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This work presents the first-principles calculations of the lattice thermal conductivity degradation due to point
defects in thorium dioxide using an iterative solution of the Peierls-Boltzmann transport equation. We have
used the nonperturbative Green’s function methodology to compute the phonon-point defect scattering rates that
consider the local distortion around the point defect, including the mass difference changes, interatomic force
constants, and structural relaxation near the point defects. The point defects considered in this work include the
vacancy of thorium (V) and oxygen (Vy), substitutions of helium (Hery,), krypton (Krry,), zirconium (Zrry),
iodine (Iry), and xenon (Xery,) in the thorium site, and the three different configurations of the Schottky defects.
The results of the phonon-defect scattering rate reveal that among all the considered intrinsic defects, the thorium
vacancy and helium substitution in the thorium site scatter the phonon most due to the substantial changes in the
force constant and structural distortions. The scattering of phonons due to the substitutional defects unveils that
the zirconium atom scatters phonons the least, followed by xenon, iodine, krypton, and helium. This is contrary
to the intuition that the scattering strength follows Her, > Kry, > Zry, > I, > Xer, based on the mass
difference. This striking difference in the zirconium phonon scattering is due to the local chemical environment
changes. Zirconium is an electropositive element with valency similar to thorium and, therefore, can bond with
the oxygen atoms, thus creating less force constant variance compared to iodine, an electronegative element, and
the noble gases helium, xenon, and krypton. These results can serve as a benchmark for analytical models and

help the engineering-scale modeling effort for nuclear design.

DOI: 10.1103/PhysRevMaterials.8.025401

I. INTRODUCTION

Thorium dioxide (ThQ;) is expected to play a vital role as
a material for advanced nuclear fuel cycles in future energy
needs and is considered a better and safer alternative to the
currently used uranium dioxide [1]. Since the thermal con-
ductivity of nuclear fuel determines the efficiency and safety
of a nuclear reactor, it is imperative to understand the thermal
transport of ThO, in all possible reactor conditions [2]. It
is well known that point defects are ubiquitous in irradiated
materials and can scatter phonons, causing a significant reduc-
tion in the material’s thermal conductivity, especially at low
temperatures or high defect concentrations [3]. Enormous ef-
forts are being undertaken to accurately model and ultimately
control the thermal transport in nuclear fuels. A detailed de-
scription of the new computational and experimental tools for
the same is detailed in a recent review article [2]. However, a
fundamental understanding of how different fission products
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scatter the phonons in nuclear fuels is still lacking. Therefore,
an accurate prediction of the phonon-point defect scattering
rate by first-principles calculations is imperative to shed light
not only on the fundamental physics of phonon transport in
irradiated fuels, but also in modeling the thermal transport of
ThO; during regular operation and accident conditions in a
nuclear reactor.

The scattering of phonons by point defects is described as
a perturbation to harmonic lattice dynamics. The responsible
mechanisms include the mass difference, harmonic force con-
stant changes, and strain field surrounding the defect, often
captured by ionic radius difference [4,5]. So far, the widely
used description of the phonon-point defect scattering is based
on the seminal work by Klemens [6]. In this model, Kle-
mens derived the analytical expression for the phonon elastic
scattering cross section by point defects, dislocations, and
the grain boundary using second-order perturbation theory.
However, the Klemens model is restricted to small pertur-
bations due to mass variance, and the equations are derived
assuming a single atom unit cell and linear phonon disper-
sion [7-10]. Another popular mass difference model used to
describe phonon scattering by point defects utilizing realistic
phonon dispersion was implemented by Tamura [11]. The
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main difference between the Klemens and Tamura models
is that the mass difference term in the Tamura model is
weighted by the eigenvector components corresponding to
the atom in the incident and final vibrational modes. The
Born approximation is another standard method that treats
the defect using lowest-order perturbation theory [12]. These
models become questionable for point defects with large force
constant variance and structural changes [13] (i.e., for con-
ditions beyond the low-order perturbation regime). Hence,
defining the phonon-defect scattering by a nonperturbative
method that includes the scattering due to large variance in
force constants becomes vital. Recently, an exact calculation
of the phonon-defect scattering rate using the Green’s function
approach, which is nonperturbative and includes the inter-
atomic force constants (IFCs), has been proposed [14,15]. To
date, this method has been successfully used to describe the
phonon scattering by point defects in various materials, such
as diamond [16], boron arsenide [17], silicon carbide [18],
gallium nitride [19], graphene [20], and indium nitride [13].
These calculations have already identified shortcomings of the
simplified perturbative methods. They have been instrumental
in providing fundamental insights into the phonon-defect scat-
tering of the respective materials.

