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a b s t r a c t 

We report numerical analyses to examine the impact of edge dislocation onto phonon thermal conduc- 

tion in its vicinity. Two types of edge dislocations, one with open core and another with densely-packed 

core, show different magnitude of suppression of thermal conductivity across dislocation lines, more than 

crystallographic anisotropy. It is also found that small density of dislocations effectively scatters phonons 

lowering thermal conductivity while higher density of dislocations is less effective to suppress thermal 

conduction. Detailed analyses on bond strains and atomic vibrational states indicated that, while linear 

dependence of atomic thermal conductivity is found when bond strain is small as in elastic strain field, 

non-linear/anharmonic dependence of atomic thermal conductivity emerges for the highly strained and 

under-coordinated atoms at the cores. A combination of these leads to remarkable suppression in thermal 

conductivity at non-arrayed dislocations even if atoms are positioned away from dislocation core. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Extensive studies of dislocations for many decades have enabled 

s to go further toward nanostructures. Those include pioneering 

tudies Hall and Petch for hardening [ 1 , 2 ], which are paralleled by

heoretical studies by Peierls, Cottrell, Read and Shockley and Es- 

elby et al., to name just a few [3–6] , followed by transmission 

lectron microscopy observation [7] . All of these have facilitated 

n-depth understanding of structure-property relationships mainly 

f mechanical properties even for complicated materials including 

anostructured materials in terms of nucleation or transient dislo- 

ations [8–13] , in conjunction with computational atomistic mod- 

ling techniques including those by molecular dynamics simula- 

ions with classical force fields [14–16] and ab initio calculations 

17–21] , and recently also by machine learning [22] . 

Attempts have been made to exploit dislocations for more di- 

erse properties other than mechanical properties. The roles of dis- 

ocations on colossal pipe diffusion [23–25] and epitaxial growth 

re well known. However, most of them often remain to remove 

etrimental effects of dislocations or make them benign against 

he target properties of materials [26–29] . Recently, a new strat- 

gy for molecular decoding by utilizing dislocation is proposed 

30] . With an aid of pipe diffusion along dislocations, conduct- 
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ng nanowires are realized in an insulator material [31] . Photo- 

ssisted/impeded plastic deformation is experimentally demon- 

trated for a semiconductor material [32] , which can be attributed 

o interplay between photons, electrons and dislocations [33] . 

More successful results have been obtained for possible ap- 

lications for thermoelectrics where conflicting demands for two 

ransport properties of quantum waves persist. One of pioneer- 

ng study reported that increased dislocation density together with 

rain boundaries (GBs) and vacancies by high pressure torsion 

HPT) successfully suppress phonon thermal conductivity, thereby 

ncreasing the thermoelectric conversion efficiency [34] . Misfit dis- 

ocations and arrays of dislocations, or low angle GBs, are found 

o be effective to suppress thermal conductivity (especially when 

opant segregation occurs), while minimizing detrimental impact 

n electronic counterparts [35–39] . Following those geometrically- 

ecessary (GN) dislocations, it has been experimentally confirmed 

hat statistically-stored (SS) dislocations also play pivotal role for 

ontrolling phonon thermal conductivity [ 40 , 41 ], which opens up a 

ew way to maximizing the thermoelectric figure of merit through 

areful tailoring of microstructures or nanostructures. However, in- 

erpretation of those favorable results rely on conventional analyt- 

cal theories [ 42 , 43 ] proposed many decades ago, while large devi-

tion from Matthiessen’s sum rule is reported [44] . 

A pioneering work by Klemens proposed phonon scattering by 

islocations based on a discrete lattice model with nonlinear elas- 
c. This is an open access article under the CC BY license 
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Fig. 1. Edge dislocation models with the Burgers vectors of (a) a [001] and (b) 

a /2[110]. The dislocation densities are about 7 × 10 16 m 

−2 . 
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icity theory where dislocations are described by an array of va- 

ancies with elastic strain field around it [ 42 , 43 ], which remain

nchanged in updates for nanostructures by Cahill et al [ 44 , 45 ].

n contrast, Fujii et al. recently demonstrated that thermal conduc- 

ivity near arrayed GN dislocations, or low angle tilt GBs, depends 

ighly on the atomic structures of dislocations, where a dislocation 

ore with lower number density of atoms is more effective for re- 

ucing thermal conductivity [46] . In addition, they also revealed 

hat even small bond strains near GN dislocations can dramatically 

educe thermal conductivity, through the development of a model 

hat predicts GB thermal conductivity from their atomic structures 

47] . 

