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a b s t r a c t 

This work aims at a quantitative and mechanistic understanding of the dynamic process of the phonon- 

dislocation interaction in PbTe/PbSe (001) heterostructures using the Concurrent Atomistic-Continuum 

(CAC) method as the simulation tool. The misfit dislocation network and the atomic-scale dislocation core 

structure obtained in the simulations are found to agree reasonably well with the experimental observa- 

tions of the PbTe/PbSe (001) interface. Through visualizing the dynamic interaction between phonons and 

dislocations, as well as quantifying the dislocation vibration amplitude, the phonon energy transmission, 

and the thermal resistance of the misfit interfaces, this work has illustrated and quantified two mech- 

anisms for phonon-dislocation interaction: (1) phonon scattering by the strain field of dislocations, and 

(2) phonon scattering by dislocations that vibrate via the local modes of a dislocation network; the latter, 

leads to resonant phonon-dislocation interaction, which is manifested as local maxima of out-of-phase 

vibration of the atoms on the two sides of the slip plane, leading to local minima of the energy trans- 

mission in the heterostructure that contains one interface. The local vibrational modes are found to be 

excited only by shear stress induced by transverse phonons. Among various resonant modes, the one with 

the lowest frequency has the strongest effect. This work has also demonstrated the collective motion of 

dislocations under ultrafast phonon pulses. In addition, the dynamic properties of the misfit dislocation 

network localized within one interface are found to be significantly altered by the presence of misfit dis- 

locations at other interfaces, thus further confirming the cooperative dynamic nature of the motion of 

dislocations and phonons. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Dislocations are ubiquitous crystallographic defects that form 

during materials syntheses or during thermal or mechanical pro- 

cesses. Dynamics of atoms in crystals are inevitably influenced by 

the interaction between dislocations and phonons. This interaction 

is the basis for the microscopic description and understanding of 

many important material phenomena such as plastic flow, mate- 

rials damping, and thermal resistance. Our understanding of this 

interaction, however, is very limited. 

In his attempt to explain the observed damping of mechani- 

cal vibrations in single crystals, Eshelby [1] described two mech- 

∗ Corresponding author. 

E-mail address: yangli1991@ufl.edu (Y. Li) . 

anisms: “damping due to the interaction between the vibrational 

stresses and the stresses surrounding stationary dislocations, and 

damping due to the emission of elastic waves from an oscillating 

dislocation”. Eshelby observed that “the effect arising from station- 

ary dislocations is inadequate to explain the damping observed in 

single crystals”, while “the effect of moving dislocations seems ca- 

pable of explaining the right order of magnitude”. In 1951 Nabarro 

[2] noticed that “a sound wave passing near the dislocation is scat- 

tered”; by adapting Peierls’s dislocation model to dynamical prob- 

lems, Nabarro explained the two mechanisms from the viewpoint 

of phonon (wave) scattering: (1) static scattering of phonons by 

“the inhomogeneous strain field of a stationary dislocation”, and 

(2) dynamic scattering by dislocations “that move (oscillate) un- 

der the influence of the sound wave” [2] . Nabarro envisaged that 

“a dislocation re-radiates elastic waves as it oscillates” and that a 

https://doi.org/10.1016/j.actamat.2022.118143 
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“stationary dislocation produces no large-angle scattering of long 

waves” [2] . Using the re-radiation scattering cross-section calcu- 

lated by Nabarro, Granato showed that the dynamic scattering by 

vibrating (fluttering) dislocations is much greater than the static 

scattering [3] . 

These two different mechanisms seem to lead to significantly 

different phonon transport behavior. In 1959, thermal conductivity 

measurements of compressed LiF at low temperatures by Sproull 

et al. [4] suggested that dislocations have more than 10 0 0 times 

greater effect on phonon scattering than that predicted by Kle- 

mens’s theory of stationary dislocations [5] . Later, Anderson and 

co-workers [ 6 , 7 ] measured the thermal conductivities of single- 

crystal LiF at ∼1 K before and after plastic deformation, respec- 

tively, as well as after γ irradiation of the plastically deformed LiF. 

γ irradiation does not remove dislocations but pins down mobile 

dislocations, and hence renders mobile dislocations sessile, thus 

making it possible to quantify the contribution of mobile disloca- 

tions to thermal resistance. Their measurements established: (1) 

the scattering of phonons by pinned (stationary) dislocations or 

point defects is very weak, and (2) there is a large decrease in the 

thermal conductivity of LiF after plastic deformation, and this de- 

crease is due to dynamic, rather than static, scattering by disloca- 

tions [ 6 , 7 ]. 

The most widely used theory to quantitatively describe the 

dynamic scattering is the elastic string model first developed by 

Koehler [8] , built on the analogy between the vibration of a pinned 

dislocation line segment and the vibration of a string [8] . Accord- 

ing to the string model, “a pinned dislocation shall resonate at cer- 

tain frequencies” [8–10] . A generalization of Koehler’s string model 

is the Granato–Lucke [9] model, which predicts that a dislocation 

line stretched between pinning points a distance L apart exhibits a 

resonant frequency inversely proportional to L . However, the string 

model does not quantitatively explain the thermal conductivities 

measured by Anderson and coworkers, while the experiments were 

quantitatively reproduced by many others. This led to various con- 

jectures on the phonon-dislocation interaction mechanism. For ex- 

ample, Taylor and coworkers experimentally observed a strong de- 

crease in thermal conductivity at low temperatures after plastic 

deformation in LiF, as well as in KCl, NaCl, and NaF [11] . They 

also found a large difference in the thermal conductivities between 

plastically deformed LiF by bending and that by shearing. The dis- 

crepancy between theory and experiment was thus suggested to 

be due to “cooperative scattering by non-randomly distributed dis- 

locations” [11] . Meantime, Kneezel and Granato [12] conducted a 

comprehensive theoretical investigation into possible factors that 

might contribute to the discrepancy between the string model and 

experimental measurements. Their study, however, did not resolve 

the problem, and they concluded: “independently vibrating dislo- 

cations are not the important phonon scatterers” [12] . 

There are two possible causes for the failure of the string model 

in reproducing experimental measurements: (1) it ignores disloca- 

tion core structures, and hence cannot provide an accurate descrip- 

tion of the dynamic interaction between phonons and dislocations, 

and (2) it ignores the interaction between dislocations, and con- 

sequently it cannot account for cooperative phonon scattering by 

multiple dislocations. Phonon scattering by dislocations in real ma- 

terials is probably too complex to be described by simple analytical 

models or investigated by purely nanoscale computational meth- 

ods. To gain insights into the problem, a computational approach 

needs to simultaneously reproduce the atomic-scale dislocation 

core structures, the long-range interaction between dislocations, 

and the phonon-dislocation interaction covering a wide phonon 

wavelength range, since at low temperatures the low-frequency 

long-wavelength phonons are the major heat carriers and may be 

more strongly scattered by mobile dislocations [13] . The molecular 

dynamics (MD) simulation method has been used to study the ef- 

fect of dislocations on phonon transport [14–16] . However, MD has 

not been useful for studies of long-wavelength phonons because it 

cannot capture phonons with wavelengths larger than the periodic 

simulation box, and yet long-wavelength phonons are most impor- 

tant in the dynamic interaction between phonons and dislocations. 