In ThO,, where there is a colossal mass difference be-
tween the constituent atoms and the possibility of sizable
interatomic force constant differences with point defects,
it becomes essential to describe the phonon scattering by
point defects with the Green’s function methodology. To
our knowledge, Green’s-function-based methods are not usu-
ally employed to study thermal transport in any actinide
materials. In the literature, a few first-principles investiga-
tions of the thermal conductivity by iteratively solving the
Pierels-Boltzmann transport equation of the defect-free ThO,
are available [21-24]. In 2018, Liu er al. [21], using the
generalized gradient approximation (GGA) pseudopotential,
computed the second-order force constant from the finite-
difference method and predicted the thermal conductivity of
ThO; at 300 K to be 12.4 W/mK, which was underpre-
dicted by ~40% in comparison with experimental results
(20.4 W/mK at 300 K) for a single crystal [25]. The following
year, using the GGA pseudopotential, Malakkal et al. [22]
reported a thermal conductivity of 15.4 W/mK at 300 K (un-
derpredicted by A~25%) by computing the second-order force
constant using the density functional perturbation theory.
Using the local density approximation (LDA) pseudopoten-
tial, Jin et al. [23] predicted a thermal conductivity of 18.6
W/mK (underpredicted by &9%) at room temperature. Re-
cently, Xiao et al. [24] calculated the phonon lifetimes and
thermal conductivity of ThO, with the strongly constrained
and approximately normed functional [26] with excellent
agreement to experiments, indicating that, over the years,
researchers were able to provide a good description of the
thermal transport in the pristine ThO, using the first-principles
simulations by refining the accuracy of calculated interatomic
forces.

In practical application such as nuclear fuel, a variety of
lattice defects are formed, including the point defects, small
defect clusters, and other extended defects such as disloca-
tion loops, inert gas bubbles, grain subdivision induced grain
boundaries, and defect segregation at grain boundaries, which

all scatter the phonons and hinder the thermal transport [2].
Until recently, the impact of many of these defects on thermal
transport has been treated empirically. To predict temperature
distribution within the fuel elements, it is imperative to have a
fundamental understanding of the role played by each of these
defect types on thermal conductivity [27].However, to isolate
the impact of different defects on thermal transport, it is more
practical to consider the low-temperature thermal conduc-
tivity. At high temperature, intrinsic three-phonon scattering
dominates the reduction of thermal conductivity. At low cryo-
genic temperatures, the three-phonon scattering is weaker and
defect scattering becomes dominant. As a step towards sys-
tematically understanding the influence of various defects on
the thermal transport, we begin by focusing on the role played
by the irradiation-induced small-scale point defects because,
at the early stages of damage accumulation, these small-scale
lattice defects significantly impact the thermal conductivity
[28,29]. Although the main irradiation-induced point defects
in nuclear fuels include vacancies, interstitials, fission prod-
uct acting as substitutions, Frenkel pairs, and the Schottky
defects, this work focuses on the impact of vacancies, substi-
tution of fission products, and three different configurations of
the Schottky defects. The role of interstitials and Frenkel pairs
requires additional code development and will be the subject
of future work.

