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Enhanced reduction of thermal conductivity across
kink dislocation textures in magnesium oxide
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Our understanding on how dislocation textures quantitatively affect thermal conductivity has been limited. We
investigate the impact of kink dislocations on phonon thermal conduction in MgO by molecular dynamics,
through changing edge and screw components in kink dislocations. The thermal conductivity is almost inde-
pendent of the length of the edge component, but is rather reduced significantly with increasing the length of
screw component, resulting in lower thermal conductivity than perfect edge dislocations. This reveals the
combined effect of the edge and screw components on thermal conductivity beyond the simple description as one-
dimensional obstacles and linear elastic strain field. Atomic contributions to thermal conductivity show that not
only atoms in the vicinity of the kink dislocation cores but also those away from the cores exhibit suppressed
thermal conductivity compared to the perfect edge dislocations. These results indicate that it is possible to
efficiently reduce thermal conductivity in complex dislocation textures in real materials.

©2023 The Ceramic Society of Japan. All rights reserved.
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1. Introduction

Dislocations, responsible for plastic deformation, are
linear lattice defects and are ubiquitous in a wide spectrum
of materials. Recently, many attempts have been made to
control dislocations not only for mechanical properties but
also for diverse material properties." For example, leakage
currents caused by dislocations in InGaN-based LEDs,?-3
improved dielectric and piezoelectric properties in pe-
rovskite oxides,””) unusual magnetismé) in BiFeOs3, and
enhanced catalytic hydrogen evolution reactions” in MoS,
have been reported.

Controlling thermal conductivity is critical for many
applications, such as heat dissipation for high-power elec-
tronic devices® and heat insulation for thermoelectric
materials.” Recently, dislocations were found to have a
non-negligible impact on thermal conductivity. For exam-
ple, the reduction of thermal conductivity has been report-
ed for misfit dislocations at heterointerfaces, low-angle tilt
grain boundaries as edge dislocation arrays, and twist grain
boundaries as screw dislocation arrays.'”~'3 In addition to
those geometrically-necessary dislocations (GN), statisti-
cally-stored dislocations (SS) also play an important role
in thermal conduction, 41>
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A series of pioneering study by Klemens proposed pho-
non scattering caused by dislocations based on a discrete
lattice model with nonlinear elastic theory, in which dis-
locations are described by an column of vacancies and
elastic strain fields.'®"!” Despite the importance of the
pioneering studies, however, the capability to experimen-
tally observe dislocation atomic structures and to control
nanostructures has raised the shortcomings of oversimpli-
fied dislocation structures. For example, it has been shown
that the thermal conductivity of arrayed GN dislocations,
in other words, near low-angle tilt grain boundaries, is
highly dependent on the atomic structure of the disloca-
tions, and that dislocation cores with low atomic number
density are effective in the reduction of thermal conduc-
tivity.!® A model to predict thermal conductivity from the
grain boundary atomic structures also show that small
structural distortions near the GN dislocations can dra-
matically reduce thermal conductivity.'”

Compared with GN dislocations, our understanding on
the suppression mechanism of thermal conductivity in SS
dislocations has been limited. Only the impact of isolated
perfect edge dislocations has been investigated,’? reveal-
ing that nonlinear strain fields in the vicinity of SS dis-
location cores reduce thermal conductivity by interrupting
the collective vibration of atoms. Here, to understand the
impact of more realistic dislocations on thermal conduc-
tion, we performed a numerical analysis on kink disloca-
tion textures. Kink dislocations are universally present in
real materials; kink dislocations are formed during dis-

595

which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.2109/jcersj2.131.P10-1
https://doi.org/10.2109/jcersj2.131.P10-1
https://doi.org/10.2109/jcersj2.23066
https://creativecommons.org/licenses/by/4.0/

| JCS-Japan

Sekimoto et al.: Enhanced reduction of thermal conductivity across kink dislocation textures in magnesium oxide

location migration in materials due to the large Peierls
barrier or due to dislocation cutting caused by interactions
with forest dislocations. As kink dislocations include both
edge and screw components (mixed dislocations), it is
possible to reveal the impact of more realistic dislocation
textures on thermal conductivity.

2. Methods

MgO was chosen as a model material in this study.
Since the ionic radius of O atoms is larger than that of Mg
atoms with the difference being similar to Fe and C in
carbon steels, MgO can be considered to FCC O atoms
with Mg atoms at its octahedral interstitial sites. Therefore,
we can directly compare the results with other materials
that have FCC sublattices and partially apply our findings
to those materials.

