
 

 

 

Heat flow in Si nanowires containing δ-layers 
 

by 
 

Mehmet Bahadir Bebek, M.S. 
 

A Dissertation 
 

In 
 

Physics 
 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 
 

DOCTOR OF PHILOSOPHY 
 

Approved 
 

Dr. Stefan K. Estreicher  
Chair of Committee 

 
Dr. Mahdi Sanati 

 
 

Dr. Ayrton Bernussi 
 
 

Dr. Luis Grave de Peralta 
 

Mark Sheridan 
Dean of the Graduate School 

 
 

May, 2016 
  



 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2016, Mehmet Bahadir Bebek 

 



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

ii 

 

ACKNOWLEDGMENTS 

I would like to thank my advisor, Dr. Stefan Estreicher, for all of his help with both my 

research process and with this dissertation. Thank you to all of my committee members Dr. 

Mahdi Sanati, Dr. Ayrton Bernussi and Dr. Luis Grave de Peralta for being a part of my 

committee. I would also like to thank Dr. Michael Gibbons for his help in lifetime 

calculations 

I would like to thank everyone at the Texas Tech University Physics Department for their 

assistance and financial support throughout my graduate study. I am grateful to the Welch 

Foundation for their financial support, and I would like to thank the Texas Tech University 

High Performance Computing Center for allowing me to use generous amounts of 

computing time. Most of all, I would like to thank my wife Gulten Karaoglan-Bebek and 

my lovely son Sezgin Batu Bebek for supporting me during my doctoral course.  

  



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

iii 

 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS ............................................................................................................. ii 

ABSTRACT .................................................................................................................................... v 

LIST OF TABLES ........................................................................................................................ vi 

LIST OF FIGURES ..................................................................................................................... vii 

1. INTRODUCTION...................................................................................................................... 1 

1.1 Existing Models to describe the impact of interfaces on heat flow .................................. 2 

1.2 Atomic-Level Methods ......................................................................................................... 4 

1.3 My contribution to the field ................................................................................................ 7 

2. METHODOLOGY .................................................................................................................. 10 

2.1 Theoretical Background .................................................................................................... 10 

2.1.1 The supercell ................................................................................................................ 10 

2.1.2 The nuclei ..................................................................................................................... 11 

2.1.3 The electronic states .................................................................................................... 12 

2.2 Applications to the current problem ................................................................................ 13 

2.2.1 A nanowire in a box: the periodic cluster ................................................................. 14 

2.2.2 The surface orbitals .................................................................................................... 18 

2.2.3 Dynamical matrices .................................................................................................... 20 

2.2.4 Supercell preparation ................................................................................................. 21 

2.2.5 Non-equilibrium MD .................................................................................................. 23 

3. DEFECT DYNAMICS ............................................................................................................ 25 

3.1 Spatially Localized Modes ................................................................................................. 25 

3.2 Vibrational Lifetimes ......................................................................................................... 28 

3.3 Phonon Trapping ............................................................................................................... 35 

4. RESULTS ................................................................................................................................. 37 

4.1 Are thermal phonons ‘scattered’ by an interface? ......................................................... 39 

4.2 Phonon-interface interactions at various temperatures ................................................. 41 

5. SUMMARY .............................................................................................................................. 46 



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

iv 

 

REFERENCES ............................................................................................................................. 49 

 

  



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

v 

 

ABSTRACT 
 

The interactions between heat flow and defects is universally believed to involve the 

scattering of thermal phonons by the defect. This process is assumed to conserve 

momentum and sometimes to be elastic as well. But the atomistic nature of the processes 

involved is never described. This Thesis deals with the theoretical description of the 

interactions between a heat front and well-defined defects using entirely first-principles 

tools: density-functional theory for the electronic states and ab-initio molecular-dynamics 

(MD) simulations for the nuclear dynamics. No empirical parameters are used and no 

assumption about the nature of the interactions is made. The host material is a Si nanowire 

containing a thin layer of atoms X = Ge or C, and the Si|X interface is the defect. The 

theoretical developments include the construction of a strictly microcanonical periodic 

‘cluster’ in which heat flow initially in just one direction, MD simulations performed 

without thermostat and with unprecedented temperature control, and the analysis of the 

energy distribution vs time which distinguishes between one- and two-phonon processes. 

The results of the MD simulations show that the dynamic properties of the defect play the 

central role in phonon-defect interactions and that no scattering process of any kind occurs. 

The interactions include only the coupling between delocalized (host-material) and 

localized (defect-related) oscillators. These interactions are temperature dependent: a given 

defect is predicted to behave differently in different temperature ranges. The consequences 

of these findings are discussed. 
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CHAPTER I 

INTRODUCTION 

 

Electrons and phonons are responsible for transporting energy in materials. In 

semiconductors with low doping concentrations, the phonons are the dominant contributor 

up to moderate temperatures. While defects and impurities are well-known to determine 

the mechanical, electrical, optical, and sometimes magnetic properties of semiconductors, 

little is understood at the atomic level about their impact on thermal properties. Indeed, 

defects are observed to reduce thermal conductivities but this is attributed to an ill-defined 

phonon scattering process. This analogy originated with a ‘lattice-wave’ description of heat 

flow. Lattice waves were thought of interacting with defects like a water wave splashes 

against a rock in its path. 

Since the pioneering work of Peierls [1] in 1929, the impact of defects on heat flow has 

been described in terms of the scattering of (bulk) phonons by static defects. This concept 

was theoretically formalized by Klemens [2], Ziman [3], and Callaway [4]. Today the 

concept of phonon scattering by a wide range of defects (impurities, interfaces, boundaries, 

surfaces, etc.) is the accepted way to describe the interactions between defects and thermal 

phonons [5]. Yet, early on, some authors [6] pointed out that the degrees of freedom of a 

defect must be involved in these interactions as well. But identifying which vibrational 

modes are involved requires calculating the very large dynamical matrix of a solid 

containing the defect. This was computationally beyond reach for a long time. 
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But how does a quantum of vibrational energy really interact with a defect? And how do 

the defect-related vibrational modes come into the picture? This type of calculations must 

involve first-principles-type theoretical tools. Indeed, the use of empirical methods (using 

pair- or three-body potentials) works well for a perfect crystal such as Si, but the parameters 

optimized for a perfect crystal are rarely transferable to defect problems [7]. 