The concurrent atomistic-continuum (CAC) [17–19] method has the 

capability of addressing all of the issues mentioned above. 

This work aims to investigate the dynamic process of phonon 

scattering on vibrating and interacting dislocations. We select the 

misfit dislocation networks in PbTe/PbSe (001) interface for this 

study because, (1) similar to that in alkali halides, a strong re- 

duction of thermal conductivity by dislocations has also been ob- 

served in lead chalcogenides such as PbS at low temperatures 

[20] ; (2) dislocations in PbTe and PbSe systems are highly mo- 

bile and there exists well-documented experimental data concern- 

ing the dislocation networks at the PbTe/PbSe (001) heterointer- 

face [ 21 , 22 ]; (3) there are reasonably well-developed interatomic 

potentials for the PbTe/PbSe system [ 23 , 24 ]; and (4) PbTe/PbSe 

heterostructures represent one of most important thermoelectric 

materials systems [ 25 , 26 ]. We employ the concurrent atomistic- 

continuum (CAC) [19] method for the simulations of misfit dislo- 

cation networks in PbTe/PbSe (001) heterostructures and subse- 

quently the interactions between the dislocations, interfaces, and 

phonons in the heterostructures, with phonon wavelength rang- 

ing from the atomic to the submicron scale. CAC is an atomistic 

method that employs a concurrent two-level structural description 

of crystalline materials: a continuous description of the structure of 

crystals at the unit cell level, and a discrete description of the orga- 

nization of atoms within each unit cell [19] . It extends the applica- 

bility of atomic-interaction-based computational methods from the 

nanoscale to the micro- or meso-scale by solving the exact atomic 

trajectories, as molecular dynamics (MD), in structurally disordered 

or other critical regions, while simultaneously solving interpolated 

atomic positions utilizing the continuous distribution of unit cells 

in ordered crystalline region. Both the atomically resolved and the 

coarse-grained regions in the computer models are governed under 

the same set of governing equations using a single interatomic po- 

tential. Defect structures associated with heterointerfaces, dynam- 

ics of dislocations, and the collective interaction between disloca- 

tions, interfaces, and phonons all emerge in the simulation with no 

empirical rules, parameters, or presumed phonon transport mech- 

anisms other than the interatomic potential. 

This paper is organized as follows. After this Introduction, in 

Section 2 we present the computational method and the obtained 

misfit dislocation networks in PbTe/PbSe (001) heterostructures 

containing one and two interfaces, respectively. In Section 3 , we 

report and analyze the simulation results of phonon-dislocation in- 

teractions in PbTe/PbSe (001) heterostructures, quantify the mech- 

anisms for phonon-dislocation interactions, and demonstrate the 

collective motion of misfit dislocation networks. This paper con- 

cludes with a brief summary and discussions in Section 4 . 

2. Computational method and misfit dislocation networks in 

PbTe/PbSe (001) heterostructures 

2.1. CAC computational method 

The CAC method builds on the formulation that extends Irving 

and Kirkwood’s statistical mechanical theory of transport processes 

for homogenized systems to a concurrent atomistic-continuum 

representation of non-equilibrium processes in general crystalline 

materials. The local densities of conserved quantities are defined 

per unit-cell volume per time-step interval [ 19 , 27 , 28 ], and conse- 

quently these densities are continuously distributed in equilibrium 

or steady-state crystalline materials, while fluxes are obtained as 

surface densities that satisfy the conservation laws without the 
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Fig. 1. 2D schematics of PbTe/PbSe heterostructures with (a) one interface, and (b) 

two interfaces; the crystallographic orientation is x //[100], y //[010], and z //[001]. 

Both models have the dimensions of 69 nm × 69 nm × 1.3 μm. 

need of being continuous [ 19 , 27-30 ]. To facilitate numerical imple- 

mentation using the finite element method, the CAC integral form 

of the conservation equation for linear momentum has been recast 

in terms of internal force density, f int α (x , t) , and temperature gradi- 

ent as [19] 

ρα ˙ v α = f int α ( x , t ) + f T α( x , t ) , 

where 
1 

�t 

�t 
∫ 

0 

f T α( x , t + τ ) dτ = λ∇ x T ( x , t ) , (1) 

where ραv α represents the density of linear momentum of α-th 

atom in the primitive unit cell located at point x ; f int α is the in- 

ternal force density per unit-cell volume; �t is the time-step in- 

terval, as the equation of motion is solved in discrete time steps; 

f T α is related to the kinetic part of stress due to fine-scale thermal 

fluctuations and has the effect of an external force; T is the kinetic 

temperature and is related to the kinetic stress; and λ is a con- 

stant determined by the mesh size in the finite element (FE) im- 

plementation. Eq. (1) is actually a multi-time scale representation. 

For non-equilibrium processes, ∇ x T is a constant within an ele- 

ment if the usual tri-linear shape functions are used; f T α can then 

be modeled as a body force with a constant mean in each element 

along with periodic or random fluctuations in time with the fre- 

quencies of the phonons that are cut off by the FE shape functions. 

Please see ref. [19] for more details. 

The CAC balance equation of linear momentum has been im- 

plemented in the LAMMPS codebase using a modified finite el- 

ement method [31] . Its accuracy and efficiency have been tested 

through one-to-one comparisons with MD for simulations of crack 

initiation and branching [ 32 , 33 ], phase transitions [34] , dislocation 

nucleation [35–38] , dislocation loop formations [39–42] , and inter- 

actions with other defects [43–49] , or phonon-dislocation [ 50 , 51 ], 

phonon-interface [52] , and phonon-internal surface interactions 

[53] . 

In this work, two sets of CAC models of the PbTe/PbSe het- 

erostructures are built. One model contains one PbTe/PbSe (001) 

interface and the others have two PbTe/PbSe (001) interfaces, as 

shown in Fig. 1 (a) and (b). Both sets of computer models have 

the dimensions of 69 nm × 69 nm × 1.3 μm, with each inter- 

face containing 114 × 114 PbSe unit cells and 108 × 108 PbTe unit 

cells. The dimensions of the interfaces are set according to the con- 

cept of coincidence site lattice on the misfit interface [54] , with 

the normal strains along the x and y directions in both PbSe (un- 

der compressive strain) and PbTe layers (under tensile strain) be- 

ing smaller than 3 × 10 −4 . The interface regions are atomically re- 

solved. The thicknesses of the atomic regions along the z direction 

are 25.4 nm and 27.4 nm ∼33.8 nm for the one and two-interface 

models, respectively. Coarse-scale finite elements (FEs) are used to 

discretize the remainder of the domain of the computational mod- 

els, with the FE mesh size changing gradually from that in which 

each element contains 162 cubic unit cells to that containing 2888 

cubic unit cells per element away from the interfaces. The ele- 

ments have a square prism shape with {100} faces. The size of 

the atomic region assures that the stresses at the numerical in- 

terface between the atomic region and coarse FE region converge 

to that in the region away from the heterointerface, indicating that 

the use of FEs has no artificial effect on the simulation results. The 

absolute value of the shear stresses at the numerical interface is 

smaller than 3 × 10 −4 GPa, close to zero in the region away from 

the interface. The normal stresses are also close to that in the re- 

gion away from the interface with difference smaller than 2%. The 

one-interface CAC model contains 3.9 million atoms and 15,480 

elements. The two-interface model contains 6 million atoms and 

15,480 elements. If resolved to fully atomistic models, each model 

would contain ∼ 0.2 billion atoms. According to CAC finite element 

algorithm [55] , the CAC models in this work reduce the degrees of 

freedom of an atomically resolved model by 97% and mathematical 

operations by 96.8%. 