A supercell with kink dislocations was constructed as
follows: first, two crystal slabs with perfect edge disloca-
tions were placed with dislocation line offset in the direc-
tion of the Burgers vector [Fig. 1(a)]. The dislocation
length in the slabs (edge length) corresponds to the edge
component and the offset of two slabs (screw length)
corresponds to the screw component of kink dislocations
[blue and red lines in Figs. 1(a) and 2(b)]. The kink dis-
location core structures was obtained by optimizing atomic
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Fig. 1. Schematic illustration of the simulation box. (a)
Arrangement of edge dislocation cores and lengths of edge and
screw components before optimization. (b) An example of kink
dislocation model used for thermal conductivity calculations.
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arrangement in the supercell using the conjugate gradient
and Newton-Raphson methods by General Utility Lattice
Program code.”) The pair-wise Buckingham potential®?
was used in all cases. Then, two supercells with kink dis-
locations are placed adjacent to each other to form a new
adjoined supercell in which two kink dislocations were
positioned with the angle of 45° in the cell according to
Peach-Koehler equation [Fig. 1(b)]. Eight kink models
were constructed in total with different edge and screw
lengths up to about 42 and 25 A, respectively.

To determine the equilibrium cell lengths of each kink
model at 300K, molecular dynamics (MD) simulations
were performed using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) code?? for 400
ps with velocity scaling” under constant pressure con-
dition (1.013 x 10°Pa). A timestep in MD simulations is
set to 1 fs. With the fixed cell lengths, thermal equilibrium
was then achieved at 300K, by performing MD simu-
lations for 100 ps with velocity scaling and for 300 ps with
Nosé-Hoover thermostat?>?%) under constant volume con-
ditions. (Note that, during MD simulations for a perfect
screw dislocation model in MgO under finite temperature
and 3D periodic boundary conditions, screw dislocation
pair annihilation occurred as the strain fields between
screw dislocations with opposite signs canceled out.)

To analyze thermal conductivity, perturbed MD?” was
performed using custom-written code to LAMMPS pack-
age.?® In this method, the microscopic heat flux J is
determined at each atom by the sum of interactions from
surrounding atoms and the atoms’ own energy, given by

J= ZJ:’
= Z% |:{miv,2 + Z¢ij}l Vi Z(Fij "’i)riji|
i J J

ey

where m; and v; are mass and velocity of atom i, ¢, ; de-
notes internal energy determined by interatomic interac-
tion, V is volume of a supercell, F;; is a force exerted from
atom j to atom i, r;; = r; — r; with r; being a position of
atom i, and I is a unit tensor of second rank. Thermal
conductivity is obtained as a function of the time-averaged
microscopic heat flux, and the thermal conductivity Ky, of
the entire system is given as the sum of atomic thermal
conductivities calculated from the average heat flux of
each atom?” by

1 .
Kpn = Z Ki = Z F7 im0, @)

where T is target temperature of a system and Fe is a
small amount of perturbation determined by the micro-
scopic heat flux. Thus, the contribution of each atom to the
overall thermal conductivity can be decomposed without
any ambiguity. This allows us to map the atomic ther-
mal conductivities around the kink dislocations. Further

details of thermal conductivity calculations are explained
elsewhere. 3)20):27):29).30)
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In this study, thermal conductivities were measured for
4 ns with three different magnitude of perturbations within
the linear response regime. The direction of calculated
thermal conductivity is across the kink dislocation line
[001] because thermal conductivity of this direction is
greater contributions for the suppression of thermal con-
ductivity, thus a guide to exploit kink dislocations (See
Fig. S1 in the Supplementary Materials).

3. Results and discussion

Figure 2 shows an example of kink dislocation struc-
ture. The edge and screw components cannot be clearly
identified as in real kink textures because their intersection
angles are not 90° as shown in Fig. 1(a). The structure
with high edge components on the blue line is similar to
the perfect edge dislocation core structures. On the other
hand, the structures with screw components on the red line
(mixed dislocation) has a distorted atomic arrangement
compared with the perfect edge dislocation, to minimize
the total energy of kink dislocation. For simplicity, the
lengths of the edge and screw components are estimat-
ed from the structures before optimization [specified in
Fig. 1(a)].

Table 1 compares thermal conductivity of perfect crys-
tal, column of vacancies, edge dislocations and kink dis-
locations at almost the same dislocation density. As can
been seen from the Table 1, overall thermal conductivity is
significantly suppressed by the dislocations despite the fact
that they are linear defects instead of planar defects which
are more likely to disturb the wave propagations. The ther-
mal conductivity of kink dislocations varies depending on
the edge and screw components.