The first fully first-principles calculations dealing with this issue have been done by the 

Estreicher group at Texas Tech about ten years ago. The first result that emerged was that 

defects introduce vibrational modes into the phonon density of states of the system. In 

contrast to host-crystal-related modes (‘bulk’) which are delocalized in space, defects 

introduce strongly localized modes. They were called Spatially-Localized Modes (SLMs) 

[8,9]. As will be discussed below, these SLMs play a central role in the interactions 

described in this work. 

The defect of interest here is the interface between two materials. The specific model is a 

fraction of a Si nanowire containing a δ-layer of substitutional C or Ge. The Si|C and Si|Ge 

interfaces are extended defects. Semiconductor technology commonly uses such 

heterostructures [10]. They are found in δ-layers, superlattices, embedded nanostructures, 

buried oxides, heavily-doped layers, and other features common in semiconductor devices. 

1.1 Existing Models to describe the impact of interfaces on heat flow 

The first attempt to understand the effect of an interface on heat flow is the acoustic 

mismatch model (AMM) developed by Khalatnikov [11] to explain the thermal resistance 

at the solid-superfluid He interface observed by Kapitza [12]. AMM has been also used to 
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interpret the thermal transport in solid-solid interfaces, but it only gave consistent result at 

temperature less than 0.2 K [13]. AMM uses the acoustical impedances of the materials in 

both sides of the interface to obtain the thermal conductance. This assumption fails to 

predict the observed boundary resistance in many cases, especially for grain boundaries for 

which there is no difference between the acoustic impedances of the structures on both 

sides of the interface. 

Another model includes diffuse phonon scattering, the diffuse mismatch model (DMM). It 

was developed by Swartz and Pohl [14]. They assumed that all the incoming phonons are 

scattered at the interface. This scattering is assumed to be fully elastic and the materials on 

both sides of the interface to be isotropic. The thermal transmission and reflection 

coefficients are assumed to be determined by the phonon densities of states of the materials 

on either side of the interface. The degrees of freedom associated with the interface are not 

included. Although DMM produces results that are qualitatively consistent with 

experiments, it often over- or under-estimates the reflection and transmission coefficients 

[15]. 

There is a very limited number of experimental data for heat flow at solid-solid interfaces, 

in particular at semiconductor-semiconductor interfaces. Transient thermoreflectance is the 

most common technique for analyzing heat flow through semiconductor-metal interfaces 

[15-18]. In these experiments, the change in the reflectivity vs. temperature is measured 

during the cool down of a heterostructure which has a pre-heated metal film on one side 

[16]. The results indicate the inadequacy of both AMM and DMM. In both models, the 
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thermal conductance is independent of the temperature in contrast to the experimental 

observations. 

1.2 Atomic-Level Methods  

In 1989, Young and Maris [19] developed an atomistic approach using lattice dynamics in 

the harmonic approximation. Only limited numbers of nearest neighbors are assumed to be 

interacting and empirical potentials are commonly used for describing these interatomic 

interactions [20]. The phonon density of states is obtained using uniformly distributed k-

points. Then, the group velocities are calculated using the dispersion curves. The heat flow 

rate from one material to the other is calculated considering only the phonons travelling at 

normal incidence to the interface. However, this approach is limited to low-temperature 

applications because of the harmonic nature of the lattice dynamics calculations. The role 

of the interface-related modes is not discussed.  

Another approach based on the solutions of the dynamical matrix involves Green’s 

function methods [21-24]. The eigenvectors of the heat reservoirs and the material under 

study are obtained separately as if they were not in contact [24]. The interface is introduced 

as an off-diagonal correction in the (harmonic) dynamical matrix (DM). Its eigenvectors 

are written in terms of the eigenvectors of old DM plus the Green’s function as a correction 

term. To obtain the Kapitza conductance, the energy flux across the interface is calculated, 

and then divided by the temperature difference of the heat reservoirs. This method includes 

the vibrational degrees of freedom associated with the interface but is limited to empirical 

potentials. 
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Many theoretical studies of heat flow involve empirical molecular-dynamics (MD) 

simulations. In MD simulations, nuclear motion is governed by Newton’s second law, and 

no assumption is made about the nature of the thermal transport. The only critical 

ingredients are the atomic structure and the interatomic potentials. Empirical MD 

calculations which work very well for pure bulk material, may not work well for a system 

that includes defect such as a surface or an interface. The reason is that the interatomic 

potential parameters are optimized using an experimental database which involves stable 

molecular structures. These are often not representative of the strained (often metastable) 

configurations found in defect structures. 

In typical empirical MD simulation, the system is prepared in an out-of-equilibrium steady 

state by creating a temperature gradient using two heat reservoirs (thermostats) on both 

sides of the interface. This is known as the non-equilibrium-MD (NEMD) or direct method 

[25-28]. The interface is typically placed halfway between the two reservoirs. The 

temperature drop (∆T) across the interface and the known heat flux (Q) generated by the 

thermostats are used to find the interface thermal conductance of the interface G using 

Fourier’s law G = Q/∆T. This approach does not provide any detail about the interaction 

between thermal phonons and the interface. 

Phonon Wave-packet Dynamics (PWD) is a technique that has been extensively used to 

study the assumed phonon scatterings at interfaces [29-31]. The basic idea of PWD is to 

construct a phonon wave packet with a Gaussian distribution of a narrow range of phonons 

from a single acoustic branch of the dispersion curve. Empirical MD simulations are 
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performed and the wave packet propagates towards the interface. Then, the reflected and 

transmitted phonons are analyzed. An application of PWD on Si with a SiO2 layer shows 

that a small part of the energy (3%) is trapped in the SiO2 layer, and then slowly dissipates 

into bulk Si material on either side [30]. This result cannot be explained with a phonon 

scattering argument. It has recently been reported [31] that interfacial modes exist and they 

may facilitate the transfer of the energy by serving as a bridge for inelastic interactions. 

This has also been predicted [32] to explain the measured temperature dependence of the 

thermal interface conductance. The energy trapped within the SiO2 layer is difficult to 

reconcile with the assumption that the interface is a scattering center for thermal phonons. 

