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� The phase space of three-phonon
process of acoustic phonon is large
at low frequency, which is different
from that of ordinary material.

� The phonon group velocity, relaxa-
tion time, Grüneisen parameters and
weighted phase space together
decided the lattice thermal
conductivity.

� We could reasonably design nano-
structures of ThO2 to change the
thermal conductivity.
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a b s t r a c t

Using first-principle calculations and combining with the phonon Boltzmann transport equation, we
have systematically investigated the lattice thermodynamic behavior in thorium dioxide (ThO2) and
predicted the lattice thermal conductivity of thorium dioxide from 300 K up to 2000 K. According to the
calculated phonon dispersion curves, phonon group velocity, relaxation time, Grüneisen parameters and
weighted phase space, the contributions of acoustic and optical phonon branches to the lattice thermal
conductivity are estimated. From further analyses, we know that although the phase space of three-
phonon process (PW3) of acoustic phonon is large at low frequency, which is different from that of
ordinary materials, the valley value appears at 3 THz, resulting in the whole thermal resistance is not too
high. So acoustic phonon transports lead to the dominant contributions of the lattice thermal conduc-
tivity, while the contributions from optical components is small. Our analyses can make a significance to
understand the thermodynamic behaviors of this new type of nuclear fuel dioxide at different tem-
peratures. In addition, by means of the phonon mean-free path and nanowires width, we also studied the
size dependence of the lattice thermal conductivity in ThO2.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

With the ever-growing world energy requirements, the
research on the development of new energy sources or the
improvement of energy conversion efficiency have received
increasing attentions. So far we still get a lot of energy through
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the fissile nuclear reactor, in which uranium dioxide (UO2) is one
of the most common nuclear-fission fuel components [1e5].
However, its low lattice thermal conductivity at high tempera-
tures directly influences its thermal stability and working tem-
perature [6,7]. Moreover, in the uranium dioxide nuclear
reaction, a large amount of rare earth elements are generated in
the radioactive waste [8]. And these radioactive wastes are highly
radioactive and difficult to handle. Therefore, a number of ex-
periments and effects in recent years have been done to search
possible alternatives to (UO2). Among thorium based compounds,
thorium dioxide (ThO2), which produces less transuranic (TRU)
than uranium-based fuels, is considered a good candidate to
uranium dioxide in fissile nuclear reactors. In addition, thorium
based fuels which is almost entirely considered fertile in nature
can efficiently reduce plutonium stockpiles by using a mixed
oxide fuel (MOX) of thorium and plutonium in the nuclear
reactor while maintaining acceptable safety and control charac-
teristics of the rector system [9]. Compared with the uranium
dioxide fuels, One attraction of using the thorium dioxide in
fissile nuclear reactors is due to its relatively improved thermo-
physical properties, such as higher melting points, higher ther-
mal conductivity and lower coefficient of thermal expansion [10].
In recent years, the performance of thorium-based fuels in fissile
nuclear reactors has been tested and studied from many research
groups [11,12].

In fact, metal thorium and its compounds has been exten-
sively investigated ever since 1950. In the early stage, people
conducted a series of experimental measurements of the thermal
expansion coefficient, heat capacity and thermal conductivity of
ThO2 [13e17]. For instance, the valence-band structures of the
thorium and its dioxides have been investigated by means of x-
ray photoemission spectroscopy by Veal et al. [18] in 1974. In
addition, the thermal properties of ThO2 were seriously assessed
by means of comparing with the measured values by Bakker et al.
[19] in 1997. Besides, we can also obtain the thermal properties of
ThO2 from a thermal-physical database of materials for light
water reactors and heavy water reactors which was established
by the International Atomic Energy Agency (IAEA) [20]. Later,
many groups separately carried out the work on the mechanical
properties and electronic structures, ground-state properties and
phase transition at high pressure, elastic and optical properties of
thorium dioxide [21e26].

Although previous investigators have done so much research,
it is essential to systematically study the phonon thermal trans-
port in thorium dioxide, which is crucial for its application in the
fissile nuclear reactor. Thus, in our work, with the help of
calculated phonon dispersion curves, phonon group velocity,
relaxation time at different temperature, Grüneisen parameters
and weighted phase space, we comprehensively discuss the
contributions of acoustic and optical phonon branches to the
lattice thermal conductivity for thorium dioxide. The rest of this
paper is organized as follows. In Sec. 2, we roughly presented the
theoretical calculation methods. In Sec. 3, the computing results
of the thermal conductivity and the discussion of the phonon
thermal transport are appeared. Finally, we give our summary in
Sec. 4.

