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Abstract

Lattice thermal conductivity is a crucial property determining heat transport in crystalline solids. Point
imperfections, including vacancies, interstitials, and substitutional defects, disrupt the periodic lattice and
act as scattering centers for phonons, thereby reducing thermal conductivity. This study explores the
theoretical basis and quantitative effects of point imperfections on lattice thermal conductivity. Simulated
data and graphs are provided to illustrate trends, highlighting the dependence of conductivity on defect
concentration and temperature. The findings have implications for thermoelectric materials and solid-state
devices.
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1. Introduction

Thermal conductivity is one of the most important physical properties of materials, as it determines how
efficiently heat can be transported through a solid. In crystalline solids, heat is primarily carried by
phonons, which are quantized vibrations of the lattice. In an ideal, perfect crystal, phonons can travel
relatively unhindered, resulting in high lattice thermal conductivity.

However, real materials are never perfect. They contain various imperfections, such as vacancies
(missing atoms), interstitials (extra atoms in the lattice), and substitutional atoms (foreign atoms replacing
host atoms). These point defects break the periodicity of the lattice and act as scattering centers for
phonons. As a result, the phonon mean free path is reduced, and thermal conductivity decreases.

Understanding the influence of point imperfections is critical for several reasons:

1. Thermoelectric Materials: In thermoelectric devices, materials with low thermal conductivity
and high electrical conductivity are preferred. Introducing controlled point defects can reduce
lattice thermal conductivity, enhancing device efficiency.
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2. Microelectronics and Heat Management: High thermal conductivity is required in electronic
devices to prevent overheating. Knowledge of how defects affect heat transport helps engineers
design better heat-dissipating materials.

3. Fundamental Physics: Studying phonon scattering mechanisms due to defects provides deeper
insight into lattice dynamics and energy transport in solids.

This study focuses on quantifying the effect of point imperfections on lattice thermal conductivity.
Through theoretical analysis and simulated data, we investigate how defect concentration and type
influence phonon scattering and heat transport. The results aim to bridge the gap between material design
and practical applications, providing guidance for scientists and engineers in controlling thermal properties
of solids.

Theory and Background
Lattice thermal conductivity kL in a crystalline solid can be expressed using the phonon Boltzmann
transport equation (BTE) in the relaxation time approximation:

K = §Cst1

Where:
Cv = specific heat per unit volume

Vs = average phonon group velocity

[= phonon mean free path

Point defects reduce | by introducing additional phonon scattering mechanisms. Matthiessen’s rule
combines scattering contributions:

1 1 1 1

TR

Where [U = Umklapp scattering length, I = impurity scattering length, 1D = defect scattering length.
Types of Point Imperfections

Point imperfections, also called point defects, are localized disruptions in the regular arrangement of
atoms in a crystal lattice. They occur at or around a single lattice site and can significantly affect the
material’s physical properties, including thermal conductivity. The main types of point imperfections are:

1. Vacancies:
o A vacancy occurs when an atom is missing from its lattice site.
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o This creates an empty space that disturbs the regular atomic vibrations and causes phonon
scattering.

o Example: In metals like copper or silicon crystals, vacancies can form naturally during
high-temperature processing or due to radiation.

o Effect: Vacancies reduce lattice thermal conductivity because phonons collide with the
vacant sites and lose energy.

2. Interstitials:

o Interstitial defects occur when extra atoms occupy positions between the regular lattice
sites.

o These atoms can be of the same type as the host or foreign atoms.

o Example: Carbon atoms in the interstitial spaces of an iron lattice form steel, changing both
mechanical and thermal properties.

o Effect: Interstitials distort the lattice locally, scattering phonons and lowering thermal
conductivity.

3. Substitutional Defects:
o Insubstitutional defects, a foreign atom replaces a host atom in the lattice.
o Example: Silicon atoms in germanium lattice (Si-Ge alloys) or doping in semiconductors
(like phosphorus in silicon).
o Effect: The difference in atomic mass and bonding strength creates scattering centers for
phonons, reducing thermal conductivity.
4. Frenkel Defects (Combination of Vacancy and Interstitial):
o A Frenkel defect occurs when an atom leaves its lattice site (creating a vacancy) and
occupies an interstitial site.
o Common in ionic crystals like silver chloride (AgCl).
o Effect: It increases phonon scattering and lowers thermal conductivity more than a simple
vacancy or interstitial alone.
5. Schottky Defects (Paired Vacancies):
o Schottky defects involve a paired vacancy of a cation and anion in an ionic crystal,
maintaining charge neutrality.
o Example: Sodium chloride (NaCl) crystals often exhibit Schottky defects.
o Effect: These defects disrupt lattice vibrations, contributing to thermal resistance.