It is expected, however, that isolated SS dislocations introduce 

ifferent im pact on thermal conduction in its vicinity compared 

ith the ones by GBs where strain fields of arrayed GN disloca- 

ions can be cancelled out. Lack of precise understanding of the in- 

uence of SS dislocations on phonon thermal conduction impedes 

urther attempts by experiments as introduction or annihilation of 

S dislocation through thermal materials processing inevitably ac- 

ompanies rapid vacancy diffusion and slow grain growth. Thus, 

n this study, numerical analyses are performed to understand the 

oles that SS dislocation play on thermal conduction using molec- 

lar dynamics. 

To evaluate and analyze thermal conductivity, we used per- 

urbed molecular dynamics method [48] . For this purpose we have 

dded custom-written codes to LAMMPS package [49] . Advan- 

ages of using it in this study over other methods includes direct 

uantifications of thermal conductivity based solely on motions of 

toms, without artificial phonon scatterings which complicates the 

nalyses or any assumption regarding phonon scatterings. In this 

ethod, thermal conductivity is obtained as a function of tempo- 

al average of microscopic heat flux, J , which is given by 

 = 

∑ 

i 

J i = 

∑ 

i 

1 

2 V 

[ { 

m i v 
2 
i + 

∑ 

j 

φi j 

} 

I · v i −
∑ 

j 

(
F i j · v i 

)
r i j 

] 

(1) 

here m i and v i are mass and velocity of atom i , φi j denotes inter- 

al energy determined by interatomic interaction, V is volume of a 

upercell, F i j is a force exerted from atom j to atom i , r i j = r j − r i 
ith r i being a position of atom i , and I is a unit tensor of second

ank. Since the summation is taken over all the atoms, atomic heat 

ux, J i , can be unambiguously determined [ 48 , 50 ]. Phonon thermal 

onductivity is then given by, 

ph = 

∑ 

i 

κi = 

∑ 

i 

1 

F ext T 
lim 

t→∞ 

〈 J i 〉 t (2) 

here T is target temperature of a system. In this method, small 

mount of perturbation which is determined by current instanta- 

eous microscopic heat flux is added to the equation of motion. 

ts magnitude and direction are determined by an adjustable pa- 

ameter, F ext , to the extent it generates non-zero heat flux within 

he linear response regime. Dependence on it disappears by divid- 

ng temporal average of heat flux by it. Because of this relation- 

hip between overall thermal conductivity and microscopic heat 

ux of each atom, contributions of each atom to overall thermal 

onductivity, which hereafter is referred to as atomic thermal con- 

uctivity, can be uniquely decomposed to. This enables mapping 

f atomic thermal conductivity around dislocations [ 46 , 48 , 50 , 51 ].

s shown in Eq. (2 ), atomic thermal conductivities are extensive 

ariables but can be readily converted to intensive variables by di- 

iding the heat flux ( Eq. (1 )) by the volume per atom instead of

he volume of a supercell [51] . 

In this study, rock-salt structured MgO is chosen as a model 

aterial. Taking into account the fact that the difference in ionic 

adii between O and Mg is greater than atomic radii of Fe and 

, this crystal is actually formed by FCC sublattice of large O 
2 
ons with small Mg ions at its octahedral sites, in common with 

ther variety of oxides and also with metals. This enables com- 

arison with them and extension of findings to those materials. 

nteratomic bonding between Mg and O is highly ionic and non- 

irectional, and thus simple classical pair-wise Buckingham poten- 

ial is used [52] . This yields thermal conductivity of 119.2 W/mK 

or a single crystal. The overestimation of thermal conductivity 

ompared with the experimental value (~ 50 W/mK [ 53 , 54 ]) can be

ainly attributed to the effects of isotopes, impurities and pores in 

xperimental samples [46] . We intentionally neglect these effects 

o focus on the relative changes of thermal conductivity caused 

olely by dislocations. In addition, the group velocities of phonons 

n MgO are overestimated with the employed Buckingham poten- 

ial compared with that obtained by ab initio calculations (see 

igs. S1 and S2 in Supplementary Materials). However, the shape 

f phonon dispersions is well represented with this potential, and 

hus it is plausible to assume that phonon transport and its scat- 

ering mechanism is also well represented. 

Supercells with dislocations are constructed as follows: At first 

wo crystal slabs oriented along dislocation line, one with an extra 

alf plane and one without it, are adjoined. The two adjoined slabs 

ith a dislocation in each are then adjoined to form a supercell 

uch that Burgers vectors of two edge dislocations are antiparal- 

el and two edge dislocations are placed at farthest and most sta- 

le positions at an angle 45 degrees between two dislocation cores 

ccording to the Peach-Koehler equation. For each type of disloca- 

ion, models were constructed with different dislocation densities 

up to about 7 × 10 16 m 

−2 . 