2. Methodology

To get accurate thermal transport consequences, all the calcu-
lations are carried out by employing the Vienna ab-initio simula-
tion package (VASP) on the basis of the first-principles density
functional theory (DFT) [27,28]. Bymeans of the phonon Boltzmann
transport equation (BTE), we can obtain the lattice thermal con-
ductivity. Then the kL along the a direction can be written as
kaaL ¼ 1
kBT2UN

X
k;l

f0ðf0 þ 1Þ
�
Zuk;l

�
na;k;lg Fak;l; (1)

where kB, T, U and N are the Boltzmann constant, the thermody-
namic temperature, the unit cell volume and the number of q points
in the first Brillouin zone (BZ), respectively. Afterwards k is wave
vector, l is phonon branch and f0 is the equilibrium Bose-Einstein
distribution function. Z is the reduced Planck constant, uk;l ex-
press the phonon frequency at phonon mode l, and na;k;lg is the
phonon group velocity of at phonon mode l along the a direction.
The last element Fak;l in Eq. (1) is defined as the formula [29].

Fak;l ¼ tk;l

�
na;k;lg þ Dk;l

�
(2)

where tk;l is the phonon lifetime in relaxation time approximation
(RTA). Dk;l is a correction term used to eliminate the inaccuracy of
RTA via solving the BTE iteratively. If Dk;l is equal to zero, the kaaL in
RTA is obtained.

The lattice thermal conductivity kL of thorium dioxide are
calculated by the ShengBTE code [29]. The interatomic force con-
stants (IFCs) which divide into harmonic and anharmonic are ac-
quired within the 3� 3� 3 supercells by finite-difference
approach, which are computed based on the density functional
theory (DFT) software package VASP, by means of the PHONOPY
program [30] and the THIRDORDER. PY script [29], respectively. In
DFT calculations, we selected the generalized gradient approxi-
mation (GGA) of the Perdew-Burke-Ernzerhof (PBE) parametriza-
tion for the exchange-correlation functional [31]. In addition, the
projector-augmented-wave potentials (PAW) [32] is used to
describe as the ion core, and a plane-wave basis set is confined to
the cutoff energy of 520 eV. A 9� 9� 9 G -centered Monkhorst-
Pack k-mesh is used to simulate during structural relaxation of
primitive cell until the energy differences are converged within
10�8 eV, with a Hellman-Feynman force convergence threshold of
10�4 eV/Å. Then, for the calculations of phonon dispersion, The 3�
3� 3 supercell with 3� 3� 3 k-mesh is used to ensure the
convergence. Finally, The 3� 3� 3 supercell are used to get the
anharmonic (IFCs), and the interaction up to the third nearest
neighbors is included. For the ShengBTE calculations, The same 3�
3� 3 supercell with a 27� 27� 27 q-mesh are used to simulate the
corresponding q space integration.
3. Results and discussion

Previous research have shown that the thorium5f states become
delocalized after electronic hybridizations, so adding additional U
and Jmodifications probably result in the incorrect results [9,24,33].
So DFT calculations with the generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof (PBE) parametrization for the
exchange-correlation functional are appropriate enough for gaining
the phonon transport properties of ThO2.

The optimized structure of ThO2 is shown in Fig. 1. Fig. 1(a) is the
primitive cell and Fig. 1(b) is the corresponding conventional cell of
ThO2. Thorium dioxide is crystallized in a CaF2-like ionic structure
and the conventional cell for ThO2 belongs to space group Fm 3 m.
Its primitive cell consists of one Th atom and two O atomswhile the
conventional cell is made up of four ThO2 formula units with four
thorium atoms and eight oxygen atoms, respectively. Each O atom
is connected to the surrounding suitable Th atoms to form a tet-
rahedron structure. A feature of this structure is the presence of a
large octahedral space [24]. In this work, our optimized lattice
parameter a0 is 5.61 Å, which is in good accordance with the pre-
vious experimental data of 5.60 Å [34,35].