An alternative MD method is to prepare the system in thermal equilibrium (EMD) [33-36]. 

In an EMD simulation the system has a constant average temperature and the average heat 

flux is zero. However, at each instant of time a finite heat flux exists due to instantaneous 

temperature fluctuations. The decay in the fluctuations of the interfacial energy flux is 

recorded and interfacial resistance (or conductance) is obtained via the fluctuation-

dissipation theorem. Recent studies based on EMD [37] show that the simulations severely 

suffer from finite size effects, and therefore large simulations cells are required to achieve 

reasonable results.  

All these MD simulations exhibit large temperature fluctuations caused by the way the 

system is initialized. At the time t=0 the nuclei are in their equilibrium positions and are 

assigned a Maxwell-Boltzmann distribution of velocities corresponding to desired 

temperature T0. This is an unphysical initial state because all the normal vibrational modes 
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start in phase with zero potential energy. As the MD run proceeds, all the nuclei lose 

potential and gain kinetic energy (temperature) simultaneously. As a result, the initial 

temperature fluctuations are almost as large as T0. In order to bring them under control, a 

thermostat is introduced. Long thermalization runs (thousands of time steps) are needed 

for the system to stabilize. This results in two problems to study phonon-phonon 

interactions. First, the temperature fluctuations are larger than most phonon energies while 

the system is truly away from equilibrium. Second, all the normal modes of the system 

couple to the thermostat much faster (every few time steps) than to each other. 

Finally, the amount of computer time required to perform conventional MD in large 

systems rules out the use of ab-initio MD: Empirical potentials are virtually unavoidable. 

Indeed, ab-initio MD simulations (based on density-functional theory) are limited to much 

smaller systems (maybe 1,000 atoms) and shorter simulation times (less than 100 ps). But, 

as mentioned above, ab-initio MD are highly desirable when dealing with defects. A novel 

approach to ab-initio MD simulation but without thermostat or thermalization is required. 

This approach is described in Section 2.2.4. 

1.3 My contribution to the field 

A method to perform ab-initio MD simulations without thermostat and with very small T 

fluctuations (starting with MD step 1) has been developed for calculating the vibrational 

lifetime of high frequency SLMs (Sec. 3.2). It is called ‘supercell preparation’ and involves 

preparing the system at the time t=0 in a physically correct microstate, with random 

distributions of mode phases and energies (Sec. 2.2.4) [38,39]. The method has been 
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extended to the calculation of thermal conductivities in 3D- and 1D-periodic Si cells 

containing defects [40-42]. I fine-tuned and adapted this model to study heat flow in Si 

nanowires containing δ-layers.  

The first problem was to design a 1D-periodic structure that contains a Si nanowire which 

itself is not periodic. The design has to be such that, when a T gradient is introduced, heat 

flows initially in only one direction since contamination from hot sources in image cells 

makes it impossible to analyze how the heat interacts with various parts of the system. My 

calculations have to be perfectly microcanonical [39]. The construction of the cell is 

described in Sec. 2.2.1. 

Once such a periodic system is set up, the geometries must be optimized very carefully in 

order for all the eigenvalues of the dynamical matrix to be positive (the lowest-three 

eigenvalues correspond to translational degrees of freedom and have zero frequency). The 

details about the supercell optimization are in Sec. 2.2.3. 

Many ab-initio MD runs had then to be performed with various background (T0) and heat 

front (T0+∆T) temperatures. These calculations have shown that no heat penetrates the δ-

layer until the interface itself traps heat, and this depends on both T0 and ∆T. No 

temperature increase related to a momentum-conserving phonon scattering process occurs. 

Phonon trapping by SLMs at the interface occurs via one-phonon processes for some 

temperature ranges but requires much slower two-phonon processes in others. This is as 

close as one gets to a “theoretical proof” that phonon scattering does not exist. This result 
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also demonstrates that the dynamic properties of the defect cannot be ignored: they play a 

central role in predicting heat flow (Sec. 4.2). 
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CHAPTER II 

METHODOLOGY 

 

2.1 Theoretical Background  

All the calculations in my dissertation are of the first-principles type. This means that the 

host material is represented by periodic supercells, the nuclear dynamics are described 

using ab-initio MD simulations, the electronic core regions are removed from the 

calculations using ab-initio-type pseudopotentials, and the electronic valence regions are 

described with density-functional theory (DFT). The calculations contain no parameter 

fitted to an experimental database. As with almost all condensed-matter calculations, the 

Born-Oppenheimer approximation is used to separate the nuclear and electronic degrees of 

freedom: the electronic structure calculations are done with fixed nuclear coordinates. The 

nuclear dynamics involves classical equations of motion. The key points are as follows. 

2.1.1 The supercell 

The supercell is simply a symmetric fraction of the host material that is repeated 

periodically so that the surface on each cell matches perfectly with the surface of the 

adjacent image cell. The simplest one is of course the primitive cell of the material. But in 

order to mimic a piece of material containing a defect, a much larger number of host atoms 

is needed. Until a few years ago, in the case of crystalline silicon, the Si64 cell was the 

default. Today, theorists commonly use Si216, Si512, or even larger cells. Because of the 

periodic boundary conditions applied, the defect itself is periodic. For small cells, this 
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raises issues associated with lattice strain and, in the case of a charged defect, an unwanted 

Madelung energy term adds to the error bar on the energies. Of course, these effects 

become smaller as the cell gets larger. The construction of the 1D-supercell for the present 

Si nanowire calculations will be discussed in section 2.1.1. 

2.1.2 The nuclei 

The nuclei in the supercell are simply classical point charges with a mass M which can be 

taken to be the average isotopic mass of the element or a combination of specific isotopes. 

The dimensions of the defect-free supercell must first be optimized by hand. The geometry 

of the defect is then obtained using a conjugate-gradient algorithm. The forces experienced 

by each nucleus are obtained from the total electronic energy via the Hellmann-Feynman 

theorem [43]. 

