
FC approach is much smaller than that from the DFT-FC
approach: ZTh = 5.404 (2.2208), ZO = 2.702 (1.1104), where
value before (in) the parenthesis is from DFT (CRG). Com-
parison with/without inclusion of the non-analytical term is
provided in the supplementary materials (figures S2 and S3).
Notably, a band gap between acoustical and optical branches
exists in CRG-FC from 5.7 to 6.6 THz, while there is no gap
in DFT-FC.

In figure 2(a), values of κL obtained from DFT-FC, CRG-
FC, and experiment (EXP) are compared. The DFT-FC and
CRG-FC approaches only consider three-phonon processes.
Thus, to avoid considering higher order phonon processes that
are captured experimentally at high temperatures, a narrow,
low temperature range was selected for this comparison. The
experimental results, from a previous study on single crystal
ThO2 [39] are included to provide additional perspective. The
CRG-FC approach systematically predicts the highest value
of κL, while DFT-FC provides good agreement with exper-
imental results at the low-temperature end, but gives lower
values as temperature increases. Since only three-phonon pro-
cesses are considered in the BTE model and samples used in
experiments always contain defects, it is expected the values
for conductivity derived using DFT-FC will be larger than the
values obtained experimentally. This discrepancy could relate
to multiple factors such as the accuracy in phonon lifetimes
(relating to 3IFCs, which are affected by the choice of the

Figure 2. (a) Thermal conductivity with respect to temperature in
ThO2 from DFT-FC, CRG-FC, and experiment (EXP) [39].
(b) Cumulative thermal conductivity vs phonon frequency from
DFT-FC and CRG-FC at 300 K. The arrows highlight the frequency
range with little contribution to conductivity. The inset indicates the
branch specific thermal conductivity.

exchange-correlation functional and simulation cell size), and
absence of quartic phonon interactions with thermal expan-
sion. With increasing temperature, CRG-FC indicates better
agreement with experiment. It is noted here that extrapolating
to 100% theoretical density and correcting for impurity con-
tent may move the experimental curve up, especially at low
temperatures [40].

Initial insights into factors contributing to the difference in
the calculated κL can be gained from the analysis of spectral
cumulative thermal conductivity κc

L, defined as,

κc
L(ω) =

∫ ω

0
κ(ω′)dω′

κ(ω) ≡ 1
NV0

∑
λ

Cλvλ ⊗ vλτλδ (ω − ωλ) . (2)

Figure 2(b) compares conductivity accumulation from DFT-
FC and CRG-FC at 300 K. Phonons with frequencies below
5 THz contribute the most in both methods. This frequency
range corresponds (figure 1) to acoustic branches. Dashed lines
highlight a frequency range with limited contribution to κL

due to low DOS and/or low group velocities. Conductivity
accumulation in DFT-FC reaches a maximum at 13 THz, sug-
gesting that modes above this frequency (mainly the TO2 and
LO2 modes) do not directly contribute to thermal transport.
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Figure 3. Phonon lifetime for TA, LA, and TO1 modes along Γ–X, Γ–K, and Γ–L from DFT-FC and CRG-FC for ThO2 at 300 K.

Figure 4. Dispersion curve and DOS in UO2 from CRG. The experimental measurements [41] (blue squares) are overlapped for
comparison. The dashed line is to guide view.

For CRG-FC, on the other hand, κc
L continues to increase up

until the highest phonon frequency at around 20 THz.
Further perspective is gained by considering the branch spe-

cific contribution to conductivity using the projection method
(see Methods section). In both cases, transport is dominated
by acoustic branches, however the impact of optical branches
is non-negligible. The ratios of optical branch contribution to
κL for DFT-FC and CRG-FC are 23% and 33%, respectively.
The difference in acoustic branch contribution is also notable:
the TA branch contribution is larger in CRG-FC than in DFT-
FC, while the trend is reversed for the LA branch. The phonon
lifetimes for the TA, LA, and TO1 branches along three high-
symmetry lines are plotted in figure 3. The TA lifetimes are
longer in CRG-FC, while DFT-FC leads to slightly longer life-
time phonons for LA and TO1 branches (see supplementary
materials figures S7 and S8 for the lifetimes of all modes, and
all lifetime vs frequency).