Fig. 1. (Color online). Crystal structure of the pristine ThO2. (a) the primitive unit cell; (b) the conventional unit cell. The blue and red balls represent the Th and O atoms,
respectively; (c) Phonon dispersion and phonon density of states (PDOS) of ThO2, the acoustic (optical) branches arise almost completely from the vibrations of thorium atoms
(oxygen atoms). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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The phonon dispersion curves are one of the basic aspects for
investigating the phonon transport. Hence, we calculated the
phonon dispersion spectrum along the high-symmetry k-point
lines in the Brillouin zone along with the phonon density of states
(PDOS), which are plotted in Fig. 1(c). Because there are only three
atoms for ThO2 in each primitive cell, 9 phonon branches exist in
the dispersion curves. There are two transverse acoustic (TA)
modes and one longitudinal acoustic (LA) mode, as well as four
transverse optical (TO)modes and two longitudinal optical (LO)
modes, respectively. As shown in the figure, there is almost no
obvious gap between the acoustic and the optical branches, while
an overlap between longitudinal acoustic (LA) and transverse op-
tical (TO) modes around the X point has clearly presented. Further
more, we calculated the Born effective charge and the dielectric
constants by DFPT in VASP and obtained an accurate splittings of
longitudinal (LO) and transverse optical (TO) modes [36]. For ThO2,
the Born effective charges of the thorium atom and the oxygen
atom are 5.40 e and �2:70 e, respectively, together with the
dielectric constant ε being 4.80, which are both consistent with that
in Ref. [9]. As we expected, the optical branches have evident
splitting of TO and LO modes at the G point. On the other hand, the
partial PDOS tell us that at low frequency (0e6 THz) the vibrations
of thorium atom are governed mainly while oxygen atom domi-
nates the vibrations at high-frequency (6e18 THz), which is owing
to the heavier mass of thorium atom than that of oxygen atom.

The calculated lattice thermal conductivity kL of the naturally
occurring ThO2 is plotted in Fig. 2. One can see that with the rising
of temperature, the lattice thermal conductivity has reduced
continuously from 300 K to 2000 K in Fig. 2(a), which is in accor-
dance with most of the situation. For ThO2, the values of kL are
12.40W/mK,3.01W/mK and 1.81W/mK at 300 K, 1200 K and 2000
K respectively which is in good agreement with previous work
[9,15e17,19]. In addition, by comparing the results with uranium
dioxide [6,37,38], we find that the kL is slightly larger than that of
UO2 at high temperature. Furthermore, the RTA results and iterative
solutions (ITS) of the BTE are both exhibited, which are wonderfully
consistent with each other. And iterative solutions (ITS) are ob-
tained by repeated calculations, in which the distribution function
of each calculation of Boltzmann transport equation serves as the
initial value of the next iteration calculation until to the final
convergence results. Then in Fig. 2(b), the ratio between the cu-
mulative thermal conductivity and lattice thermal conductivity as a
function of the phonon frequency have been shown at 300 K,
1200 K and 2000 K, respectively. On the one hand, these curves
specify a cutoff angular frequency when calculating the contribu-
tion of different phonon modes. We can indicate that the kL of ThO2
is 70% dominated by the phonons with the frequency below 6 THz,
which all lie in the range of the acoustic phonon modes. And the
rest of 30% is dedicated between 6 THz and 12 THz, which is
contributed by the optical phonon branches. On the other hand, the
trend of the contribution of different phonon modes is almost in-
dependent of the change of temperature.

In order to evaluate the contribution of different phonon
branches to lattice thermal conductivity, we first calculate the
phonon group velocities of different phonon branch modes. The
phonon group velocities of all phonon modes within the first



Fig. 2. (Color online). (a) Calculated lattice thermal conductivity kL of naturally
occurring ThO2 as a function of temperature T ranging from 300 K to 2000 K. The black
square and red circle lines represent our ITS (RTA) results for ThO2. Theoretical results
from Yong Lu et al. [9] and experiment results from Murabayashi et al. [15], Pillai and
Raj [16], Murti and Mathews [17] and Bakker et al. [19] are displayed for comparison.
(b) The scaled cumulative thermal conductivity versus the allowed phonon frequency
at 300 K, 1200 K and 2000 K, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Brillouin zone (BZ) as a function of frequency are shown in Fig. 3.
The phonon group velocity is determined by