Multiple researchers have already applied various compu-
tational techniques to understand the effect of point defects
in the thermal transport of ThO,. For instance, Cooper et al.
[30] reported the degradation of thermal conductivity due
to the nonuniform cation lattice of (U, Th;_,)O, solid solu-
tions, using the nonequilibrium molecular dynamics (NEMD)
method, from 300 to 2000 K. Park er al. [31] used reverse
nonequilibrium molecular dynamics (r-NEMD) to investi-
gate the effect of vacancy and uranium substitutional defects
in the thermal transport of ThO,. Rahman et al. [32] studied
the dependence of thermal conductivity on fission-generated
products (xenon and krypton) and vacancies in ThO, within
300-1500 K using NEMD simulations. Recently, Jin et al.
[33], using NEMD simulations, reported the phonon-defect
scattering cross section for a range of defects to be used with
reduced-order analytical models. In all these studies, the quan-
tum effects are ignored. The phonons follow the Boltzmann
distribution instead of the physically correct Bose-Einstein
distribution [34] and, therefore, are restricted to temperatures
above the Debye temperature. But phonon-point defect scat-
tering is more dominant at low temperatures; thus, molecular
dynamics (MD)-based simulations are not ideal for describing
phonon-point defect scattering. The other challenge for MD-
based simulation is that the results depend on the accuracy of
the interatomic potential. The work by Jin et al. [23] suggests
that the empirical potential used previously needs to be further
optimized for the robust prediction of thermal conductivity of
ThO,, both in perfect crystals and in the presence of complex
defects. Apart from MD simulations, Ryan et al. [5] stud-
ied the effect of point defects on the thermal conductivity
of ThO, using the Klemens model for phonon relaxation
times that result from the change in mass and induced lattice
strain associated with point defects. This model computes
the difference in force constants and atomic radii using MD
simulation in ThO,. Again, this method is also limited to small
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perturbations and does not consider the complete scattering to
all orders.

Here, the phonon scattering due to point defects and their
impact on the thermal conductivity of ThO, is described by an
ab initio calculation utilizing the Green’s function T-matrix
method. In the current study, we focus on the thermal con-
ductivity degradation in ThO, due to a selected set of point
defects, including the substitutions of transmutation and ra-
dioactive decay product helium (Hery,) and fission products,
such as krypton (Kry,), zirconium (Zrry,), iodine (Ity), and
xenon (Xery,) in thorium sites, along with other point defects,
such as the single vacancy of thorium (V) and oxygen (Vo)
and three configurations of Schottky defects (SDjgg, SDi10,
SDq11).

II. METHODOLOGY

The lattice thermal conductivity (k;) of ThO, with dilute
point defect sites is calculated by summing over contributions
from all phonons as

1 2
k=35 %:quvjquq, M

where € is the unit cell volume, cjq, vjq, and 7jq are the
specific-heat capacity, group velocity, and relaxation time for
the phonon in mode jq, respectively, and j and q represent
the phonon branch index and wave vector, respectively. The
inverse of the phonon relaxation time t ;1 is called the phonon
scattering rate, and the total phonon scattering rate can be
written as the sum of the contribution from different scattering
mechanisms; in this work, we have considered contributions
from three major scattering phenomena including the in-
trinsic three- phonon scattering (7 i, anh) [35], phonon-isotope

scattering (7. ), and phonon-defect scattering (r]q aer) [14]:

]q iso

-1
Tia = Yq. anh +T Jq iso

+ qu def* (2)
For brevity, the equation governing the scattering rate for
the intrinsic anharmonic scattering and the isotopic scattering
rate is not provided here and can be found in Refs. [35,11],
respectively. However, we provide a detailed discussion of
the phonon-defect scattering. The phonon-defect scattering is
computed using Green’s function methodology using a T ma-
trix [14]. The advantages of using this approach is that, first, it
captures the scattering due to variance in both mass and force
constants, with the latter incorporating structural relaxation
effects; second, it also accounts for complete scattering to all
orders to capture the effect of resonances that would other-
wise be missing in the lower-order perturbative methods. This
approach is valid under the assumption of a random and dilute
concentration of defects, which means the phonon scatters
independently from different defects at a different location.
The scattering cross section o, an essential parameter in the
phonon-defect scattering using the Green’s function approach,
is explained in detail in Ref. [15] and in the Supplemental
Material of Ref. [18]. The scattering rate due to all possible
elastic scattering processes of phonons by a random and dilute

distribution is given by Eq. (3),

w?q)’