For the interaction between atoms in the heterostructures, we 

employ the empirical interatomic potential previously reported for 

PbTe/PbSe systems [24] . The potential was built on the trans- 

ferrable potential for CdTe-CdSe-PbSe-PbS [ 23 , 56 , 57 ]. It is com- 

posed of a long-range Coulombic potential and a short-range Buck- 

ingham potential and is fitted to density functional theory (DFT) 

calculations and experimental measurements of several physical 

properties. The potential has been tested to reproduce the lat- 

tice parameters of bulk and alloy, the elastic constants, different 

phases, and the surface energies of PbTe and PbSe. The PbTe-PbSe 

potential has also been tested for CAC simulations in reproducing 

the misfit dislocation network [24] , as well as the dislocation den- 

sity as a function of the epilayer thickness [24] , in good agreement 

with experimental observations [ 21 , 22 , 58 ]. The phonon dispersion 

relations for PbTe and PbSe calculated based on the interatomic 

potential using MD, CAC with the finest mesh size, and CAC with 

a coarse finite element mesh are presented in the Appendix, re- 

spectively. A comparison with first principles calculations is also 

included. The dispersion relations of acoustic phonons for both 

PbTe and PbSe single crystals calculated based on the potential are 

shown to agree reasonably well with first principles calculations 

[59] . However, the potential fails to reproduce the first principles 

results for optical phonons. It appears to be a common problem for 

existing classical force fields to reproduce the phonon dispersions 

of optical phonons in lead chalcogenides [60–62] . 

2.2. Misfit dislocation networks 

The equilibrium structures of the PbTe/PbSe systems are ob- 

tained through simulations that mimic the direct wafer bond- 

ing process. It has been reported that heterostructures fabricated 

through direct bonding have only misfit dislocations at the inter- 

faces and no threading dislocations in the epilayers [63] ; the lat- 

ter have been ubiquitously observed in strained heterostructures 

grown heteroepitaxially. In this work, the simulation of the direct 

wafer bonding process consists of three steps. In step 1, two sin- 

gle crystals are put into contact through pressure applied on the 

surfaces of PbTe and PbSe single crystals for 0.1 ns. In step 2, the 

bonded heterostructure is annealed through high-temperature sim- 

ulations at 600 K for 0.2 ns, which is followed by a series of simu- 

lations with successively lowered temperatures from 600 K to 1 K 

and pressure lowered to 0 atm. The obtained heterostructure is 

further energy minimized in step 3. Periodic boundary conditions 

(PBCs) are applied along the lateral (i.e., x and y ) directions. Pres- 

sure is applied on the surfaces along the cross-interface (i.e., z ) di- 
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Fig. 2. The atomic structure of the PbTe/PbSe (001) semi-coherent interface at different tem peratures. The interface area is 69 nm × 69 nm. The inset is a scanning tunneling 

microscopy image of the PbTe/PbSe (001) semi-coherent interface at 300 K from experiments (adapted from the figure in ref. [21] ). 

Fig. 3. (a)The DXA line-based representation of the misfit dislocation network within one PbTe/PbSe (001) interface. The DXA line-based representation of misfit dislocation 

networks within the two PbTe/PbSe (001) interfaces with interface spacings being (b) 3.2 nm, (c) 6.4 nm, and (d) 9.6 nm. The misfit dislocation network in the first interface 

is colored in blue and that in the second interface is colored in red. d s indicates the shift distance between the misfit dislocation networks within the two interfaces along 

the [110] and [ ̄1 10] directions. The interface area is 69 nm × 69 nm for each model. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.) 

rection. The same procedure is used for computer models with one 

interface as well as those with two interfaces. To ensure that the 

equilibrium structures have the minimum potential energy, each 

heterostructure is obtained through simulations of 60 different rel- 

ative positions between the PbTe layer and PbSe layer in the direc- 

tions that are parallel to the interface. The simulations to find the 

equilibrium defect structures are most computationally intensive in 

this work. 

The atomic structures of one PbTe/PbSe (001) semi-coherent in- 

terface at ∼0 K is shown in Fig. 2 . The dark lines indicate the mis- 

fit dislocations. It is seen from Fig. 2 that the misfit dislocation 

network is square-like, consisting of mixed a 〈 100 〉 and a/2 〈 110 〉 

edge dislocations. At or below 300 K, about 90% misfit dislocations 

are a/2 〈 110 〉 dislocations, while ∼10% misfit dislocations are a 〈 100 〉 

dislocations. The a 〈 100 〉 dislocations are preferred near the disloca- 

tion junctions (the intersections of misfit dislocations) due to their 

lower core energy. The mixed-type dislocations make the network 

look slightly curved. At higher temperatures ( ≥400 K), the dislo- 

cation network becomes straight and only consists of a 〈 110 〉 dis- 

locations, as shown in Fig. 2 , which converges to the experimental 

observations of the PbTe/PbSe (001) misfit dislocation network at 

room temperature [21] . The average spacing of the dislocation net- 

work is 8.6 nm, in good agreement with the experimental result of 

8.8 nm. 

The obtained misfit dislocations in the equilibrated PbTe/PbSe 

structures are analyzed using the dislocation extraction algorithm 

(DXA) [64] . The line-based representations of the misfit dislocation 

networks are plotted in Fig. 3 (a) for the one-interface model and 

in Fig. 3 (b–d) for the two-interface models with interface spacings 

of 3.2 nm, 6.4 nm, and 9.6 nm, respectively. As can be seen from 

Fig. 3 (b–d), the dislocation networks in the two-interface models 

remain square-like with the average spacing of 8.6 nm. It is noticed 

that the two misfit dislocation networks in the structures with two 

interfaces do not overlap when viewed in the direction perpendic- 

ular to the interfaces. Rather, there are shift distances, d s , between 

the two misfit dislocation networks, which are 2.5 nm, 2.1 nm, and 

1.6 nm, respectively, along the [110] and [ ̄1 10] directions for the 

three specimens shown in Fig. 3 (b–d). 