ng ¼ dul

dk
(3)

where ng is phonon group velocities, ul is phonon frequency of lth
phonon branch and k is wave vector. In Fig. 3, the red, green and
blue pattern represent the TA1, TA2, LA modes, respectively and the
orange, violet, dark yellow, wine, dark cyan and gray signify TO1,
Fig. 3. (Color online). Phonon group velocities of all phonon modes within the first
Brillouin zone as a function of frequency for ThO2.
TO2, LO1, TO3, TO4 and LO2 phonon branches, separately. For ThO2,
the maximum group velocities are about 3.37 km/s, 3.82 km/s,
5.79 km/s, 6.49 km/s, 6.93 km/s, 7.23 km/s, 4.49 km/s, 3.25 km/s
and 2.66 km/s for TA1, TA2, LA, TO1, TO2, LO1, TO3, TO4 and LO2
phonon branches, respectively. One can see that the phonon group
velocity of LAmode is bigger than that of the other acoustic phonon
modes in Fig. 3. And the phonon group velocity of LO1 mode is the
maximum in all phonon modes. According to the Eq. (1), the
original kL is f ng , which means that if other conditions remain
constant, the higher the group velocities of phonon modes, the
bigger the contribution to the thermal conductivity. We can indi-
cate that the acoustic and optical phonon modes below the fre-
quency of 12.2 THz and above the phonon group velocities of
3.25 km/s play a significant role for the kL, which is corresponding
to the results of Fig. 2(b). Further, combining with Figs. 2(b) and
Fig. 3, we can infer that the acoustic phonon modes have dominant
contribution to lattice thermal conductivity.

In order to further explore the factors affecting thermal con-
ductivity, we obtain specific heat of the crystal as a function of
temperature ranging from 300 K to 2000 K and the calculated
Grüneisen parameters as a function of frequency for ThO2 within
the first BZ in Fig. 4. The unit volume heat capacity is the sum of all
phonon modes within the Brillouin zone (BZ),

CvðTÞ ¼
X
l;k

Cv;kðk; TÞ (4)
Fig. 4. (Color online). (a) Specific heat of the system as a function of temperature
ranging from 300 K to 2000 K. The solid line and dotted line represent heat capacities
at constant volume (Cv) and constant pressure (Cp), respectively. Experiment data from
IEAE report [20] and modelling data from Yong Lu et al. [9], Ma et al. [39], Cooper et al.
[40] are exhibited for comparison. (b) The calculated Grüneisen parameters of each
phonon branch as a function of frequency for ThO2 within the first BZ.
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where CvðTÞ is the total specific heat of the crystal, k is wave vector,
Cv;k is thephononmodecontribution to the specific heat and given by

Cv;kðk; TÞ ¼ kB
X
l;k

�
Zulðk;VÞ
2kBT

�2 1

sinh2½Zulðk;VÞ=2kBT �
(5)

where kB is Boltzmann constant, ulðk;VÞ is the phonon frequency
of the lth phonon mode. Then the relationship between kL and
specific heat capacity can be expressed in the following terms [41].

kL ¼
1
3
Cvty2 (6)

where t is the relaxation time, the y is the average phonon group
velocity. As shown in Fig. 4(a), with the rising of temperature, the
specific heat capacity at constant volume increases continuously
until it finally tends to be smooth. One can see that the maximal
value of Cv approaches to 74 J/molK which is in good agreement
with the previous work from 300 K to 1500 K [9]. In addition, we
also show the specific heat capacity at constant pressure (Cp) as a
function of temperature by citing relevant literature [20,39,40].
Afterwards, the mode (gj) Grüneisen parameter often provides the
anharmonic interactions information, and is defined by

gj

�
k
!�

¼ � a0

ul

�
k
!� vul

va
(7)

where gj is the Grüneisen parameter, k
!

is the wave vector, a0 is the
equilibrium lattice constant, l is phonon branch index, and ulð k

!Þ is
the frequency of lth phonon branch. One can see that the gj of all
phonon modes are both greater than zero in Fig. 4(b) which
Fig. 5. (Color online). The isotopic (a), (d), (g) anharmonic (b), (e), (h) and total relaxation tim
K, respectively.
indicates that these phonon modes must consider the anharmonic
approximation and hence almost all of them have effects on kL. We
can know that the stronger the anharmonic interactions is, the
more intense the phonon scattering is, and the lower the contri-
bution to thermal conductivity is. Therefore, the TA1, TA2 and the
great mass of LA modes are dominant to the lattice thermal con-
ductivity due to their weaker phonon scattering and relatively
higher group velocities. In short, the phonon group velocities and
the Grüneisen parameter are fundamental to discuss the phonon
transport in ThO2.