MD simulations involve the selection of a time step ∆t. The total energy of the system at 

the time t provides the force on each nucleus, from where the acceleration is obtained. The 

nuclear velocities and positions at the time t+∆t are then calculated from Newton’s laws of 

motion. The nuclei are moved to their new position, assigned their new velocities, and the 

cycle continues. The time step ∆t must be ~1/40 of the shortest period of oscillation in the 

system. Here, they are associated with the Si-H stretch modes at the surface of the nanowire 

and ∆t is of the order of 1.0 fs. 
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2.1.3 The electronic states 

They are many software packages available to calculate the electronic states within DFT 

at various levels of theory: VASP is perhaps the most popular, but others are Quantum 

Espresso, Psi-k, Ab-Init, etc. We use the SIESTA method [44, 45]. The basis set for the 

one-particle states are numerical atomic-like states of the Sankey type [46, 47]. These 

orbitals are truncated beyond an angular-momentum-dependent orbital radius and 

renormalized. This results in a sparse density matrix and this substantially speeds-up the 

calculations. This approach provides much more chemical insight than the more typical 

plane-wave basis sets used in many other codes. Our atomic-like basis sets are double-zeta 

from H to F (two sets of s and p orbitals for each valence s and p state), to which 

polarization functions (one set of d orbitals) are added starting with the third row of the 

Periodic Table. 

The type of basis set used determines the optimal type of pseudopotential for the electronic 

core regions. SIESTA uses ab-initio norm-conserving pseudopotentials with the Trouiller-

Martins [48] parameterization in the Kleinman-Bylander [49] form. The pseudopotentials 

are optimized for each element using the known lattice constant, bulk modulus, and when 

available, vibrational properties or other measured features relevant to the problem at hand. 

The charge densities in the valence regions are obtained self-consistently from DFT, with 

various exchange-correlation potentials. If only light elements are present in the 

calculations (H to Si), we use the local density approximation (LDA) in the Ceperley-Alder 

[50] form as parameterized by Perdew-Zunger [51]. For heavier elements, we use the 
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generalized gradient approximation (GGA) [52, 53] in the R-PBE form [54], a revised 

version of the Perdew–Burke–Ernzerhof (PBE) functional [55]. This choice has been 

shown [56] to provide much more accurate migration barriers for impurities in Si and has 

become the default exchange-correlation functional in our group. 

2.2 Applications to the current problem 

The standard application of first-principles theory must be modified in several important 

aspects for the present purpose. The issues are related to the construction and optimization 

of the supercell, the optimization of the basis sets for the atoms at the surface of the 

nanowire, setting up unidirectional heat flow, and controlling the temperature without 

thermostat. 

My host material is a Si nanowire, which corresponds to a 1D- (rather than 3D-) periodic 

system. The cell is a parallelepiped elongated along the <100> direction. Optimizing 

geometries in such a elongated cell is not trivial. After optimization, the dynamical matrix 

almost always has negative eigenvalues. Reaching the true minimum of the 3N-

dimensional potential-energy surface (N is the number of atoms) is impossible using simple 

conjugate-gradient calculations, possibly because they are based on Cartesian rather than 

normal-mode coordinates. A much more sensitive tool involves the eigenvectors of the 

dynamical matrix. This is discussed in Sec. 2.2.3. 

The presence of surface atoms on the nanowire results in a problem in regard to the 

truncation of the numerical atomic basis set. As discussed below, the orbital radii of the 
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surface atoms (which face vacuum) must be optimized differently than those of bulk atoms 

(which are surrounded by other atoms). This is discussed in Sec. 2.2.2. 

In order to generate a temperature gradient within a nanowire at the equilibrium 

temperature T0, a hot region must be created in the nanowire. When 1D-periodic boundary 

conditions are applied, the hot region is periodic as well and heat propagates within the cell 

in which the calculations are done as well as into and from adjacent image cells. This makes 

a detailed analysis of heat flow impossible, or at least very complicated. 

Finally, no thermostat can be used since all the vibrational modes would couple to it much 

faster than to each other, which prevents the study of phonon-phonon coupling. The 

temperature fluctuations must be strictly controlled since large fluctuations mask the 

interactions involving low-frequency modes. These temperature-related issues are in Sec. 

2.2.1. 

Thus, while the electronic structures are obtained using standard SIESTA calculations, 

there are critical aspects of the electronic structure and nuclear dynamics that have to be 

adapted for the purposes of this study. 

2.2.1 A nanowire in a box: the periodic cluster 

The material studied in this work is a Si nanowire containing a δ-layer of Ge or C. A real 

nanowire has a surface which is usually oxidized. In the laboratory, a typical nanowire will 

be exposed to air and some thickness of SiOx will grow on its surface. For theoretical 

purposes, this situation is immensely complicated because little is known about the nature 
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of the SiOx and its thickness. Therefore, I terminate the surface dangling bonds with H. In 

principle, this can be realized in the laboratory by dipping the nanowire in HF. This leaves 

a H-saturated surface and it stays that way if the system is kept in vacuum.  

To construct a supercell, such a H-terminated Si nanowire must be placed in a box to which 

1D-periodic boundary conditions are applied. The dimensions along the length of the 

nanowire are such that the edge of the nanowire matches exactly with its image. This set-

up introduces a difficulty when applying a temperature gradient to the system. Indeed, 1D-

periodic boundary conditions mean that the hot region will exist in the cell and all of its 

images which are in contact with each other. As the MD run proceeds, it becomes 

impossible to determine whether a temperature increase in a specific location occurs 

because of the heat coming from the hot region in the cell or from the hot region in an 

image cell. Since both sides of the hot region are identical, heat coming from the hot slice 

and each of its images initially propagates with equal probability to the left and to the right 

(Fig. 1). In order to overcome this issue, the flow of heat to/from the image cells needs to 

be blocked.  

 

Figure 1: Si225X25H40 nanowire in a rectangular box (middle) and two image cells on either side. 

Orange colored atoms represent the δ-layer. The box is repeated in 1D. The red arrows represent 

the direction of initial heat flow from the hot slice, equally probable on either direction. 
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The first attempt to impose unidirectional heat flow was to design a “heat barrier” 

consisting of host atoms with outrageously huge masses e.g., a slice of Si atoms with mass 

2,000,000 amu. This valiant effort did not stop heat from leaking across – albeit at a much 

reduced rate – via very-low-frequency modes. The barrier provides a better but still 

imperfect simulation of 1-directional heat flow (Fig. 2). Outrageously light Si nuclei might 

provide a barrier because the very high-frequency modes associated with it have a very low 

probability of becoming thermally excited at low or moderate temperatures. However, this 

is impractical because high-frequency modes would force us to perform MD simulations 

with very short time steps. 