In Fig. 4 we present side views of the atomic stress components 

σ xx , τ xy , and τ xz near the misfit dislocations, in which the atomic 

core structure of the misfit dislocations can be clearly observed. 

The stress distribution, especially the shear stress, is seen to be 

greatly influenced by the neighboring interface and the interface 

spacing. This effect gradually diminishes as the interface spacing 

increases. 

3. Phonon-dislocation interaction in PbTe/PbSe (001) 

heterostructures 

3.1. Comparing CAC and MD 

The phonon wave packet (PWP) technique [65] is employed in 

the simulation of the scattering of phonon pulses by misfit dislo- 

cations. A phonon is a quantized mode of vibration in a crystal lat- 

tice and so each phonon mode is specified by a wave vector k and 

an eigenvector e . A wave packet is a linear combination of phonon 

modes centered at a specific wave vector. The advantage of using 

PWP is that it can quantitatively measure the mode dependence 

of the phonon-dislocation interaction and provide a visualization 

of the process of phonon-dislocation interaction. The phonon wave 

packet at position r 0 with a central wave vector k can be con- 

structed by applying the displacement field u according to 

u ( r ) = Ue exp [ i k ( r − r 0 ) ] × exp 

[

−
( r − r 0 ) 

2 

η2 

]

(2) 

where U is the amplitude, e is the eigenvector, r is the position of 

the atom or the FE nodes, and η is the spatial extent. 

In this study, the wave packets are constructed in the PbSe 

region of the computer model and allowed to propagate along 

the z direction towards the PbTe/PbSe interface. For wavevectors 

along the z direction (i.e., [001] direction) there is one longitudinal 

acoustic (LA) phonon branch, two transverse acoustic (TA) phonon 
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Fig. 4. Stress σ xx (1st column), τ xy (2nd column), and τ xz (3rd column) near the misfit dislocations in the heterostructures with one interface (1st row), and two interfaces 

with interface spacings of 3.2 nm (2nd row), 6.4 nm (3rd row), and 9.6 nm (4th row). For visualization purpose, only Pb atoms are shown. 

branches, one longitudinal optical (LO) phonon branch, and two 

transverse optical (TO) phonon branches. LA and LO phonon modes 

have the polarization vectors along the [001] direction. The two 

TA branches and two TO branches are degenerate due to the cu- 

bic crystal symmetry. The polarization vectors of the TA and TO 

phonon modes can be in any pair of orthogonal directions perpen- 

dicular to [001]. In this study, the LA and LO phonon pulses are 

constructed based on the LA and LO phonon modes with polar- 

ization vectors along the [001] direction; the TA and TO phonon 

pulses are constructed based on the TA and TO phonon modes 

with polarization vectors along the [110] direction. It is worth not- 

ing that we have also simulated phonon pulses based on the TA 

and TO phonon modes with polarization along the [100] and [010] 

directions, respectively. The simulation results are similar to that 

of the [110] direction. 

To test the accuracy of the CAC models that contain coarse- 

scale FEs with respect to MD, we have built a fully resolved atom- 

istic model with dimensions of 69 nm × 69 nm × 100 nm that 

contains 16.2 million atoms. We then simulate the propagation 

of a set of TA phonon pulses with different wavelengths using 

both the atomically resolved and the coarse-grained models. Sim- 

ulation results show that the two computer models converge as 

the phonon wavelength increases. Fig. 5 compares the displace- 

ments during the propagation of the phonon pulse that has cen- 

tral wavelength of 8 nm in the two models. As can be seen, the 

displacements obtained in the two simulations agree very well, 

despite their different resolutions. After the scattering process, 

the incident phonon pulse has transited into a reflected phonon 

pulse in the PbSe layer and a transmitted phonon pulse in the 

PbTe layer. By measuring the kinetic energy of the transmitted 
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Fig. 5. Time sequences of the displacement field of the PbTe/PbSe (001) heterostructure during the propagation of a TA phonon pulse with wavelength of 8 nm, simulated 

using CAC with coarsely meshed finite elements (left) and MD with atoms (right). The unit of the displacement, U , denotes the amplitude of the incident phonon wave 

packet, which is 0.001 Å. 

phonon pulse ( E T ) and the kinetic energy of the initial phonon 

pulse ( E ), the energy transmission coefficient can be calculated by 

α = E T / E . The calculated energy transmission coefficients of the 

phonon pulses across the interface in the two models are 56.5% 

and 54.1%, respectively. The maximum vibrational amplitude of the 

misfit dislocations in response to the phonon pulse is 5.2 U in 

both models, where U = 0.001 Å is the amplitude of the incident 

wave. 

These comparisons demonstrate that CAC can reproduce 

phonon-dislocation interaction with the accuracy of MD for 

nonequilibrium processes involving phonons with wavelength 

longer than 8 nm for the PbTe/PbSe (001) heterostructures stud- 

ied in this work. By allowing multiscale resolutions, CAC can sig- 

nificantly reduce the degrees of freedom, and consequently in- 

crease the length scale of the studied specimen, while at the same 

time accurately reproduce the atomic-level structures of disloca- 

tion cores. The unified governing equation for both the fully atomic 

and the coarse-scale FE regions guarantees that the propagation of 

long-wavelength phonons across the numerical interfaces between 

different resolutions has no unphysical wave reflections [ 66 , 67 ]. 

CAC thus has the unique ability to address the length scale chal- 

lenge in studying phonon scattering by multiple dislocations with- 

out any assumption of empirical rules. It is worth noting that CAC 

can simulate optical phonons, as it describes the internal vibra- 

tions of atoms within each unit cell. The limitation of CAC is that 

it cannot directly simulate phonons with wavelengths smaller than 

the FE mesh size. Since CAC has been demonstrated to have the 

accuracy of MD in simulating phonons with wavelength equal or 

larger than 8 nm, as shown in Fig. 5 , in this work, phonons of 

wavelength ranging from 8 nm to 121 nm are simulated using 

the nonuniformly meshed models (69 nm × 69 nm × 1.3 μm), 

while those with phonons whose wavelengths are smaller than 

8 nm are simulated using the atomically resolved smaller models 

(69 nm × 69 nm × 0.1 μm). 

3.2. Phonon scattering by misfit dislocations and phonon energy 

transmission across the misfit interface 

The obtained PbTe/PbSe (001) heterostructure with a single in- 

terface is simulated under the excitation of ultrashort acoustic 

phonon pulses, with the central wavelengths of the pulses ranging 

from 0.7 nm to 121 nm. To quantify the effect of misfit disloca- 

tions on phonon energy transmission, we have also built a model 

that has the same length as the CAC model, i.e., 1.3 μm, but has a 

coherent interface formed by 4 × 4 PbTe unit cells and 4 × 4 PbSe 

unit cells with PBCs applied in the lateral directions of the model. 

While such an ideal structure does not physically exist, simula- 

tion results of the model can be used to quantify the role of misfit 

dislocations, as the small cross-sectional area confined by the im- 

posed PBCs prevents misfit dislocations from nucleating, resulting 

in a heterostructure with a dislocation-free, i.e., coherent, interface. 