In order to investigate the detailed phonon thermal transport
mechanism, it is worthwhile to study the relaxation times of each
phonon mode as a function of frequency. Because the length of
phonon relaxation times reveal the strength of anharmonic in-
teractions, the stronger the anharmonic interactions, the shorter
the phonon relaxation times are. In addition, according to the Eq.
(1), the t can impact the thermal conductivity, thus we studied the
relaxation times of ThO2. As shown in Fig. 5, we calculate the iso-
topic, anharmonic and total relaxation times as a function of fre-
quency at 300 K, 1200 K and 2000 K, respectively. In SHENGBTE
calculations, as a result of the elimination of boundary scattering
effect, the inverse of total relaxation time is obtained by anhar-
monic three-phonon scattering and isotopic scattering [42e45]
through the formula of

1

tl

�
k
!� ¼ 1

tl

�
k
!�anh þ 1

tl

�
k
!�iso (8)

where the 1
t is the scattering rates. First we obtain the isotopic

relaxation time, as shown in Fig. 5(a), (d) and (g). One we can see
e (c), (f), (i) of each phonon branch as a function of frequency at 300 K, 1200 K and 2000



Fig. 6. (Color online). The corresponding weighted phase space WP3 of different
phonon modes at 300 K, 1200 K and 2000 K, respectively.

Fig. 7. (Color online). Cumulative lattice thermal conductivity kL of ThO2 with respect
to the phonon MFP (a) and thermal conductivities of ThO2 nanowires along [100] di-
rection as a function of width (b) at 300 K, 1200 K and 2000 K, respectively.
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that isotopic scattering processes are temperature-independent
and frequency-dependent. The phonons of long-wavelength can
transmit nearly all the heat with very weak isotopic scattering
[46], hence we have observed the relative long isotopic relaxation
time for acoustic phonon modes at low frequencies. However, the
isotopic scattering process is weak while the anharmonic scat-
tering process which corresponds to three-phonon process is
strong by comparing with Fig. 5(b), (e), (h) and Fig. 5(c), (f), (i).
Because the phonon branches with the longer relaxation time will
dominate the lattice thermal conductivity, then in Fig. 5(c), (f), (i),
the acoustic phonon TA1, TA2 and LA modes which have larger
values of total relaxation time than other optical modes make a
major contribution to lattice thermal conductivity. In addition, we
can also observe that with the increase of temperature, the value
of relaxation time has reduced while the trend has not changed
too much on the whole from Fig. 5(b), (e), (h) and Fig. 5(c), (f), (i).
And the reduction of relaxation time with the increase of tem-
perature just proves that the enhanced three-phonon processes
reduce thermal conductivity.

As we all know, the tlð k
!Þanh is gained by the sum of the three-

phonon transition probabilities G±
ll

0
l
00 , which can be expressed as

Gþ
ll

0
l
00 ¼ Zp

4
f 00 � f

00
0

ulul
0u

l
00

�����Vþ
ll

0
l
00 j2d

�
ul þ ul

0 � u
l
00
�

(9)

G�
ll

0
l
00 ¼ Zp

4
f 00 þ f

00
0 þ 1

ulul
0u

l
00

�����V�
ll

0
l
00 j2d

�
ul � ul

0 � u
l
00
�

(10)

where f 00 represents f0ðul
0 Þ and so forth for simplicity. On the

one hand, Gþ
ll

0
l
00 is corresponding to absorption processes, which
is resulting in only one phonon with the combined energy of two
incident phonons. On the other hand, G�

ll
0
l
00 stands for emission

processes in which the energy of one incident phonon is split
into two phonons [29]. G±