The dimensions of each supercell were determined under a 

onstant pressure condition (1.013 × 10 5 Pa) by molecular dynam- 

cs for 100 ps at 300 K. Thermal equilibrium without the pertur- 

ation after 400 ps and steady state with the perturbation after 

 ns are achieved under a constant volume condition using Nosé- 

oover thermostat. Then, thermal conductivity was measured with 

he perturbation for 7 ns with reliable statistical accuracy. Multi- 

le F ext are used to ensure that the system stays within linear re- 

ponse regime and for statistical accuracy of independently mea- 

ured thermal conductivity including atomic thermal conductivity. 

In this study, we investigated the impact of two different edge 

islocations with a line vector t = [ ̄1 10 ] on the phonon ther- 

al conductivity. One has an open dislocation core with a Burg- 

rs vector b = a [001] and the other has a densely packed core 

ith b = a /2[110] ( Fig. 1 ), where a corresponds to the lattice

onstant of MgO. Hereafter, these dislocations are referred to as 

001] and 1/2[110] dislocations, respectively. The constructed cell 

or [001] dislocation with ρ ∼= 

7 × 1 0 16 m 

−2 has the dimensions 

f 53.3 × 50.5 × 20.8 Å and contains 5880 atoms. Here, we fo- 

us on the thermal conduction across dislocation lines, because the 

uppression of thermal conductivity is much significant compared 

ith those along the dislocation lines (see Fig. S3 in Supplemen- 

ary Materials for details). 
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Fig. 2. Lattice thermal conductivity as a function of dislocation density for two edge 

dislocations with b = a [001] and a /2[110]. 
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Fig. 2 compares the dislocation-density dependence of phonon 

hermal conductivity between [001] and 1/2[110] dislocations. 

hermal conductivity with no dislocations ( ρ = 0) was also plotted 

n the figure to show the orientation dependence of single crys- 

alline thermal conductivity. Introducing small density of disloca- 

ions steeply reduced the thermal conductivity, followed by grad- 

al decreases with increasing ρ . The reduction of thermal conduc- 

ivity is more evident for [001] dislocation with the open cores, as 

he thermal conductivity is always lower than that of 1/2[110] dis- 

ocation despite the higher single crystalline thermal conductivity. 

specially, with the very high ρ of about 7 × 10 16 m 

−2 , the ther- 

al conductivity of 1/2[110] dislocation model is almost doubled 

hat of [001] dislocation model. This indicates that open disloca- 

ion cores, which has lower atomic number density and more rup- 

ured bonds, are more effective to decrease the thermal conduc- 

ivity, while densely packed cores are less influential. This trend is 

onsistent with the results of the low-angle tilt GBs (arrayed GN 

islocations). 

To investigate the suppression mechanism of thermal conduc- 

ion in the vicinity of the dislocation cores, we calculated atomic 

hermal conductivities for ρ ∼= 

7 × 10 16 m 

−2 , and projected them 

o a two dimensional plane ( Fig. 3 a). In both dislocation mod- 

ls, atomic thermal conductivities were substantially decreased not 

nly in the vicinity of dislocation cores but also in the region away 

rom them; the maximum of atomic thermal conductivities is 43 

/mK in 1/2[110] dislocation model, which is almost one thirds of 

he single crystalline thermal conductivity of MgO (119.2 W/mK) 

alculated in this study. The [001] dislocation model exhibits much 

ower atomic thermal conductivities at any region compared to the 

/2[110] model. These results demonstrate that the influence of 

islocation cores on thermal transport is spatially widespread, es- 

ecially when the dislocation core has an open structure. 

Fig. 3 a also shows that atomic thermal conductivities are rela- 

ively high at the region including an extra half plane and low be- 

ween the dislocation cores, implying that the strain fields near the 

islocation cores modify the thermal transport at the nanoscale. 

hus, we estimated the bond strain of each atom according to the 

ollowing definition: 

 i = 

∑ C N i 
i 

l i j − l bulk × C N i 

l bulk × C N i 

, (3) 

here ε i is the bond strain of atom i , C N i is the coordination num-

er, l i j and l bulk are the distances from atom i to the nearest neigh- 

or atom j in the dislocation model and the bulk model, respec- 

ively. The two-dimensional maps of the bond strains are plotted 
3 
n Fig. 3 b. A typical strain field pair was found for both disloca- 

ions, where the extra half plane induced the compressive strain 

hile the other side was subjected to the tensile strain. Compar- 

ng Fig. 3 a and 3b, it can be seen that there is a strong correlation

etween the bond strains and atomic thermal conductivities, i.e., 

hermal conductivity is relatively large when the bonds are com- 

ressed, and vice versa. Indeed, our separate calculations on the 

niformly compressed or expanded MgO single crystals revealed 

hat the compressive (tensile) strains increase (decrease) the lat- 

ice thermal conductivity significantly (See Fig. S4 in Supplemen- 

ary Materials). 