3

where yqer is the number fraction of defects, Vg is the volume
of a defected supercell, |jq) and |j’q’) represent the inci-
dent and scattered phonon eigenstates, respectively, w is the
phonon angular frequency, and T is the matrix associated with
the point defect scatterer. The T matrix is defined in terms of
the perturbation matrix (V) and the retarded Green’s function
[15] for the perfect structure (g*) as

=1-VghH'v, )

fﬁﬁdef=nxdefv —Z| (a1 T1jq) (w0
def @ iq

where (I) isthe identity matrix. Here, the perturbation matrix
includes the mass (V,;) and harmonic force constant (Vi) dif-
ferences between the perfect and defective systems, as shown
below:

VYV =(Vy + V). (®)]

The mass term is a diagonal matrix, with nonzero matrix
elements corresponding to the defect site given as Vy;; =

( )a) where M/ is the mass of the defect atom, M,
is the mass of the 0r1g1na1 atom at the ith site, and w is the
angular frequency of the incoming phonon [18]. Similarly,
the presence of a point defect will also change the harmonic
force constant around the defect, and this is included in the
Vk matrix, which is computed from the difference between
the IFCs for the defective K’ and perfect K structures as

Ki/(x,kﬁ — Kiakp
MM,

Here, i and k are atom indices and « and B are the Cartesian
axes. The Born approximation is achieved by Taylor series
expansion of Eq. (4) and approximation T ~ V.

It is worth noting that V), is proportional to the square of
the phonon frequency, andhence is smaller near the zero fre-
quency, whereas Vi is independent of the phonon frequency,
and therefore a significant change in the harmonic force con-
stants cannot be considered small at any frequency. Moreover,
the IFCs are calculated at zero Kelvin, and hence the depen-
dence of temperature on the scattering rate is not included. But
as the phonon-defect scattering rates are frequency dependent,
and the phonon population is both frequency and temperature
dependent, the scattering rate indirectly influences the thermal
conductivity as a function of temperature [13].

In this approach, the perturbation matrix is defined in real
space and, to limit the size of the matrix, a cutoff radius r,,
needs to be enforced for the structural distortion. A large r,,
corresponding to the fifth-neighbor shell in ThO, is chosen
for all the defects. Past this cutoff, the IFC changes are found
to be negligible. Within r,,,, the changes in IFCs up to the
second-nearest neighbors are considered. Vg must obey the
translational invariance rule and, when computed numerically,
this symmetry must be enforced. This can be done by adding a
minor correction to the harmonic IFCs of the perturbed system
following a procedure outlined in [18].

We simplified thecalculation represented by Eq. (3) with
the use of the optical theorem. The total elastic scattering

Vi iakp = (6)
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of phonons by defects can be efficiently computed from the
imaginary part of the diagonal element of the T matrix, given
by

Q 1 . ,
—Im{(jq| T|jq)}. )

—1
T; = — Xdef
,def e
M Vier @jq

When using the optical theorem, the Born approximation
requires inclusion of higher-order terms in the Taylor series
expansion, T ~ V + VgTV.