3.2. UO2

As the CRG potential was developed to cover a wide range
of actinide oxides, its capability to describe thermal transport
in UO2 can be similarly examined and compared with experi-
mental results from INS [41]. Here, we do not provide a com-
parison with DFT calculations, as it was shown by Pang et al
that DFT simulations for UO2 fail to accurately describe the
details of phonon transport [42]. Figure 4 compares the disper-
sion curve from CRG-FC with experimental data. The CRG-
FC results resemble those for ThO2: the acoustic branches
exhibit agreement, but the optical modes are pushed to higher
energies. The optical branches indicate three zone-center fre-
quencies 9.5, 16.2, and 12.3 THz, in contrast with experimen-
tal values 8.1, 13.1, and 17.2 THz from Pang et al [41]. The
insufficient LO–TO splitting is caused by underestimating the
Born effective charge in the CRG potential. Notably, the gap
between the acoustic and optical branches becomes minimal
compared with CRG-FC results for ThO2.
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Figure 5. (a) Thermal conductivity with respect to temperature in
UO2 from CRG and experiments (EXP-) [21, 43]. The dashed line is
modeling the conductivity without spin scattering using White
et al’s data. (b) Cumulative thermal conductivity vs phonon
frequency from CRG at 300 K. The arrow highlights the frequency
range with little contribution to conductivity. The inset indicates the
branch specific thermal conductivity from the experiment (EXP),
high-symmetry method (CRG-I), and project method (CRG-II).

The thermal conductivity from CRG-FC and the experi-
ments are compared in figure 5(a). CRG-FC exhibits con-
siderably higher conductivity values than experiments. This
discrepancy can be partially accounted for by considering
phonon-spin scattering (considered in more detail in the
next section) [43]. From the cumulative conductivity curve
(figure 5(b)), the optical modes contribute around 40% to the
total κL at 300 K. The inset shows the branch specific ther-
mal conductivity: EXP denotes experimental measurements
[41], CRG-I denotes the results calculated using only the high-
symmetry directions, and CRG-II includes contribution along
all directions. One can see the κL is larger by utilizing all the
sampling points in the Brillouin zone (11.5 vs 17.8 W (mK)−1).
Furthermore, the individual branch contributions to κL pre-
dicted by CRG-FC differ significantly from experimental
results, especially for LO1 where experiment reports a signif-
icant contribution to κL.

The phonon lifetimes τ using CRG-FC are compared to
the measured lifetimes in figure 6 (see supplementary mate-
rials figures S8 and S9 for the lifetimes of all modes, and all
lifetime vs frequency). The acoustic modes branches obtained
from CRG-FC indicate consistency with experimental values,
but large lifetimes are found as the wave vector approaches the

zone-center, which is not captured by the experimental mea-
surement. The lifetimes of acoustic phonons generally follow
a power law dependence on phonon frequencies, i.e., τ ∝ ν−n,
where n ≈ 1.8–2, consistent with the analysis based on Debye
approximation [44].

4. Discussion

In this section, we discuss the differences between prediction
based on CRG, DFT and experimental measurements in terms
of the 2IFCs and 3IFCs. This discussion is organized into three
sections. First, we provide some general discussion regarding
phonon dispersion and branch specific contributions to con-
ductivity that is applicable to the ThO2 and UO2 systems.
Second, we consider in more detail the discrepancy between
CRG-FC and DFT-FC for ThO2 in terms of scattering phase
space and phonon scattering strength. Third, for UO2 we dis-
cuss the discrepancy between CRG-FC prediction to experi-
mental measurements of thermal conductivity.

The dispersion curves are determined by the 2IFCs. The
CRG potential in general provides a reasonably good descrip-
tion of acoustic branch dispersion curves for both ThO2 and
UO2 (figures 1 and 4). This is expected considering that this
EIP was trained to reproduce elastic constants, which are
strongly related to low frequency acoustic branches. How-
ever, there is a notable disagreement with the optical branches.
From a thermal transport point of view this is important for
two reasons. First, in fluorite structures optical branches have
been shown to contribute significantly to thermal transport
[41]. Second, acoustic–optical phonon scattering is important
in limiting thermal transport. The role of 3IFCs and optical
branches is revealed when considering the branch specific con-
tribution to thermal conductivity. For ThO2, the larger con-
tribution of TA branches for CRG-FC vs DFT-FC (inset in
figure 2(b)) is attributed to longer phonon lifetimes (figure 3)
despite the fact that dispersion curves are comparable. For
ThO2, only the LA branch derived from CRG-FC has a smaller
contribution as compared with DFT-FC. This is due to shorter
lifetimes along Γ–K and Γ–L directions (figure 3) and notice-
ably lower energy at the zone boundaries along Γ–X direction
(figure 1). Similar observations for UO2 are not possible due to
the scarcity of experimental data across the Brillouin zone. For
ThO2 and UO2, CRG-FC prediction is consistent in terms of
suggesting that optical branches provide a notable contribution
to thermal conductivity. However, CRG appears to overesti-
mate the contribution of optical branches. This is attributed to
an apparent cancellation of errors where the large velocity of
the optical branches is offset by the short lifetimes predicted
using CRG-FC (figures 1 and 4). For ThO2, because the same
level of detail is accessible through the CRG-FC and DFT-FC
treatment, it is illustrative to compare individual elements that
determine the phonon lifetime.