In Fig. 6 (a) and (b), we present the mode-wise energy trans- 

mission coefficients of TA and LA phonons, respectively, across 

the misfit interface, as well as their comparisons with that across 

the coherent interface. To quantify the dislocation reaction to the 

phonon pulses, in Fig. 6 (c) and (d), we plot the maximum vibra- 
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Fig. 6. The mode-wise energy transmission coefficients of (a) TA and (b) LA phonons across the semi-coherent and coherent single PbTe/PbSe (001) interfaces. The vibrational 

amplitude of the misfit dislocations in the interaction with the (c) TA and (d) LA phonon pulses with different wavevectors. The unit U denotes the amplitude of the phonon 

pulse, which is equal to 0.001 Å. 

tional amplitudes of the misfit dislocation network, in terms of the 

amplitude of the incident phonon pulse, as a function of the cen- 

tral wavevector of the phonon pulses. To provide a visualization 

of phonon scattering by the interface, Fig. 7 presents the time se- 

quences of the displacement responses to a TA and a LA phonon 

pulse, respectively. Major observations from Figs. 6 and 7 may be 

summarized as follows. 

(1) The energy transmission coefficients of the TA and LA phonon 

modes across the coherent interface are very high, except the 

high-frequency large-wavevector phonons; the latter is a re- 

sult of the mismatch between the phonon dispersion rela- 

tions of PbTe and PbSe, since this mismatch increases with the 

wavevector. By contrast, the energy transmission coefficients 

across the semi-coherent interface are much lower, as shown in 

Fig. 6 (a) and (b). This difference reflects the effect of the misfit 

dislocations on phonon transport across the interfaces. 

(2) There is also a large difference in energy transmission between 

TA and LA phonons, as shown in Fig. 6 (a) and (b), suggesting 

two different phonon-dislocation scattering mechanisms, which 

are supported by the discontinuous and continuous displace- 

ment fields at the locations of the misfit dislocations under the 

TA and LA phonons, respectively, as shown in Fig. 7 . 

(3) Consistent with the relatively larger energy transmission of the 

LA phonons, the dislocation reaction to the LA phonons is much 

weaker, with the vibrational amplitude of the dislocations in re- 

sponse to the LA phonons being 2 to 3 times smaller than that 

to the TA phonons, as shown in Fig. 6 (c) and (d). 

(4) Unlike that of LA phonons, the energy transmission of TA 

phonons exhibits a series of local minima, e.g., at frequencies 

of 0.115 THz, 0.183 THz, 0.273 THz, and 0.395 THz (reduced 

wavevectors of 0.05, 0.08, 0.12, and 0.175), with the TA phonon 

mode with frequency of 0.115 THz (wavelength 12.1 nm) having 

the lowest energy transmission coefficient of 31.9%, as shown in 

Fig. 6 (a). 

(5) Corresponding to the local minima of energy transmission co- 

efficients, the dislocation vibrational amplitudes exhibit local 

maxima at the same frequencies, as shown in Fig. 6 (c). This 

implies that at certain frequencies, local modes of the misfit 

dislocations are excited by the TA phonon pulses, leading to 

resonant interaction between phonons and the misfit disloca- 

tions. Specifically, the largest dislocation vibration amplitude 

occurs when the energy transmission coefficient is the low- 

est for the phonon pulse whose central wavelength is 12.1 nm 

and frequency 0.115 THz, as shown in Fig. 6 (a) and (c), at 

which the misfit dislocations experience the highest vibra- 

tion amplitude of 7.6 U , where U = 0.001 Å is the ampli- 

tude of the phonon pulse in all of the figures in this work. 

Fig. 7 confirms that the majority of this phonon pulse is re- 

flected back by the interface, resulting in the lowest energy 

transmission of 31.9%; there is clearly a co-existence of spec- 

tral and diffusive phonon scattering by the misfit dislocations 

with the spectral scattering being dominant. In contrast, the 

LA phonon pulse is only weakly scattered, with a high en- 

ergy transmission coefficient of 96.8%. It is worth mentioning 

that we have also simulated phonon pulses with U = 0.002 Å 

and 0.003 Å, respectively, and obtained similar results. This in- 

dicates that when U is small, the energy transmission coeffi- 

cients and the dislocation vibrational amplitude (in the unit 

of U ) do not depend on the amplitude of the phonon wave 

packets. 

(6) For the TA phonon pulse shown in Fig. 7 , the displacement 

fields are discontinuous at the locations of the misfit dis- 

locations that have the Burgers vector along [110] but con- 

tinuous at those with the Burgers vector along [ ̄1 10] . How- 

ever, the displacement field is continuous at the locations of 

all the dislocations for the LA phonon pulse. The displace- 

ment discontinuity across misfit dislocations indicates the ex- 

citation of local modes of dislocations by phonons whose 

polarization vectors are parallel to the Burgers vectors of 

dislocations. 
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Fig. 7. Time sequences of zoomed-in displacement contours during the propagation of (a) the TA and (b) the LA phonon pulses with wavelength of 12.1 nm in the PbTe/PbSe 

(001) heterostructure that contains one interface, showing phonon scattering by the misfit dislocations. The interface is marked by the dashed line. The arrows show the 

travelling directions of the phonon pulses. The energy transmission coefficients of the TA and LA phonon pulses are 31.9% and 96.8%, respectively. 

Although the interatomic potential does not reproduce the 

phonon dispersions of optical phonons for PbTe and PbSe with 

DFT accuracy, it still reproduces the essential features of the op- 

tical phonons: the high-frequency out-of-phase movements of the 

atoms within the unit cell. Since the phonon dispersions of optical 

phonons in PbTe and PbSe obtained from the interatomic poten- 

tial are completely mismatched, which leads to zero energy trans- 

mission coefficients across the interface, we focus on investigating 

the nature of the scattering of optical phonons by misfit disloca- 

tions. In Fig. 8 we present the time sequences of the displacement 

response of the PbTe/PbSe heterostructure to a TO phonon pulse 

with wavelength 6.1 nm and frequency 4.24 THz. As can be seen, 

the scattering of optical phonons by misfit dislocations is domi- 

nantly diffusive, as the scattered TO phonon pulse completely loses 

the coherency. Meanwhile, the vibrational amplitudes of the atoms 

near the misfit dislocations are negligibly small ( < 0.1 U) during 

the interaction. This means no local vibrational modes of the misfit 

dislocations are excited by the optical phonons. Similar phenomena 

are observed for other optical modes. 

With the energy transmission coefficients for the phonon 

modes spanning the entire Brillouin zone, the thermal boundary 

resistance (TBR) of the PbTe/PbSe (001) misfit interface can be 

quantified based on the Landauer formalism. The Landauer for- 

mula relates the electrical resistance of a quantum conductor to 

the scattering properties of the conductor [68] . The formalism has 

been widely used to quantify the thermal conductance in terms 

of the energy transmission of phonon modes, assuming that each 

material at the interface has equilibrium phonon distributions [69] . 