III. SIMULATION DETAILS

All density functional theory [36] calculations in this work
were performed using the projector-augmented wave (PAW)
[37] method implemented in the plane-wave software pack-
age, Vienna Ab initio Simulation Package (VASP) [38], with
the LDA [39] pseudopotential for the exchange and correla-
tion. Also, it must be noted that no Hubbard U correction [40]
was included in this work because it was previously shown
that the Hubbard U correction offered no improvement to
the property predictions of ThO, [41,42]. Moreover, ThO,
is specifically used as a model material to UO, to avoid im-
plementation of this correction. We performed the geometry
optimization of ThO, (space group Fm3m) on a primitive unit
cell by minimizing the total energy with respect to changes
in both cell parameters and atom positions using the conju-
gate gradient method. We obtained the energy convergence
of ThO,, using an electron wave-vector grid and plane-wave
energy cutoff of a 12 x 12 x 12 mesh and 550 eV, respec-
tively. The criteria for the electronic energy convergence was
set at 1078 eV. The lattice parameter for the obtained relaxed
structure of ThO, at 0 K is 5.529 A, which is consistent with
the previously reported value [23] for the LDA functional
from VASP and is comparable with the experimental lattice
constant value of 5.60 A [43]. However, it is worth noting
that the GGA functional predicted the lattice constant better
than the LDA; however, the thermal conductivity predicted
by the GGA functional was found to be significantly lower.
Hence the functional based on the LDA was used in this
work. A 5 x 5 x 5 supercell with 375 atoms and k points
of 2 x 2 x 2 were used to evaluate the harmonic force con-
stants using the finite-displacement method as implemented
in PHONOPY [44] and the calculated phonon dispersion spectra
were compared with the experiment done by Bryan et al. [45],
as shown in the Supplemental Material (SM), Fig. S5 [46].
The third-order force constants (anharmonic force constants)
were also calculated usinga 5 x 5 x 5 supercell at the gamma
point using THIRDORDER.PY [47], and the force cutoff distance
was set to the fifth-nearest-neighbor atoms. In addition, be-
cause ThO, is a polar material, the nonanalytical contribution
was considered, and the Born charges and dielectric constant
required to evaluate the nonanalytical correction [48] were
calculated using density functional perturbation theory [49].
The phonon-phonon scattering processes are evaluated using
Fermi’s golden rule from the cubic force constants. Finally,
k; was calculated using the iterative solutions of the Boltz-
mann transport equation (BTE) as implemented in ALMABTE
[50]. All the k;, presented in this work are the fully iterative
solutions of the Peierls-Boltzmann equation. The converged
k; values were obtained using a cubic force constant,

considering the fifth-nearest-neighbor interaction. The num-
ber of grid planes along each axis in the reciprocal space for
solving the BTE was 24 x 24 x 24.

All point defects considered in this work were created in a
5 x 5 x 5 supercell. For vacancy defects, we removed a Th or
O atom from their lattice position. We built the substitutional
defects by replacing a Th atom with the corresponding fission
products. The Schottky defects were formed by removing a
unit of ThO, in the three-bound configuration of the SD, i.e.,
the SDjgp, SDj10, and SDyy; [51,52]. Each defected super-
cell was relaxed by keeping the cell volume constant. For
the substitutional defects, a slight displacement of the defect
atom or its nearest neighbors is introduced before relaxation
to avoid the system getting trapped in a saddle point of the
potential energy surface. We confirmed the dynamic stability
of the relaxed structures by ensuring that the phonon band
structure did not have any modes with imaginary frequency.
The IFCs of the system with point defects were calculated
using the finite-displacement method. The space-group sym-
metry of the supercell containing the point defect of Vry
and Vo was face centered cubic, while the space-group sym-
metry of the supercell containing the substitutional defects
of Hetn, Krrn, Zrmh, Ith, and Xeq, was orthorhombic, and
the space-group symmetry of the supercell with the Schottky
defects was orthorhombic for SDjgy and SDjjo and trigonal
for SDy;. Space-group symmetries were determined using
SPGLIB as implemented in the PHONOPY code. Finally, the
phonon-defect scattering rates were calculated on a uniformly
spaced 24 x 24 x 24 g-point mesh with an 18 x 18 x 18 grid
for the Green’s function, using the tetrahedron method to inte-
grate over the Brillouin zone. Finally, to understand the charge
transfer of the substituted defects to the neighboring atoms,
the charge density difference plot was obtained using the
VESTA software package [53] using the expression Apgiy =
p[ThO, + defect] — p[ThO,] — p[defect], where p[ThO, +
defect], p[ThO,], and p[defect] are the charge density of
ThO, with point defect, the pristine ThO,, and isolated atom
corresponding to that particular defect, respectively.

IV. RESULTS AND DISCUSSION

We plotted the scattering rates (t~') of each point defect
type at a 1% concentration as a function of phonon frequency
(w) to provide insights into phonon scattering by various de-
fects in ThO,. Figure 1 compares the 7! due to vacancy point
defects to the anharmonic scattering rate of pristine ThO,
at 300 K. The analysis of the phonon-defect scattering rate
suggests that a thorium vacancy scatters the phonons more
strongly than an oxygen vacancy. In vacancy defects, where
the host atom is absent, the contribution to 7 ~! comes from the
IFC differences. To understand the extent of the force constant
changes due to single vacancies of thorium or oxygen, we
computed the Frobenius norm ratio of the IFC matrix. The
values of the Frobenius norm ratio of the IFC matrix for
the thorium vacancy (0.17) and oxygen vacancy (0.05) de-
fects suggest that a thorium vacancy causes significantly more
changes to the force constants than the oxygen vacancy, which
explains why the thorium vacancy scatters the phonons more
than the oxygen vacancy. Additionally, Fig. 1 also compares
the frequency trends suggested by the Klemens model [6]
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FIG. 1. Comparison of 7, of the Vr, (orange square) and V,