The three-phonon scattering phase space and scattering
strength (based on the 3IFCs), determine the phonon lifetime.
The scattering phase space can be quantified via the joint den-
sity of states (JDOS) based on conservation of energy and
momentum [30]. The selection rules include two classes of
three-phonon scattering events, and the total JDOS D2 (q,ω)
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Figure 6. Phonon lifetime for each branch along Γ–X, Γ–K, and Γ–L from CRG and experiment [41] for UO2 at 300 K.

can be written as a sum of two terms,

D2 (q,ω) = D(1)
2 (q,ω) + D(2)

2 (q,ω) , (3)

where

D(1)
2 (q,ω) =

1
N

∑
λ′λ′′

Δ
(
−q + q′ + q′′)

× [δ (ω + ωλ′ − ωλ′′) + δ (ω − ωλ′ + ωλ′′ )]

(4)

D(2)
2 (q,ω) =

1
N

∑
λ′λ′′

Δ
(
−q + q′ + q′′)

× δ (ω − ωλ′ − ωλ′′) , (5)

where the first term corresponds to phonon reactions involving
two phonons that scatter into a single phonon and the sec-
ond term corresponds to a single phonon scattering into two
phonons. Herein, q and ω are the wave vector and angular fre-
quency (ω = 2πν), respectively. λ represents (q, j) where j is
the band index. The scattering strength can be quantified by
defining,

Pλ =
1

(3na)2

∑
λ′λ′′

|Φλλ′λ′′ |2 (6)

where Φλλ′λ′′ denotes the strength of interaction between three
phonons (λ,λ′,λ′′) involved in scattering, depending on the
3IFCs [30], and na (=3) is the number of atoms in the primi-
tive cell. Figure 7 compares the results of D2 (q,ω) and Pλ from
DFT-FC and CRG-FC for ThO2. For the acoustic phonons (up
to ∼6THz), the scattering phase space predicted using CRG-
FC is notably smaller than that predicted using DFT-FC. The
primary reason for this is that the optical phonons predicted
by CRG-FC are very high in energy and this greatly restricts
acoustic to optical scattering processes (similar to materials
that exhibit a large phonon bandgap). The scattering strength
for the acoustic phonons is comparable for the two methods.
This along with the difference in the scattering phase space
suggest on average an overestimation of the lifetime of the
acoustic phonons. More specifically, consider the peak in the
scattering phase space at ∼3.8 THz which corresponds to fre-
quency band where the TA branches have the highest DOS.

Figure 7. D2 (a) and Pλ (b) vs frequency ν based on DFT-FC and
CRG-FC for ThO2.

This observation in combination with the comparable scatter-
ing strength are in large part responsible for the significant
contribution from the TA branches predicted using CRG-FC.

In UO2, our discussion considers a detailed comparison
between CRG-FC prediction and experimental measurements
of thermal transport. The first step is to consider the impact
of anisotropy stemming from the 2IFCs. The second step is to
address the influence of resonant spin scattering on limiting
values of conductivity at low temperatures.