 

Figure 2: 1D-periodic Si225X25H40 nanowire with a heat barrier (black box) consisting of Si 

atoms with artificially large masses. The size of the red arrows represents the direction of initial 

heat flow, mostly to the right. This barrier does not block heat propagation completely. 

An accurate analysis of the interactions between thermal phonons and the interface 

demands a perfect unidirectional heat flow. I have therefore designed a 1D-periodic cluster: 

the entire nanowire is placed in a box that is longer than the nanowire which is itself H-

terminated on all sides. Fig. 3 shows theSi184X50H56 supercell with its characteristic 

dimensions.  
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Figure 3: The Si184X50H56 periodic cluster.  The clusters in adjacent cells are separated by ~22 Å 

of vacuum. The exact dimensions of the box are 21.6 × 21.6 × 75.6 Å3 

The 22Å of vacuum between the nanowires in adjacent cells fully prevent heat from leaking 

from one cell to the next. In this design, the heat propagates from the hot region only within 

one cell (unidirectional heat flow). Note that the (thicker) δ-layer can be placed further 

away from the hot slice. The cluster has well-isolated Si|X and X|Si interfaces and is strictly 

microcanonical. 

Figure 4: The Si184X50H56 nanowire (middle) with two image clusters. The red box represents the 

hot slice and the arrow shows the direction of initial heat flow. Although the hot slice is repeated 

periodically, the 22Å of vacuum between adjacent nanowires forces all the heat to remain in a 

single cell. 
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2.2.2 The surface orbitals 

The SIESTA method uses truncated numerical atomic-like orbitals to describe the single-

particle states in the valence regions by assigning an angular-momentum-dependent cutoff 

radius rc,l to each orbital. Larger cutoff radii provide lower energies but increase the 

computational cost because the overlap matrix contains more non-zero elements. In this 

work, the cutoff radii for the bulk-atom orbitals have been optimized by Anglada et al. [57] 

and the orbitals are renormalized. In bulk Si for example, rc,l is of the order of 2.8Å and 

two Si atoms farther than 5.6Å have zero overlap. In the bulk, each Si atom has 4 nearest 

neighbors (NNs) at 2.35Å and total of 86 neighbors exist within a sphere of radius rc. The 

overlap beyond this is very tiny indeed. 

However, surface atoms face vacuum and there is no physical argument to introduce a 

cutoff radius at all. But without a well-defined rc,l, the size of the box has to be made quasi-

infinite. The solution was proposed by García-Gil et al. [58].  The basic idea is to choose 

rc,l’s which minimize a fictitious enthalpy H = E + PV relative to the ‘pressure’ parameter 

P, where E is the total energy of the system and V = 4π/3Σµrc,lµ
3 is the sum of volumes of 

the basis orbitals μ. This method has been implemented to surface Si orbitals by Kang [59]. 

The cutoff radii rc,l for all the orbitals are decreasing with increasing pressure parameters 

(Fig. 5) but the energy of the system does not change significantly for pressures beyond 

P~0.2 GPa. 



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

19 

 

The decrease in computational time fluctuates around a threshold value beyond 0.2GPa. 

This was found to be very reasonable pressure parameter for the optimization of surface 

orbitals. Table I gives the orbital radii used in the work for H, C, Si and Ge.   

 

Figure 5: Calculated orbital radii rcl (left) for the two 2p and the 3d orbitals of surface Si atoms 

and CPU time for the first zeta s (right) vs. the fictitious pressure parameter P. The thin dashed 

lines are exponential fits. The vertical line is the chosen pressure parameter P = 0.2 GPa [59]. 
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Table 1: Optimized orbital radii rcl. The atom labeled * were optimized by Kang [59]. 

       rcl  (aB)     

orbitals   s(1) (s2) p(1) p(2) d 

*H (surface) n = 1  5.47 4.05    

C (surface) n = 2  5.17 4.15 5.69 4.75  

*Si (bulk) n = 3  5.39 4.47 6.75 5.13 3.9 

*Si (surface) n = 3  6.27 4.58 7.47 5.33 4.1 

Ge (surface) n = 4  5.67 4.35 7.09 5.32 6.26 

 

2.2.3 Dynamical matrices 

SIESTA includes force-constant matrix calculations in the frozen-phonon approximation: 

the nuclei are displaced by a tiny amount in various directions and the curvature of the 

energy is calculated. The dynamical matrix (DM) then can be obtained by just dividing the 

force-constant between pairs of atoms by the square root of their masses. The eigenvalues 

are the square of the normal-mode frequencies ωs
2. The orthonormal eigenvectors es

αi (i = 

x, y, z; nuclei α = 1…N) give the relative displacement of all the nuclei for each mode s. 

If the system is at a minimum of the 3N-dimensional potential energy surface, three 

translational modes have zero frequency and (3N-3) modes have positive eigenvalues. In 

practice, the DM often has a few negative eigenvalues (so-called “imaginary modes”). 

Pursuing conjugate gradient geometry optimizations with ever-smaller maximum-force-

component tolerance works sometimes but not always. For example, when the potential 
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energy surface is very flat in a particular direction, or when some modes are strongly 

coupled, negative eigenvalues persist. 

The best approach is to use the eigenvectors of the DM as the basis set for the final 

optimization. The eigenvectors are orthonormal. Moving the atoms along one eigenvector 

does not affect other modes. We have developed a method [60] that nudges the atoms by a 

small amount along the eigenvectors associated with the imaginary modes. A new 

conjugate gradient is then performed and a new DM calculated. Sometimes a second cycle 

is needed, but the number of imaginary modes is much reduced after a single cycle. If one 

or two negative eigenvalues remain, their amplitudes are set to zero when preparing the 

supercell for an MD run. 