This assumption breaks down when the average phonon transmis- 

sion is close to unity. Landry and McGaughey modified the formula 

such that it is valid for nonequilibrium phonon distributions. In 

this work, the expression for TBR developed by Landry and Mc- 

Gaughey based on the Landauer formalism is employed [70] . The 

phonon lifetimes in the expression are calculated using ALAMODE 

[71] . The thermal resistance of the PbTe/PbSe (001) misfit interface 

at 1 K is calculated to be 9.1 × 10 −8 Km 2 /W. This value will be 

compared with the thermal resistance of the interface with pinned 

misfit dislocations in the next section. It is worth noting that at 
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Fig. 8. Time sequences of zoomed-in displacement field during the propagation of the TO phonon pulse with wavelength of 6.1 nm and frequency of 4.24 THz in the 

PbTe/PbSe (001) heterostructure that contains one interface. The interface is marked by the dashed line. The white arrow indicates the traveling directions of the phonon 

pulses. 

Fig. 9. (a) The mode-wise energy transmission coefficients of TA and LA phonons across the PbTe/PbSe (001) interface containing pinned misfit dislocations; (b) The vibra- 

tional amplitudes of the pinned misfit dislocations during the phonon-dislocation interaction as a function of wavevector. 

low temperatures the contribution of optical phonon scattering to 

the interfacial thermal resistance is negligible. 

3.3. Local vibrational modes of misfit dislocations and the collective 

motion of the dislocation networks 

To quantify the role of the local vibrational modes of misfit 

dislocations, point defects are induced into the PbTe/PbSe (001) 

interface to pin the movement of the misfit dislocations. This is 

achieved through removing atoms near the misfit dislocations (for 

each misfit dislocation segment, 4 atoms are removed). The TA 

and LA phonon energy transmission coefficients are presented in 

Fig. 9 (a). The vibrational amplitudes of the dislocations under the 

excitation of TA and LA phonons are plotted in Fig. 9 (b). Compar- 

ing Fig. 9 with Fig. 6 , we see that the vibrations of the misfit dis- 

locations under the LA phonons are only slightly weakened by the 

point defects, with the energy transmission coefficients being al- 

most unaffected. This indicates that the scattering of LA phonons 

at the interface is caused by the strain field of the dislocations 

rather than by the vibrations of dislocations. In contrast, the vi- 

brations of misfit dislocations under TA phonons are significantly 

weakened by the point defects, as the energy transmission coef- 

ficient of the TA phonon pulse with frequency of 0.115 THz in- 

creases from 31.9% (before pinned) to 97% (after pinned), which 

is very close to that for the LA phonons across the same misfit 

interface. These results demonstrate that the interaction between 

TA phonons and misfit dislocations is dominated by the dynamic 

mechanism, i.e., the excitation of local vibrational modes of mis- 

fit dislocations, and the resonant interaction is responsible for the 

low energy transmission and strong dislocation vibrations. By con- 

trast, the static mechanism is responsible for the weak interactions 

between LA phonons and misfit dislocations, as it does not excite 

local dislocation vibrational modes. The thermal resistance of the 

interface with pinned misfit dislocations at 1 K is calculated to be 

1.4 × 10 −8 Km 2 /W, which is about 1/6 that of the interface with 

unpinned misfit dislocations. This large difference in TBR indicates 

again that the resonant interactions play a significant role in the 

thermal resistance of PbTe/PbSe (001) misfit interface. 

To visualize the vibrational modes of dislocations, Fig. 10 (a) 

and (b) present snapshots of the displacements of atoms at the 

PbTe/PbSe (001) interface in response to a TA phonon pulse and 

a LA phonon pulse, respectively. The central frequency of the TA 

phonon pulse is 0.115 THz and that of the LA phonon pulse is 

1.53 THz. These two particular TA and LA phonon pulses were 

found to excite the strongest vibrations of dislocations, respec- 

tively, among all the TA and LA phonon pulses we have simu- 

lated. It is seen from Fig. 10 that, for both TA and LA phonon 

pulses, atoms near the dislocations experience higher amplitude 

of collective vibrations than the rest of the atoms. However, the 

reactions of misfit dislocations to TA and LA phonon pulses are 

different in vibration amplitude and displacement pattern. Under 

the TA phonon pulse, each dislocation line segment deforms ap- 

proximately in the shape of a bow or a half-sine wave, with the 

dislocation junctions in the dislocation network acting as pinning 
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Fig. 10. Snapshots of the displacements of the PbSe atoms and the PbTe atoms at the interface during the propagation of (a) a TA phonon pulse with frequency of 0.115 THz 

and (b) a LA phonon pulse with frequency of 1.53 THz. 

points of the dislocations, as shown in Fig. 10 (a). The atoms near 

the dislocation segments also move concomitantly with disloca- 

tions, leading to the deformation shape of a 3D surface. In addi- 

tion, the PbSe and PbTe atoms near the dislocations at the two 

sides of the interface vibrate in opposite directions. By tracking 

the time histories of the displacements of these atoms, we find 

that these atoms are subjected to out-of-phase vibration under all 

the TA phonon pulses. However, not all the dislocations in the net- 

work exhibit local out-of-phase vibration. Only the misfit disloca- 

tions with Burgers vectors in the [110] direction vibrate with this 

local mode, while the misfit dislocations that lie along the [110] 

direction with Burgers vectors in the [ ̄1 10] direction do not. Note 

that the polarization vectors of the incident TA phonons are along 

the [110] direction. This indicates that the local dislocation vibra- 

tional mode can only be activated by phonons that can provide 

shear-stress components along the Burgers vectors of the disloca- 

tions. When the polarization vectors of the incident TA phonons 

are along the [100] direction, the local vibrational modes of all 

the misfit dislocations (with the Burgers vectors along the [110] 

and [ ̄1 10] directions) are activated, as the phonons can provide the 

shear-stress component along the Burgers vectors of all the dislo- 

cations. It is the out-of-phase vibrations that lead to the discontin- 

uous displacement fields at the locations of dislocations shown in 

Fig. 7 (a). 

In contrast to the TA phonon pulses, the vibrations of the mis- 

fit dislocations in response to LA phonon pulses do not depend on 

the relationship between the polarization vectors of the phonons 

and the Burgers vectors of dislocations. This is because the polar- 

ization vectors of LA phonons are along the z (longitudinal) direc- 

tion, which is perpendicular to the Burgers vectors of all the mis- 

fit dislocations. As a result, all the misfit dislocations at the inter- 

face vibrate, together with the rest of the atoms near the interface, 

with a larger amplitude but nearly uniform vibrational amplitude, 

as shown in Fig. 10 (b). No out-of-phase vibrations of dislocations 

are observed for any LA phonon pulse. Consequently, the displace- 

ment field is continuous with all LA phonon pulses. Thus, although 

the misfit dislocation networks vibrate under the influence of ei- 

ther TA or LA phonon pulses, only the TA phonons excite the lo- 

cal modes of the misfit dislocations. The widely speculated and 

discussed fluttering of dislocations [6] described in the dynamic 

theories is thus the out-of-phase vibrations of the atoms on the 

two sides of the slip plane, and such vibrational mode can only 

be excited by the TA phonons. Contrary to what Roth and Ander- 

son [6] believed, LA phonons do not excite the out-of-phase dis- 

location vibrations and hence are only weakly scattered by misfit 

dislocations in this study. This also points to the likelihood of TA 

phonon modes being responsible for any restructuring of the inter- 

faces with misfit dislocations. 