In the experimental work by Pang et al [41], only the
high-symmetry direction results (i.e., phonon dispersion and

7



J. Phys.: Condens. Matter 33 (2021) 275402 M Jin et al

linewidth) were measured and were used to approximate the
whole Brillouin zone. UO2 exhibits strong elastic anisotropy
with a Zener ratio of 0.44 [45]. For the low frequency acoustic
branches, this suggests that phonons with wave vectors along
low-symmetry (or off-axial) directions may contribute signif-
icantly to κL. In other words, although the high-symmetry
points contain the impact of scattering from all the phonons
in the Brillouin zone, the summation in equation (1) needs to
properly weight the contribution from the off-axial λ (or q)
points. CRG-I denotes the results calculated using the same
method as in the experimental calculations [41], specifically by
approximating the whole Brillouin zone using only the high-
symmetry sampling points (see reference [41] supplementary
materials); and CRG-II indicates the projection method using
all q points. For the branch specific contribution, CRG-I should
be compared with experiment as they both only consider high-
symmetry directions. For κL, CRG-II should be comparable to
direct conductivity measurements as both have contributions
from phonons propagating along all directions.

Before making this comparison, an additional scatter-
ing mechanism must be addressed. For UO2, in addition to
phonon-phonon scattering, phonons also scatter with unpaired
electrons [43, 46]. This is not captured by lattice dynamics.
The reduction to the thermal conductivity due to resonant spin
scattering has been considered by Liu et al [47] using an
approach similar to that presented by Gofryk et al [43] and
it was considered from a purely empirical point of view by
Moore et al [46]. The reduction in conductivity due to spin
scattering calculated by Liu et al [47] differs substantially from
that estimated by Gofryk et al [43] which is most likely due to
an underestimation of anharmonicity in [43]. The magnitude
of the resonant scattering is large at low temperatures, but with
increasing temperature, it diminishes quickly due to an abun-
dance of high frequency phonons that are far removed from the
resonant frequency. The empirical approach extrapolates the
1/T behavior at high temperatures, observed experimentally,
to low temperature to account for the impact of spin scattering.
To put things in perspective, the reduction at room temperature
due to spin scattering suggested by Gofryk, Liu and Moore is
42 W (mK)−1, 10 W (mK)−1 and 2.4 W (mK)−1, respectively.
As the approach by Moore et al is in keeping with other flu-
orites [48, 49], this is the approach we used here. The results
from this analysis are presented in figure 5(b) as a dashed line.
The overestimate of the thermal conductivity by the CRG-FC
approach is consistent with the results for ThO2. The appar-
ent agreement between CRG-I and the disagreement between
CRG-II and experimental measurement of conductivity may
be due to a cancellation of errors. To more fully address this
supposition will either require accurate electronic structure
calculations or more detailed neutron scattering data.

The path forward for both material systems will involve
using a more complete picture of the phonons and their
interactions to train EIP. This raises an important question:
are there enough fitting parameters with the CRG potential
to better characterize the phonons and their cubic interac-
tions while retaining existing successes of the CRG poten-
tial? Given that the CRG potential has 16 parameters, it seems

possible that the overall behavior may be improved by refit-
ting to phonon properties associated with the 2IFCs and 3IFCs.
Furthermore, it would not be difficult to add additional flexi-
bility to the functional form, allowing for more free parame-
ters to improve agreement. One could fit the EIP parameters
directly to the quadratic and cubic force constants from DFT.
Another promising route involves machine learning algorithms
such as neural network interatomic potentials. This approach
would involve building datasets from a large quantity of DFT
calculations.

5. Conclusion

In summary, the efficacy of the CRG potential for ThO2 and
UO2 is examined from the perspective of phonon transport
properties based on lattice dynamics and LBTE. The phonon
dispersion, lifetime, and branch specific thermal conductiv-
ity are extensively compared against ab-initio based calcula-
tions and direct experimental measurements. It is shown that
the CRG potential can reasonably capture dispersion of the
acoustic branches but exhibits disagreement with the optical
branches. For the CRG-FC approach, a bandgap is formed in
ThO2 between the optical and acoustic branches. This gap in
addition to the high energy band of the optical phonons leads
to a reduction in scattering phase space, longer phonon life-
times, and a corresponding overestimation of thermal conduc-
tivity. For ThO2 and UO2, CRG-FC prediction is consistent
in terms of suggesting that optical branches provide a notable
contribution to thermal conductivity. This may be attributed to
an apparent cancellation of errors where the large velocity of
the optical branches is offset by the short lifetimes predicted
using CRG-FC. For UO2, the apparent agreement between
CRG-I and the disagreement between CRG-II and experimen-
tal measurement of conductivity may be due to a cancellation
of errors. To more fully address this supposition will either
require using accurate electronic structure calculations or more
detailed neutron scattering data.
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