Mechanism of Scattering and Thermal Conductivity Reduction

The lattice thermal conductivity of a material is primarily governed by phonons, which are the quantized
vibrations of atoms in the crystal lattice. In a perfect crystal, phonons can travel long distances without
scattering, leading to high thermal conductivity. However, point imperfections disrupt this process by
scattering phonons, reducing their mean free path and thereby decreasing thermal conductivity.

There are several mechanisms through which point defects scatter phonons:

1. Mass Difference Scattering:
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o When an atom in the lattice is replaced by a foreign atom of different mass, or a vacancy
exists, the local mass distribution changes.

o This mass difference causes phonons to scatter because the lattice vibrations no longer
propagate uniformly.

o The greater the mass difference, the stronger the scattering effect.

2. Strain Field Scattering (Elastic Scattering):

o Point defects distort the local lattice structure, creating strain fields around them.

o Phonons interacting with these strain fields are scattered, reducing their velocity and mean
free path.

o Interstitials and substitutional atoms often produce significant lattice strain.

3. Resonant Scattering:
o Certain defects can have characteristic vibrational frequencies that resonate with specific
phonon modes.
o When phonon frequencies match these resonances, scattering is enhanced, further reducing
thermal conductivity.
4. Combined Effects of Multiple Defects:
o Inreal crystals, different types of defects often coexist.
o Matthiessen’s rule is used to estimate the total phonon scattering rate:

1 _ 1 N 1 4 1
1total lU lI 1D

Where lyis the mean free path due to Umklapp phonon-phonon scattering, 1;due to isotopic
or impurity scattering, and Ipdue to point defects.

o The combined effect significantly reduces thermal conductivity, especially at high defect
concentrations.

5. Temperature Dependence:
o At higher temperatures, phonon-phonon scattering (Umklapp processes) increases.
o When combined with defect scattering, thermal conductivity decreases more sharply with
temperature in defected crystals than in perfect crystals.

Experimental / Theoretical Analysis
Simulated data shows the effect of point defect concentration on thermal conductivity at room temperature
(300 K). The following table summarizes results for a generic binary crystal:

Table 1: Defect Concentration vs Thermal Conductivity

Defect Concentration (%0) Thermal Conductivity (W/m-K)
0 120
0.5 105
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Results and Discussion

The simulated data show that point imperfections reduce lattice thermal conductivity significantly.
Even a small defect concentration, like 0.5-1%, leads to a noticeable drop compared to a perfect crystal.

Effect of Defect Concentration: Thermal conductivity decreases with increasing defect concentration.
At low concentrations, the decrease is nearly linear, while at higher concentrations, it becomes more
pronounced due to overlapping scattering effects.

Effect of Defect Type: Vacancies have the strongest impact, as they introduce both mass difference and
lattice distortion. Interstitials scatter phonons mainly through lattice strain, and substitutional defects
reduce conductivity moderately depending on the mass mismatch.

Temperature Dependence: Thermal conductivity generally decreases with temperature due to enhanced
phonon-phonon scattering, and this effect is stronger in defected crystals.

Implications: These results suggest that controlled introduction of point defects can reduce thermal
conductivity in thermoelectric materials, while minimizing defects is crucial for materials where high
thermal conductivity is desired, such as in electronics.

Summary: Lattice thermal conductivity is strongly influenced by the type and concentration of point
imperfections, highlighting the importance of defect engineering for material design.
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Conclusion

This study demonstrates that point imperfections play a crucial role in reducing lattice thermal
conductivity in crystalline solids. Defects such as vacancies, interstitials, and substitutional atoms act as
scattering centers for phonons, disrupting the regular lattice vibrations and reducing the phonon mean free
path. The extent of reduction depends both on the type and concentration of defects, with vacancies
generally having the strongest impact.

The simulated data and theoretical analysis confirm that even small amounts of point defects can lead to
a significant drop in thermal conductivity. At higher defect concentrations, overlapping scattering effects
further reduce heat transport, highlighting the importance of controlling defect levels in materials.

Understanding these mechanisms is essential for material design:

« Inthermoelectric materials, introducing controlled point defects can lower thermal conductivity
to improve energy conversion efficiency.

e Inelectronic and thermal management applications, minimizing defects ensures higher thermal
conductivity and effective heat dissipation.

Overall, the study emphasizes that defect engineering is a powerful tool to tailor thermal properties in
crystalline solids. Further research combining experimental measurements and advanced simulations can
provide more precise insights into the interplay between defect types, concentration, and lattice thermal
conductivity.
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