In Fig. 11 , we present six snapshots of the zoomed-in dis- 

placements of the PbSe atoms at the interface under different TA 

phonon pulses. It is seen that for the phonon pulses with central 

frequencies of 0.029 THz and 0.115 THz, the dislocation segments 

vibrate in a similar pattern. By examining the dislocation reactions 

to the TA phonon pulses, we find that for TA phonon pulses with 

frequencies below 0.115 THz, the dislocation segments all vibrate 

approximately with the shape of a half-sine wave. This means that 

the same local dislocation vibrational mode is excited during the 

excitations of all these phonon pulses. As the frequency increases, 

the vibrational modes become more and more complex, having the 

shape of two, three, or more, half-sine waves. They are higher- 

order vibrational modes. We thus conclude that the lowest-order 

mode is the one with the vibrational frequency of 0.115 THz, which 

has the strongest resonant interaction with the TA phonon pulse of 

the same frequency. 

In addition, a collective motion of the dislocation segments, 

i.e., the misfit dislocation network, can be observed for all the TA 

phonon pulses. In Fig. 12 , we present snapshots of the time history 

of the reaction of the misfit dislocations to the TA phonon pulse 

with central frequency of 0.115 THz. It is seen that the dislocation 

segments, which are pinned at the dislocation junctions, do not vi- 

brate uniformly or randomly. Rather, there is a clear pattern of the 

motion of the entire misfit dislocation network, in which the dis- 

locations vibrate cooperatively. This is a demonstration of the col- 

lective motion of the dislocation segments at the misfit interface. 

3.4. Phonon-dislocation interaction in heterostructures with two 

interfaces 

If there is the collective motion of misfit dislocations due to 

the long-range interaction between dislocations, then the presence 

of an additional misfit interface should influence the vibrational 

motion of the dislocation network that is localized at each inter- 

face. To confirm this and to characterize its nature, CAC simula- 

tions of PbTe/PbSe (001) heterostructures containing two interfaces 

with interface spacings of 3.2 nm, 6.4 nm, and 9.6 nm, respectively, 

are performed for ultrafast acoustic phonon pulses with the cen- 

tral wavelength ranging from 0.7 nm to 121 nm. The nonequilib- 

rium processes of scattering of the phonon pulses by the misfit 
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Fig. 11. Snapshots of the displacements of the PbSe atoms at the interface under TA phonon pulses with the varying frequencies, among which the frequencies of 0.115 THz, 

0.183 THz, 0.273 THz, 0.395 THz, and 0.555 THz correspond to the local maximum values of the dislocation vibrational amplitudes in Fig. 6 (c); only a small region of the 

interface is shown. The dashed lines are plotted to indicate the vibrational mode shapes of the dislocation segments. 

Fig. 12. Time sequence of snapshots of the displacements of the PbSe atoms at the interface under the TA phonon pulse with frequency of 0.115 THz. 

dislocations are again visualized, and the energy transmission co- 

efficients are determined. For comparison purposes, we have also 

built a set of models that have the same length as the CAC mod- 

els, i.e., 1.3 μm, but contain two coherent interfaces with inter- 

face spacings of 3.2 nm, 6.4 nm, and 9.6 nm, respectively, formed 

by 4 × 4 PbTe unit cells and 4 × 4 PbSe unit cells with periodic 

boundary conditions applied in the lateral directions of the model 

to quantify the effect of misfit dislocations on phonon-dislocation 

interaction. 

In Fig. 13 , we present the simulation results of mode-wise en- 

ergy transmission coefficients of TA phonons across the two semi- 

coherent interfaces as well as the vibrational amplitude of the mis- 

fit dislocations, compared with the heterostructures with one in- 

terface and two coherent interfaces, respectively. In Fig. 14 , we 

present the snapshots of the displacements of the PbSe atoms at 

the two interfaces, respectively, in the heterostructures with differ- 

ent interface spacings. 

Comparing the results of the heterostructures having two inter- 

faces with that having one interface, we summarize the following 

similarities and differences in phonon-dislocation interaction be- 

tween the two types of heterostructures. 

(1) The phonon-dislocation interaction is much stronger in the het- 

erostructures with two interfaces than that with one interface. 

In particular, for the two-interface heterostructure with inter- 

face spacing of 6.4 nm, the largest dislocation vibration ampli- 

tude is 9.2 U, while that with one interface is 7.6 U; for the 

two-interface heterostructure with interface spacing of 9.6 nm, 

the lowest energy transmission coefficient is 3.9%, while that 

with one interface is 31.9%. 

(2) The wavevector or frequency with which the misfit dislocations 

have the strongest reaction has changed relative to the case of 

a single interface. As an example, for the two interfaces with 

3.2 nm interface spacing, the frequencies of the phonon pulses 

for the largest dislocation vibrational amplitude and the lowest 

energy transmission are 0.092 THz and 0.098 THz, respectively, 

while that with one interface is 0.115 THz. This means the pres- 

ence of an additional interface alters the atomic arrangements 

near the dislocations and infers a change in the local vibrational 

modes of the dislocation networks. 

(3) Both the energy transmission and maximum dislocation vibra- 

tional amplitude, as well as the frequencies for the strongest 

interaction, change with the interface spacing. For example, the 

central frequencies that lead to the strongest dislocation vibra- 

tions are 0.092 THz, 0.115 THz, and 0.126 THz for interface spac- 

ings of 3.2 nm, 6.4 nm, and 9.6 nm, respectively. 

(4) Similar to that with one interface, both the energy transmission 

coefficients and the dislocation vibrational amplitudes exhibit a 

series of local minima and local maxima, respectively. However, 

there are small but noticeable differences between the frequen- 

cies for the local minima of energy transmission coefficients 

and the local maxima for dislocation vibrational amplitudes. For 

example, for the heterostructure with 3.2 nm interface spacing, 

the central frequency of the phonon pulse that has the low- 

est energy transmission is 0.098 THz (reduced wavevector of 

0.043), while that for the largest dislocation vibrational ampli- 

tude is 0.092 THz (reduced wavevector of 0.04). 

(5) For each of the three heterostructures that contain two inter- 

faces, the lowest-order mode, i.e., the mode with lowest fre- 

quency, remains the one in which each dislocation segment vi- 

brates in the shape of a half-sine wave and has the strongest 

resonant phonon-dislocation interaction, as shown in Fig. 14 . 