Figure 3 shows the dependences of the thermal conduc-
tivity on edge component [Fig. 3(a)] and screw component
[Fig. 3(b)] in kink dislocations. With a fixed screw length
at 8 A [Fig. 3(a)], the thermal conductivity of kink dis-
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Fig. 2. The core structures of (a) perfect edge dislocation and
(b) each layer along a kink dislocation, associated with its line
shape.

location models is almost equal to that of the perfect edge
dislocation, regardless of the edge length. This indicates
that the impact of screw component on thermal conduction
is not significant when its length is relatively short. On the
other hand, with a fixed edge length of 6 A [Fig. 3(b)], the
thermal conductivity significantly decreases as the screw
length increases. In particular, when the screw length is as
long as 25 A, the thermal conductivity suppressed by about
10 % less than the perfect edge dislocation.

To understand the impact of these kink dislocations on
thermal conductivity, we analyzed the variation (standard
deviation) of bond length as a parameter of structural
distortion for the perfect edge dislocation and eight kink
models (Fig. 4). The results show that there is a negative
correlation between the variation of bond length and ther-

Table 1. Overall thermal conductivity of perfect crystal and
three models with different dislocation structures. Their disloca-
tion density is about 2 x 10'®m~2. Thermal conductivity depen-
dence on dislocation density for edge dislocations are found in
Ref. 20)

Thermal conductivity

model
[W/mK]
Perfect crystal?? 142
column of vacancies 70.1
Edge dislocation?” 48.9
Kink dislocations 43.4-51.9
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Fig. 3. Thermal conductivity as a function of (a) edge length
and (b) screw length. The screw and edge length are fixed to
about 8 and 6 A in (a) and (b), respectively. The thermal conduc-
tivity with perfect edge dislocation is also shown as a dashed line.
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mal conductivity. Kinks with long screw length have a
large variation in bond length and low thermal conduc-
tivity, while those with short screw lengths have a small
variation in bond length and relatively high thermal con-
ductivity (equal to that of the perfect edge dislocation).
This indicates that the structural distortion in the mixed
dislocations with edge and screw components further sup-
press thermal conductivity compared with the perfect edge
dislocation.

To investigate the suppression mechanism of thermal
conduction in the vicinity of kink dislocation cores, the
atomic thermal conductivities were calculated and project-
ed onto (110) two dimensional planes for the models with
the perfect edge dislocations and kink dislocations, with
the same relative position of the dislocation line (Fig. 5).
For both dislocations, the atomic thermal conductivity de-
creased significantly not only in the vicinity of the dis-
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Fig. 4. Variation of bond length and thermal conductivity in a
perfect edge dislocation and eight kink dislocation models.
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Fig. 5. Two dimensional maps of atomic thermal conductivities
in (a) perfect edge dislocation model and (b) kink dislocation
model (edge and screw length are about 6 and 25 A).

location core but also in the regime away from them. The
disordered kink structure resulted in non-uniform atomic
thermal conductivities than the perfect edge dislocation,
leading to more significant suppression of overall thermal
conduction.

For more quantitative understanding, the averaged
atomic thermal conductivities in the vicinity of the dis-
location cores and in the regime away from them were
calculated (Fig. 6). The kink dislocations reduced the
thermal conductivity both in the vicinity of the dislocation
cores and the regime away from them than perfect edge
dislocations. Compared to the perfect edge dislocation, the
decrease was about 6 W/mK in the vicinity of the dis-
location cores and 5 W/mK in the region away from them.
This indicates that the kink dislocations not only affect the
thermal conduction of atoms whose coordination environ-
ment is modified by the dislocation core structures, but
also the thermal conductivity of atoms around the disloca-
tion core. The changes in the local coordination environ-
ment due to the kink rearrangement suppresses phonon
conduction, which is a collective vibration, in a broad spa-
tial range.

4. Conclusions

We analyzed the impact of edge and screw dislocations
on thermal conduction in MgO kink dislocation textures
using perturbed MD. The significant suppression of ther-
mal conduction in kink dislocations originates from the
combined impact of the edge and screw dislocations,
resulting in lower thermal conductivity than perfect edge
dislocations. It was found that thermal conduction is scat-
tered not only for atoms in the vicinity of the kink dis-
location core but also for those away from the disloca-
tion line. Thus, complex dislocation textures as seen in
real materials may reduce thermal conductivity more
drastically.

o0
OMg

[110]

Fig. 6. The regime defined as the vicinity of dislocation cores
used for averaging atomic thermal conductivities in Table 2.

Table 2. Atomic thermal conductivities averaged in the vicinity of dislocation core and regime away from
dislocation core for perfect and kink (edge length: 6 A, screw length: 25 A) dislocation

The vicinity of dislocation cores

Away from dislocation cores

number of atoms

Thermal conductivity

Thermal conductivi
number of atoms vy

[W/mK] [W/mK]
Perfect edge 6888 40.4 26250 52.8
Kink 7846 347 30078 47.7
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