2.2.4 Supercell preparation 

We have developed a strictly microcanonical approach [39] to MD simulations which uses 

no thermostat, requires no thermalization run, and produces very small temperature 

fluctuations starting from MD step 1. Note that we do not maintain a T gradient but simply 

establish one at the time t=0 and then monitor the system as it returns to equilibrium. This 

allows the study of the evolution of the system while it is truly away from equilibrium (not 

in the steady-state). 

The supercell preparation technique uses the eigenvectors of the dynamical matrix to 

calculate the initial positions and velocities of all the nuclei in thermal equilibrium at the 

temperature T0 with random distributions of kinetic and potential energies. This is achieved 
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by introducing a distribution mode phases and mode energies such that the average energy 

per mode is kBT. 

The normal mode coordinates are obtained from the DM. The Cartesian coordinates of 

nucleus α in the mode s are related to normal-mode coordinates as   

rsαi(T)=(1/√mα)qs(T)esαi where mα is the nuclear mass. The qs(T) are unknown normal-

mode coordinates. At low to moderate temperatures, we assume that they are 

approximately harmonic: qs=As(T0)cos(ωst+ϕs). This introduces the random mode phase 

ϕs in the interval [0,2π]. Note that the harmonic approximation is only used to transform 

Cartesian to normal-mode coordinates and vice-versa. The MD runs themselves involve all 

the anharmonic terms since the forces at each time step are obtained from the total energy 

via the Hellman-Feynman theorem. 

We also introduce a randomized Boltzmann distribution of mode energies βexp{−βEs}, 

with the energy of mode s is Es=(1/2)As
2ωs

2 where β=1/(kβT0). The average energy per 

mode is equal to kBT0. Inverting the cumulative distribution function ζ𝑠𝑠 = ∫ β𝑒𝑒−β𝐸𝐸𝑑𝑑𝑑𝑑𝐸𝐸𝑠𝑠
0  

gives Es=− kβT0ln(1-ζs), where ζs is a random number in the interval [0,1]. Then we can 

get each mode amplitude as As
2(T0) = 2kβT0 ln(1-ζs)/ωs

2, from which we obtain the initial 

(t=0) nuclear coordinates rsαi and velocities vsαi of the microstate associated with the 

particular set of mode phases and energies. The result is a supercell prepared very close to 

thermal equilibrium at the temperature T0 with a random distribution of kinetic and 

potential energies. Of course, there are an infinite number of initial microstates which 

correspond to the same macrostate, and averaging over microstates is necessary. This 
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involves picking different random distributions of mode phases and energies associated 

with the same average mode energies, kBT0. 

2.2.5 Non-equilibrium MD 

In order to study heat flow, a small region of the cell must have a higher temperature (Thot) 

than the rest of the supercell (T0). Once the entire supercell is prepared at T0, we can 

recalculate the amplitudes of all the modes such that the temperature of the atoms in the 

small region is Thot. Since the mode energies proportional to As
2, a factor S=(Thot/Tcold)1/2 

is used to obtain Cartesian positions and velocities of the atoms in the hot region. As a 

result, all the modes remain in phase at the hot/cold interface. 

Once the desired temperature gradient is prepared, MD runs produce temperature 

fluctuations that are not only constant in time starting with MD step 1 but also much smaller 

than those produced by conventional techniques [39, 61]. The temperature fluctuations are 

further reduced by averaging MD runs over many initial microstates. Our record 

temperature fluctuation ΔT is 0.12% of the background temperature T0 by averaging aver 

3,000 initial microstates [39]. In this work, MD runs averaged over 30-50 initial 

microstates with larger temperature gradients and with extended defects (interfaces) 

produce ΔT in the range 1% to 2% of T0. 

Figure 6 compares a conventional MD run with the Nosé-Hoover thermostat (top) to runs 

with our approach (no thermostat) using a single microstate (middle) and an average over 

30 initial microstates (bottom) [61]. The conventional MD exhibits very large temperature 



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

24 

 

fluctuations in the beginning of the run. Supercell preparation produces smaller 

fluctuations and averaging over microstates further reduce them to about 1% of T0. 

 

Figure 6: First 700 time steps of conventional MD simulations and supercell preparation in the 

Si192 supercell at 125K.  Top: Maxwell-Boltzmann distribution of nuclear velocities at t=0. 

Middle: supercell preparation, one initial microstate. Bottom: averaging over 30 initial 

microstates [61]. 

Thus, supercell preparation mimics thermal equilibrium much better than an initial 

distribution of velocities. The need to average the MD runs over initial microstates renders 

the method CPU intensive and limited to relatively small supercells, especially at the first-

principles level. 
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CHAPTER III 

DEFECT DYNAMICS 
 

 

3.1 Spatially Localized Modes 

The normal vibrational modes of a perfect crystal are delocalized in real space. In a pure 

normal mode, the oscillations involve the motion of many (sometimes all) the atoms. I will 

refer to them as bulk modes. Normal vibrational modes are also associated with defects 

present in the crystal. The defect-related modes differ from bulk modes because they are 

localized in space: only a small number of atoms around the defect oscillate. We call them 

Spatially-Localized Modes (SLMs) [8, 9, 61]. High-frequency modes associated with light 

impurities – observed in infrared absorption or Raman spectra (‘local vibrational modes’ 

[62]) – are a sub-set of SLMs. Low-frequency phonon sidebands often seen in 

photoluminescence bands are another sub-set of SLMs [63]. All the defect-related modes 

we have studied exhibit some degree of localization. 

The DM of a system of N atoms can be used to obtain a quantitative measure of the 

localization of a mode on an atom or group of atoms. Its orthonormal eigenvectors esαi 

(i=x,y,z; α=1,…,N) give the relative displacement of each atom α in each mode s. Thus, 

ƩαLα
2 = Ʃα{esαx

2 +esαy
2+esαz

2}=1 if the sum extends over all the atoms in the system. But 

if the sum is restricted to one atom or a small group of atoms, then the sum is smaller than 

1. A plot of Lα
2 vs. ω (‘localization plot’) for an atom (or a group of atoms) α is a 
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quantitative measure of how much of the total oscillation is localized on this (group of) 

atom(s).  