ll
0
l
00 depends on the anharmonic IFC3

and the weighted phase space of three-phonon process (WP3)
[47,48]. The intensity of IFC3 which corresponds to the anhar-
monic property of phonon modes is usually characterized by the
Gruneisen parameter. In addition, we provide WP3 to estimate
the number of scattering channels for each phonon mode due to
the fact that WP3 dominates a great deal of scattering events of
conforming to the energy and momentum conservation condi-
tions [44,49]. One can deduce that the three-phonon processes in
phase space are unlimited when there are a large number of
available scattering channels. Thus, the WP3 is a forceful criterion
of the kL as previous research have shown [50]. To obtain further
study on the mechanism of the phonon scattering, we calculated
the WP3 as a function of frequency which are shown in Fig. 6. But
we obtain an anomalous behavior that the WP3 of acoustic
phonon modes are bigger than that of optical modes in the low
frequency and then arrive at the lowest values at about 3 THz. At
low frequency, most of the acoustic phonon are concentrated at
the center of the Brillouin zone G point, the Umklapp processes
are rare, so the resistance from the three phonon scattering is
small, especially, when the phonon frequency increase to 3 THz,
the scattering channels became very small, all these means that
the acoustic phonon modes have less effective scattering rates
and more contributions to the phonon thermal transport.
Moreover, we can also see that with the increase of temperature,
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the value of WP3 has raised while the trend has not changed too
much on the whole.

As is well known, we can improve the contribution of the edge
states by optimizing geometric dimensions to reduce the thermal
resistance and achieve better thermoelectric performance [44].
Thus, as shown in Fig. 7(a), we examine the size dependence of kL
by calculating the cumulative thermal conductivity as a function
of mean free path (MFP) at 300 K, 1200 K and 2000 K, respectively.
One can see that the kL keeps increasing with the value of MFP
rising continually, eventually getting to the thermodynamic limit
above a length Ldiff in Fig. 7(a). The Ldiff which represents the
longest mean free path of thermal medium [51,52] is 1059.50 nm,
240.94 nm and 138.26 nm at 300 K, 1200 K and 2000 K, respec-
tively. Furthermore, we calculate that phonons with MFPs below
79.34 nm, 15.00 nm and 8.6 nm devote about 75% of the total kL at
300 K, 1200 K and 2000 K, respectively. This signifies that we can
change thermal conductivity properly by increasing or decreasing
the characteristic length of nanostructures. Then when we
investigate a nanowire system, phonons long MFPs will be
dispersed by the strongly boundary scattering which results in the
confined contribution to kL. In other words, due to grain boundary
effects, the stronger the boundary scattering, the lower the
contribution to thermal conductivity. As shown in Fig. 7(b), we
obtain the thermal conductivity of the ThO2 nanowires as a
function of the width at 300 K, 1200 K and 2000 K, respectively.
One can also observe that as the width broadens, the kL keeps
increasing continuously until reaching the maximum. All the
maximum of the kL corresponds to the nanowire width of
7.60 mmat different temperature. In addition, a nanowire with the
width of 202 nm contribute 83:6%, 94:7% and 96:7% to the total kL
at 300 K, 1200 K and 2000 K, respectively. Finally, we can both
observe that the slope of a curve keep falling with the increase of
temperature in Fig. 7(a) and (b) which implies the effect of
nanowire width and MFP on thermal conductivity is reduced with
the increase of temperature.

4. Conclusion

In summary, we calculate the lattice thermal conductivity kL
and investigate thoroughly the phonon thermal transport of ThO2
by combining the phonon Boltzmann transport theory together
with the first-principles calculations. The lattice thermal con-
ductivity has decreased with the raise of temperature from 300 K
to 2000 K. Further analyses reveal that the acoustic phonon
modes which is below 6 THz contribute about 70% to kL, while
the optical modes contribute the rest of kL. By means of the
investigation of phonon thermal transport, we find that the
acoustic phonon modes possess a relatively big weighted phase
space WP3 in low frequency but a comparatively long anhar-
monic relaxation times (ARTs) which means the weak resistance
from the effective three-phonon scattering process. At the same
time, acoustic phonon modes have relatively high phonon group
velocity and the relatively low Grüneisen parameter, which lead
to high lattice thermal conductivity kL. We can conclude that the
acoustic phonon branches dominate the lattice thermal conduc-
tivity. In addition, based on the relationship between the kL and
the mean free path (MFP) together with nanowires width, we
could reasonably design nanostructures of ThO2 to change the
thermal conductivity.
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