(6) There is a local minimum for the energy transmission coeffi- 

cients at a smaller wavevector before the lowest energy trans- 
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Fig. 13. Upper row: mode-wise energy transmission coefficients of TA phonons across two-interfaces; lower row: dislocation vibrational amplitude, with interface spacing 

d = 3.2 nm, 6.4 nm, and 9.6 nm, respectively. The mode-wise energy transmission coefficients and vibration amplitude of misfit dislocations in PbTe/PbSe (001) heterostruc- 

tures with one interface ( d = 0) and that with two coherent interfaces are included for comparison. The unit U denotes the amplitude of the phonon pulse, which is equal 

to 0.001 Å. 

mission coefficient in each heterostructure. There is, however, 

no corresponding local maximum for dislocation vibration near 

that frequency. By checking the displacement contour with the 

phonon pulse of that frequency, we found that the dislocations 

still vibrate in the shape of a half sine wave. It is thus not a dif- 

ferent local vibrational mode. The local minimum is thus prob- 

ably caused by factors other than dislocations, such as wave in- 

terference due to the presence of two interfaces. This is likely 

also the reason why the lowest energy transmission and largest 

dislocation reaction do not occur at the same phonon pulse 

when there are two interfaces. 

4. Summary and discussion 

In this work, we have obtained the equilibrium structure of the 

misfit dislocation network at the PbTe/PbSe (001) interface through 

simulations that mimic the direct wafer bonding process. The mis- 

fit dislocation network is square-like, consisting of pure edge dislo- 

cations with average dislocation spacing of 8.6 nm, which compare 

reasonably well with experimental observations by Springholz and 

Wiesauer [21] . For the heterostructures with two interfaces having 

interface spacings of 3.2 nm, 6.4 nm, and 9.6 nm, the dislocation 

networks remain square-like and have the same average disloca- 

tion spacing of 8.6 nm. However, there are shifts of 2.5 nm, 2.1 nm, 

and 1.6 nm, respectively, in the dislocation positions between the 

two interfaces along the [110] and [ ̄1 10] directions. 

Through visualizing the dynamic interaction between phonons 

and misfit dislocations, this work has illustrated and quantified 

two mechanisms for phonon-dislocation interaction: (1) phonon 

scattering by the strain field of dislocations, and (2) phonon scat- 

tering by dislocations that vibrate via the local modes of a dis- 

location network. The former is the “static mechanism” termed 

by Nabarro [2] , which underlies the reactions of the misfit dislo- 

cations to LA, TO, and LO phonons in the PbTe/PbSe (001) het- 

erostructures, while the latter is similar to the concept of fluttering 

dislocations [13] , which are found in the reactions of misfit disloca- 

tions to TA phonons in this work. By comparing the energy trans- 

mission coefficients of the TA phonons across the unpinned misfit 

dislocation network with that across pinned misfit dislocation net- 

work, this work confirms the strong role of local vibrational modes 

of dislocations in phonon transport. Also, by comparing the energy 

transmission coefficients of phonon pulses across the misfit dislo- 

cation interfaces with that across coherent (dislocation-free) inter- 

faces, this work demonstrates the significant role of misfit disloca- 

tions in the thermal resistance of the PbTe/PbSe (001) heterostruc- 

tures. 

We have also quantified the local vibrational modes of the dis- 

locations. Local dislocation vibrational modes were first discussed 

by Ninomiya who related the resonant frequencies to the local- 

ized modes of a dislocation [72] . Simulations in this work demon- 

strate that there are a series of such resonant modes, which are 

manifested as local maxima of dislocation vibrational amplitude 

and out-of-phase vibrations of the atoms on the two sides of the 

slip plane, leading to a local minimum in the energy transmis- 

sion coefficients in the heterostructure that contains one interface. 

Among the resonant modes, the lowest-frequency mode is one for 

which each dislocation segment vibrates with the shape of a half- 

sine wave and has the largest dislocation vibration amplitude; for 

higher-frequency modes, the vibrational shapes of dislocation seg- 

ments are very complex, making it unlikely for a simple theoretical 

model to quantitatively predict material performance. In addition, 

the local modes can only be excited by phonons whose polariza- 

tion vectors are not perpendicular to the Burgers vectors of dis- 

locations. Recall that Anderson and coworkers [ 6 , 7 ] reported that 

“all measurements of thermal conductivity and ballistic phonon 

propagation in deformed LiF crystals are consistent with an inter- 

pretation in which the slow transverse (and possibly longitudinal) 

phonon mode is more strongly scattered by dislocations than the 

fast transverse mode”. Mechanistically, this experimental observa- 

tion is explained by the role of the shear stress component of the 

phonons along the Burgers vectors of dislocations in activating the 

out-of-phase local dislocation vibrational modes. In contrast to the 

speculation of Anderson and coworkers [ 6 , 7 ], no resonant interac- 

tion between LA phonons and dislocations has been observed in 

this work. 

To explain the discrepancy between theory and experiment 

on thermal transport properties of LiF and other ionic materi- 

als, Taylor and coworkers suggested that the discrepancy may be 

due to “cooperative scattering by nonrandomly distributed dis- 

locations” [11] . This work has demonstrated a clear pattern of 
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Fig. 14. Snapshots of the displacements of the PbSe atoms at the two semi-coherent interfaces with 3.2 nm, 6.4 nm, and 9.6 nm interface spacing, respectively, under the TA 

phonon pulses that lead to the strongest vibrations of the misfit dislocations, i.e., with frequencies of 0.92 THz, 0.115 THz, and 0.126 THz, respectively. Left (right) column: 

snapshots taken at the timestep when the misfit dislocations at the first (second) interface have the largest displacements. 

Fig. A.1. Phonon dispersion relations for PbTe (left) and PbSe (right) based on the empirical interatomic potential [24] employed in this work. The dashed dispersion curves 

are obtained via CAC using the finest mesh size, which are identical to that obtained by MD; the red solid curves are obtained via CAC using a uniform coarse finite element 

mesh with each element containing 1024 atoms; the circles are DFT calculations reported in ref. [59] . (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 

the motion of the misfit dislocation networks, in which the dis- 

locations are shown to vibrate cooperatively, rather than ran- 

domly or independently, thus confirming the emergence of collec- 

tive motion of dislocations. In addition, simulation results show 

that the dynamic properties of the misfit dislocation network 

localized within one interface can be changed by the presence 

of misfit dislocations at other interfaces, and this change de- 

pends on the spacing between the dislocation networks. More 

generally, this work supports the notion that the responses to 

heat pulses can be significantly influenced by the collective in- 

teraction between phonons and the distribution of misfit disloca- 

tions, driven primarily by shear waves. Hence, it is demonstrated 

that CAC simulations can enhance quantitative understanding of 

the collective behavior of dislocations at interfaces. This suggests 

the utility of CAC for the simulation of acoustic metamaterials 

that derive their characteristics from mesoscopic arrangements, 

including the role of defect distributions in modifying dynamic 

response. 
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