(red triangles) as a function of phonon frequency (w) from the
Green’s function T-matrix method compared to t~! predicted by
the Klemens model [anharmonic scattering (black dashed lines) and
defect scattering (blue dashed lines)]. Hollow blue dots represent the
anharmonic scattering (ra’n}") of the pristine ThO, due to three-phonon
interactions at 300 K.

for anharmonic scattering and point defects. According to the
Klemens model, the anharmonic scattering rate follows an w?
dependence (black dashed lines) and the defect scattering has
an w* dependence (blue dashed lines). The latter is generally
referred to as Rayleigh scattering. Klemens’ model captures
the anharmonic scattering in ThO, in agreement with the
ab initio predictions. In contrast, Klemens’ expression for
point defect scattering, while correctly capturing the low-
frequency trends, is unable to reproduce the high-frequency
phonons, especially the optical modes which appear to have
a much weaker dependence on frequency. One can argue that
this is due to anoversimplified description of the phonon den-
sity of states employed in the Klemens expression not valid
for high-frequency modes. Nevertheless, the Tamura model,
which uses exact phonon dispersions, is also unable to capture
high-frequency trends [11]. In fact theTamura model makes
the situation even worse. As the density of phonons increases
at high frequency, it predicts scattering rates that are even
larger than the one expected from Klemens’ expressions [4,5].
The high-frequency overestimates of the Klemens and Tamura
models is, in fact, due to their consideration of only themass
term, which has strong frequency dependence, whereas the
perturbation due to IFC is frequency independent, suggesting
that the IFC term dominates at high frequencies. Compared to
the Green’s function T-matrix methods, our calculations show
that single-atom vacancy scattering centers are not well de-
scribed by the Born approximation (Fig. 2), with a significant
underestimation of 7! at low phonon frequencies and over-
estimation at high phonon frequencies for both thorium and

o T2} of ThO(300K) =
T of Vn(1%) *
A Taof Vo(1%)

Ty of Vn(1%)-(Born)
T of Vo(1%)-(Born)

10*

10° ]

10~

1 [ps~!]

10-21

oo

103

10° 10t
w [THz]

FIG. 2. Comparison of 7, of the Vr, (orange square) and V,

(red triangles) as a function of phonon frequency (w) from the
Green’s function T-matrix method compared to the Born approxi-
mation for Vp, (cyan star) and Vo (green star). Hollow blue dots
represent the anharmonic scattering (ra;,']) of pristine ThO, due to
three-phonon interactions at 300 K.

oxygen vacancies. It is worth noting that there are prominent
peaks observed at 2 Thz for thorium vacancies and 3 THz for
oxygen vacancies. Further modal analysis reveals that these
peaks are associated with longitudinal acoustic (LA) waves
and appear at the location where thetransverse acoustic (TA)
mode has a large density of states. Under theBorn approxi-
mation, the scattering of LA modes to TA is not possible as
the momentum is not conserved. Previously, such behavior
in silicon carbide and gallium arsenide has been attributed
to resonant scattering [18,54]. The Green’s function approach
considers full scattering to all orders, thus capturing the effect
that leads to enhanced phonon scattering due to the emergence
of localized modes. Apart from vacancy defects, neutron ir-
radiation will introduce substitutional defects. To discern the
phonon scattering due to the substitutional atoms in ThO,, we
considered some common fission products such as Kr, Zr, I,
and Xe as well as He in the thorium sites. Our reason for only
considering thorium sites and not oxygen sites is that the Th
atom’s vibration governs the acoustic modes and contributes
~70% of the thermal conductivity [22]. Hence, defects on
the Th sites, particularly those that have a large mass or IFC
variance, can degrade the thermal conductivity more signifi-
cantly than those of the light O atoms. Unlike vacancy defects,
the scattering from substitutional atoms arises from the mass
difference between the substitutional and host atom and the
IFCs variations around the substituted site due to the structural
relaxation and modified chemical environment.