Fig. 3 c displays the differences in the mean square displace- 

ent (MSD) of each atom compared to the bulk MgO relative to 

ts average over all directions. The MSD values correspond to the 

mplitudes of atomic vibrations. As seen from the comparison of 

ig. 3 b and 3c, the bond strain is correlated well with the MSD in

oth dislocation models, indicating that compressed bonds lead to 

he stronger interactions Mg and O ions and thereby smaller MSD, 

nd vice versa. The bond strain apparently modifies the dynamical 

ehavior of atoms, disrupting their collective motions and conse- 

uently reducing the thermal conductivity. It was also found from 

ig. 3 c that the MSD values significantly increased for the under- 

oordinated atoms at the cores and their neighboring atoms. These 

toms exhibit very low atomic thermal conductivities as shown in 

ig. 3 a, due to the largely anharmonic vibrations induced by the 

oordination deficiencies at the cores. 

To gain a more quantitative understanding, the atomic thermal 

onductivities are plotted as a function of the bond strain in Fig. 4 ,

y taking the average of them for each 0.5% of bond strain ε. Only 

ully coordinated atoms (CN = 6) were included in this figure to 

eparate the impacts of bond strains and coordination deficien- 

ies. The difference in atomic thermal conductivities between [001] 

nd 1/2[110] models is as large as 15.3 W/mK at ε = 0%, demon- 

trating the large scattering effect of the open core structure. In 

oth [001] and 1/2[110] dislocations, atomic thermal conductivi- 

ies linearly decreased as the bond strain increased, especially in 

he range of -0.5% ≤ ε ≤ 0.5%. The magnitudes of decreases are 

.1 W/mK for [001] dislocation and 7.6 W/mK for 1/2[110] disloca- 

ion, respectively, which are non-negligible considering their over- 

ll thermal conductivities of 20 and 34 W/mK. These results quan- 

itatively showed that the suppression of thermal conductivity can 

e attributed not only to the scattering by the cores but also to the 

train field in its vicinity. 

In addition, non-linear/anharmonic influence of bond strains 

nto atomic thermal conductivity is quantitatively demonstrated in 

ig. 4 . The compressive strains with ε < -0.5% did not increase the 

tomic thermal conductivities, probably due to the significant bond 

trains near the dislocation cores that is non-uniform not only in 

engths but also in angles. On the other hand, with larger ten- 

ile strains, atomic thermal conductivities continued to decrease in 

/2[110] model, while they plateaued out in [001] model. The large 

ensile strains would be less effective near the open core struc- 

ure because the thermal conductivity is already significantly re- 

uced. With the large tensile strain of ε = 1.5%, atomic thermal 

onductivities are as low as 17.9 ± 2.8 W/mK for [001] disloca- 

ion model and 21.9 ± 2.7 W/mK for 1/2[110] dislocation model, 

espectively. The value for 1/2[110] dislocation model is compara- 

le to that of the under-coordinated atoms at the dislocation core 

21.2 ± 4.7 W/mK), indicating the large impact of bond strains. 

n the other hand, the under-coordinated atoms in [001] dislo- 

ation model exhibit much lower atomic thermal conductivity of 

1.2 ± 6.2 W/mK compared with that of the fully coordinated 

toms. The different trends between two dislocation cores are due 

o the different magnitude of anharmonic vibrations as suggested 

n the results of MSD ( Fig. 3 c): the under-coordinated atoms at the 

001] dislocation core vibrates with larger MSD values (larger am- 
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Fig. 3. Two-dimensional maps of (a) atomic thermal conductivities, (b) bond strains, and (c) differences in mean square displacements �MSD , compared to the bulk MgO. 

The upper and lower panels show the results of two edge dislocations with b = a [001] and a /2[110]. 

Fig. 4. Atomic thermal conductivities as a function of bond strain for two edge dis- 

locations with b = a [001] and a /2[110]. 
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litudes) than those at the 1/2[110] dislocation core. These results 

emonstrated that nanoscale thermal conduction near dislocations 

s highly dependent on the local distortion such as bond strains 

nd coordination deficiencies induced by the different types of the 

ore structures. 

In summary, we performed numerical analyses of phonon ther- 

al conduction in the vicinity of edge dislocations in MgO by 

eans of perturbed molecular dynamics. The main factors in dis- 

urbing the collective vibrations of atoms are found to be the 

islocation core structures with coordination deficiencies and lin- 

ar/nonlinear bond strains, beyond the simple description as one- 

imensional obstacles and associated linear-elastic strain field de- 

uced earlier. These then suppress atomic thermal conductivity, 

ot only of atoms in the vicinity of the dislocation core but also 

f atoms away from the dislocation core. As a consequence, over- 

ll thermal conduction is suppressed by the dislocations, and de- 
4 
endence of thermal conductivity on dislocation density becomes 

onlinear. 
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