For example, interstitial oxygen (Oi) in Si exhibits both low-frequency and high-frequency 

SLMs. The most stable position for Oi is slightly off of a bond-center site as Oi forms a 

bridged bond between its two Si nearest neighbors (NN’s) [64]. Figure 7 shows the SLMs 

associated with Oi (red) and with its two SiNN’s (blue). The asymmetric stretch is at 1126 

cm−1 (measured 1136 cm−1[65]) and Oi accounts for ∼80% of the total atomic motion. 

Remaining 20% of the motion comes mostly from its two SiNN’s (here the sum ƩαLα
2 runs 

over these two atoms). This mode is strongly localized at the defect. The symmetric stretch 

of the SiNN’s at 603 cm−1 is strongly localized on the two SiNN’s with Lα
2 around 

95%.Lower-frequency SLMs are also introduced, such as the Oi wag mode at 226cm−1 with 

~50% localization.  

The system studied in this work is the hydrogen-saturated Si nanowire containing a δ-layer 

of substitutional X = C or Ge atoms. On one side of the δ-layer, the Si atoms form Si-Si 

bonds, inside the layer we have X-X bonds. We define the interface as consisting of those 

atoms that form Si-X bonds. This interface is a defect, and many SLMs are associated with 

it.There are also Si-H and X-H bonds at the surface. The impact of the surface on the flow 

of heat is not discussed here (it has been studied at the same level of theory in Ref. [42]). 
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Figure 7: Localization plot for Oi in Si, Lα
2 vs.ω. The red (solid) lines show the Oi motion and the 

blue (dashed) lines show the motion of its two SiNN’s. 

In theSi184X50H56 supercell, the interface consists of 5 Si and 8 X atoms. Thus, the sum 

ƩαLα
2 spans over these 13 atoms. Figure 8 (left) shows Lα

2(ω) for Si|C interface. There is 

no significant localization for frequencies below 200cm−1. Si-related SLMs are in the ∼200-

700cm−1 range and most of the C-related SLMs are well above 500cm−1. A Ge δ-layer 

exhibit different SLMs because Ge is heavier than Si. The Si|Ge interface Fig. 8 (right) 

exhibit many low-frequency Ge-related SLMs and hardly any above 550 cm−1. 
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Figure 8: Localization of SLMs for Si|C (left) and Si|Ge (right) interface in the Si184X50H56  

nanowire. The blue (dashed) lines represent the Si contribution to the SLMs and the black or red 

(solid) lines represent the C or Ge contribution, respectively. 

3.2 Vibrational Lifetimes 

The most consequential difference between bulk modes and SLMs is their vibrational 

lifetime τ. It is the characteristic time needed for a vibrational excitation (above the 

background temperature) to decay into lower-frequency (bulk) modes. The vibrational 

lifetimes of many high-frequency SLMs have been measured [66-70] and calculated [38, 

70-72] using the MD tools described in this dissertation. The lifetimes of low-frequency 

SLMs and bulk phonons have subsequently also been calculated [8, 9, 39, 61]. 

In-situ measurements of vibrational lifetimes are obtained by a pump-probe technique 

called transient bleaching spectroscopy [68]. The sample is in a cryostat at the equilibrium 

temperature T0. A free-electron laser is tuned to the precise frequency of the SLM of 

interest, with ħω>kBT0. The laser pulse is split into two beams: a ‘pump’ component (~90% 

of the original intensity) and a much weaker ‘probe’ component (~10% of the original 
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intensity). The latter is optically delayed by the time ∆t, which can be a fraction of ps up 

to several hundred ps.  

The pump beam goes through the sample and excites the SLM of interest (one phonon). In 

the ‘bleached’ state, half the SLMs are in the first excited state and half in the ground state. 

After the time ∆t, the probe beam hits the sample. If a fraction of the excited SLMs has 

decayed during the time ∆t, then some of the probe beam will be absorbed. The plot of the 

absorption vs. ∆t gives an in-situ measurement of the vibrational lifetime at the temperature 

T0. An example is shown in Fig. 9. The SLM is the Si-Hbc stretch mode at 2062cm−1 of the 

H2
*defect. In this defect, a Si-Si bond interacts with H2 and becomes Hab−Si⋅⋅⋅Hbc−Si (Fig. 

9, left). The transient bleaching signal as a function of the delay time ∆t gives the lifetime 

of the SLM at the temperature T1=10K (Fig. 9, middle). The measurements are repeated 

for various temperatures and provide the temperature-dependence of the lifetime (Fig. 9, 

right). 

       

Figure 9, left: The trigonalH2
*defect. Middle: The transient-bleaching signal of the 2062 

cm−1Si−Hbc stretch mode at 10 K. Right: The temperature dependence of this lifetime [68]. 
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The vibrational lifetime τdrops at higher temperatures because the increased anharmonicity 

of all the oscillators in the system increase the coupling between the modes. Below some 

defect-dependent critical temperature Tc (typically 50-75K), the lifetime become 

independent of temperature. The reason for this is that once all the receiving modes are in 

their zero-point-energy state, the coupling between the modes remains constant for T<Tc. 

The vibrational lifetimes are calculated using the supercell preparation technique (Sec. 

2.2.4). The supercell is prepared at a temperature T0 and the mode of interest is assigned 

3ħω/2 potential energy. This accounts for the zero-point energy (ħω/2) plus one phonon 

(ħω) and ensures that the classical oscillator described in our MD simulations has the same 

initial amplitude as the corresponding quantum oscillator in the crystal. This potential 

energy slightly increases the temperature of the cell Tcell since 3NkBTcell = 

(3N−1)kBT0+3ħω/2 where N is the number of atoms and kB is the Boltzmann constant. The 

difference between the T0 and Tcell is ~20 K in the Si64 cell for a SLM with ω~2000cm−1. 

In the original papers discussing vibrational lifetimes [38, 71], T0 was erroneously used 

instead of Tcell. 

MD simulations are performed at the temperature Tcell, starting with various initial 

microstates (Sec. 2.2.5). At each MD time step, the 3N Cartesian coordinates are converted 

into 3N normal-mode coordinates which allows us to monitor the amplitude and the energy 

of all the modes in the system. We always monitor the decay of the excited SLM, but (some 

of) the receiving modes can sometimes be identified as well. The results of the calculations 

are in excellent agreement with the experiments. For example, the calculated lifetimes 
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τ=3.7, 2.6 and 1.8ps of the Si−Hbc stretch mode in H2
* at Tcell=70K, 120K, 170K (T0=50K, 

100K, 150K), respectively are all in excellent agreement with the measured lifetimes 

[71].This mode decays into the Si−Hab stretch at 1860cm−1 and the symmetric stretch of 

the two Si neighbors at 271cm−1 (Fig 10). 