The previous study using the same methodology has shown
that in general, substitutional atoms scatter phonons less ef-
fectively than vacancies [13]. Our ThO, results as shown in
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FIG. 3. Scattering rates (z ;) of phonons as a function of phonon
frequency (w) due to substitutional point defects of Her, (up-
pointing crimson red triangle), Kry, (down-pointing purple triangle),
Zry, (brown octagon), I, (pink pentagon), and Xery, (gray star) in
thorium sites compared to 7, of the pristine ThO, due to three-
phonon interactions at 300 K (blue dots).

Fig. 3 indicate that a substitution by a significantly lighter He
atom results in phonon scattering with a strength comparable
to thorium vacancy, to the extent that they overlap. The pri-
mary reason for He substitution to strongly scatter phonons is
because He as a light chemically inert atom induces a force
constant variance very similar to that of the thorium vacancy
(see Table 1 in the SM [46]). As expected, a similar resonant
peak as seen in athorium vacancy is also observed for a helium
substitution at the same frequency.

Among the other substitutional atoms, intuitively based
on mass differences, one expects the scattering strength to
be Hery, > Krmy, > Zrr, > Ity > Xer,. However, contrary to
this intuition, the predicted scattering strengths of the fission
products were Het, > Kryy, > Ity > Xer, > Zrry,, where the
Zryy, substitution scattered phonons the least. To understand
why the Zryy, substitution showed minimal phonon scattering,
we computed the Frobenius norm ratio of the IFC matrix
(see Table 1 in the SM [46]) and found that the force con-
stant perturbations were the lowest when Zr was in thorium
sites. This can be attributed to the fact that unlike noble gas
elements (He, Xe, and Kr) and electronegative elements (I),
Zr is an electropositive element, and Zr in a cation lattice
site can donate electrons to the oxygen and form bonds. The
charge transfer in the substitutional defects was quantified
(see Fig. S3 in the SM [46]) to provide insights into the
redistribution of charge and bond strength. In the case of a
Zr substitution, the charge transfer takes place from the Zr
atom out towards the surrounding O atoms. Also, the charge
accumulated around the Zr atom is negligible since Th and Zr
have similar ionic charges. This observation clearly indicates

FIG. 4. Scattering rates (z ;) of phonons by three different
configurations of the Schottky defects [SDjgy (up-pointing green
triangle), SDy;¢ (blue octagon), SDy;; (red pentagon)] in ThO, com-
pared to the ;| of the Vr, and the 7! of the pristine ThO, due to
three-phonon interactions at 300 K.

that local chemical modification can significantly impact force
constant perturbations and, thus, phonon scattering.

Finally, as an example of larger defects, we investigated the
role of Schottky defects in ThO, in scattering the phonons, as
depicted in Fig. 4. Among the three different Schottky defect
configurations, the scattering strengths are SDjj; > SDyjo >
SDjg9, which indicates that ThO, with an SD;;; defect scat-
ters phonons the most.

Using the calculated scattering rates, including the an-
harmonic, isotropic, and phonon-defect scattering, the k;, of
ThO, was computed using an iterative solution of the BTE.
Figure 5 shows the k; of pristine ThO, and ThO, with va-
cancy defects as a function of temperature. Thorium vacancies
caused the most significant reduction in thermal conductivity,
consistent with the observation made with the phonon-point
defect scattering rate (Fig. 1). Oxygen vacancies at 0.001
concentration caused a marginal decrease in thermal conduc-
tivity. The theoretical results are compared with the recent
experimental measurement done on a proton-irradiated single
crystal of ThO, at a small dose of 0.004 displacements per
atom [55]. At these low-dose and room-temperature irradi-
ation conditions, thorium vacancies and interstitials are the
most likely defects, as predicted by the rate theory calculation
presented in Dennett et al. [3]. However, current T-matrix
formalism cannot be applied to interstitial defects located at
octahedral sites [56]; therefore, to account for this type of
defects, some assumptions need to be made. The scattering
cross sections of the vacancies and interstitials are similar
based on the NEMD simulations by Jin et al. [33]. Based
on these arguments, we estimate that 0.004 dpa corresponds
to an equivalent concentration of Vry, to be ~0.25%. Using
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FIG. 5. The calculated k; of ThO, with vacancy defects [Vy
(0.1% and 0.25%) and V, (0.1%)] at a lower-temperature range
of 100-300 K. The experiments are from Deskins et al. [55],
corresponding to ThO, single crystals irradiated with 2 MeV
protons to a dose of 0.004 displacements per atom at room
temperature.

the concentration of 0.25% V1, yields an excellent agreement
between the predicted and the experimental thermal conduc-
tivity. Figure 6 shows the degradation of thermal conductivity
due to substitutional defects. Among the considered elements,
He with the largest perturbation caused the largest reduction
in thermal conductivity, followed by Kry, > I, > Xer, >
Zrty. Figure 7 shows kg, as a function of defect concentration
at 300 K. The results indicate that for point defects to impact
thermal transport, the concentration has to be of the order
of 10=2 atomic %. For brevity, the k; degradation for 1%
defect concentrations for all the vacancies and substitutional
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FIG. 6. The calculated k;, of ThO, with 0.1% fission products
of Hery, Kr,, Zr, Iy, and Xer, at a lower-temperature range of
100-300 K.
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defects, the k; reduction due to the Schottky defects for two
different concentrations of 0.1% and 1%, and the thermal
conductivity degradation at high temperatures are provided
in the SM (Figs. S1 and S2) [46]. The results for Schottky
defects suggest that among the three different configurations,
the SDy;; impacted thermal transport the most, followed by
SDjj9 and SDjg9. All these observations shed light on the
effect of point defects on thermal transport in thorium dioxide
and help in understanding the behavior of nuclear reactors [2].
Lastly, we should point out that experimental measurements
of thermal conductivity in irradiated ThO, and (Th,U)O, al-
loys provided evidence of the presence of phonon resonant
scattering as the temperature dependence deviated from a
1/T trend at low temperatures [55,57]. Our phonon scattering
rates, shown in Figs. 1 and 3, provide some indication of
the resonances, which for other materials have resulted in the
calculated thermal conductivity departing from a 1/7 trend
[54]. However, our calculated thermal conductivity values
reported in Figs. 5 and 6 do not reflect this. This observation
suggests that further work is needed to improve estimation of
low-temperature thermal conductivity.

V. CONCLUSION

Using a fully ab initio Green’s function T-matrix method,
we have presented an extensive analysis of the phonon-
defect scattering rate of ThO, with point defects. The
phonon-point defect scattering rates were unified with the
Peierls-Boltzmann transport equation to determine the effects
of defects on phonon thermal conductivity in ThO,. The re-
sults revealed that among all the intrinsic defects considered
in this work, the thorium vacancy and helium substitution
in the thorium site caused the most significant reduction in
the thermal conductivity of ThO,. The similar behaviors of
the thorium vacancy and helium substitution were due to the
comparable force constant difference induced by these two
defects. Also, a large peak, which is a signature of resonant
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scattering, was observed in the case of a thorium vacancy
and helium substitution. Among the substitutional defects,
the zirconium substitution had the smallest reduction in ther-
mal conductivity, despite having a significant mass difference
compared to iodine and xenon. The primary reason for the
relatively weaker scattering by zirconium substitution is its
similar valency to thorium, thus enabling bond formation with
oxygen, inducing the least force constant differences. Unlike
zirconium, the chemical environment due to helium, krypton,
iodine, and xenon creates a larger force constant difference,
leading to higher scattering rates. This study revealed that the
modification of the local chemical environment and the asso-
ciated structure and force variations caused by substitutional
defects should be considered while studying phonon-defect
scattering. This work enhances our understanding of the
phonon-defect scattering due to various fission products in
ThO,, which will serve as a benchmark for analytical models
and help improve the engineering-scale modeling predictions
for nuclear reactor design.
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