 

Figure 10: Scaled energies of the Si-Hbc stretch (2062cm−1, black line), Si-Hab stretch (1860cm−1, 

red line), and symmetric stretch of two Si neighbors at 271cm−1 (green line) [71]. 

The vibrational lifetimes of high-frequency SLMs can also be estimated from the low-T IR 

linewidth in the low defect-concentration limit [72]. The linewidth is inversely proportional 

to the lifetime. One example involves the so-called CH2
* defect (Hab−Cs⋅⋅⋅Hbc−Si, Fig 11, 

left). The lifetime calculations are in agreement with the IR linewidth measurements for 

various isotopic compositions [66-68, 72]. Figure 11 (right) shows the decay of the Hab−Cs 

mode and one of the receiving mode (the Hbc-Si stretch mode) at Tcell = 120 K.  
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Figure 11, left: The CH2
* defect consists of a substitutional C (black) trapping two H interstitials 

(grey) as Hbc and Hab. Right: decay of the Hab−Cs stretch (black) and Hbc−Si receiving modes 

(red). The (blue) exponential fit gives the lifetime τ [72]. 

The same technique can be used to calculate the lifetimes of low-frequency SLMs and bulk 

modes [8,9,39,61]. Bulk modes always decay much faster than SLMs of similar frequency: 

Localized modes couple poorly to delocalized ones, while bulk modes couple to each other 

very efficient. Figure 12 shows the decays of a bulk mode at 242cm−1 and a SLM at 

224cm−1. More examples are in Table II [9, 61]. 
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Figure 12: Decays of a bulk mode at 242 cm−1 (blue) and a SLM at 224 cm−1 (black) in the Si64 

cell. The bulk mode exhibits two decay modes. The red lines are exponential fits and <n> is the 

number of initial microstates in the averaging (Sec. 2.2.5). 

 

 

 

 

 

 

 

 

Bulk mode ω = 242 cm−1  
τ = 0.1-0.2 ps 

τ = 6 ps 
SLM          ω = 224 cm−1 
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Table 2: Selected lifetimes of high- and low-frequency SLMs and of bulk modes calculated at the 

temperature T in 3-D or 1-D periodic supercells. 

 Type Mode ω (cm−1) T (K)  τ (ps)  
τ 

(periods) 

28Si−16Oi−28Si SLM Oi strech 1187 75 10 350 

28Si−16Oi−28Si SLM SiNNs wag 224 100 6.2 42 

CHab−C⋅⋅⋅Hbc−Si SLM Hab-Cs strech  2567 120 2.7 208 

Si250H40 SLM Si-H wag 531 125 25 404 

Si225Ge25H40 SLM 
Si-Ge 

interface 
426 125 3.5 45 

Si64 bulk   530 125 0.2 3 

Si64  bulk   242 125 0.1 0.8 

Si250H40 bulk   241 125 0.2 1.4 

 

Note that vibrational lifetimes are measured and calculated in ps. However, the second is 

not a good unit of time from the point of an oscillator. Its internal unit of time is the period 

of oscillation – regardless of how many ps that entails. A process lasting less than one 

period is ‘fast’, while a process involving many periods is ‘slow’. For this reason, the last 

column of Table II shows the calculated lifetimes in units of the period of oscillation. It is 

striking that excited bulk modes decay within one period of oscillation or so, while SLMs 

always need dozens or hundreds of periods in order to decay. As will be discussed below, 

this lifetime difference has important consequences. 
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The measured lifetimes have been collected to produce estimates of the interaction times 

involved in one-, two-, and three-phonon processes [73]. This is known as the ‘frequency-

gap law’. One-phonon processes occur within a fraction of one ps, two-phonon processes 

begin around 5 or 6 ps, and three-phonon processes require at least ten time more time. 

These time scales will be most useful to me later in this work. 

 

Figure 13: The experimentally-determined vibrational lifetimes vs. decay order allow us to 

estimate that 1-phonon processes involve a fraction of one ps, while two-phonon processes 

require 5 or 6 ps [73]. 

3.3 Phonon Trapping  

The calculation of vibrational lifetimes show that defects can trap small amounts of energy 

in SLMs for meaningful lengths of time. This is called “phonon trapping” [61]. It is known 

that defects in semiconductors can trap electric charge, but it is not widely recognized that 

they can also trap thermal energy. When SLMs are excited (optically or, in this study, 

thermally) one (or more) phonon(s) remain trapped for many periods of oscillations before 
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decaying into thermal phonons. After this length of time, the information about the origin 

of the excitation is lost and the decay depends only on the availability of receiving modes, 

not the origin of the excitation. In contrast to phonon scattering, phonon trapping does not 

conserve momentum. 

This situation is reminiscent of gas-phase molecular collision experiments [74]. Two types 

of reactions have been observed. In a direct reaction (e.g. D + CH4 →HD + CH3), the 

scattering is not isotropic and the products are scattered along the direction of the incoming 

ion. Direct reactions are very fast and conserve momentum. In an indirect reaction (e.g. 

Cl− + CH3Br →CH3Cl + Br−, the reactants collide, remain in an intermediate complex state 

(in this example, Cl−–CH3Br) for several ps before the final reaction occurs. In this case, 

the products scatter isotropically, and momentum is not conserved. Similarly, the decay of 

an excited SLMs is independent of the origin of the excitation and momentum is not 

conserved. 

In a nanowire with a δ-layer, many SLMs are associated with the interface. Once these 

SLMs are excited, their lifetimes are of the order of dozens of periods of oscillations. These 

excitations decay into receiving modes on either side of the interface. This decay does not 

depend on where the heat came from but only on the number of receiving modes on either 

side of the interface. 

  



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

37 

 

CHAPTER IV 

RESULTS 

 

The defects studied here is the interface Si|X between the Si nanowire and the δ-layer (X 

stands for Ge or C) and the SLMs are those associated with this interface. Both Ge and C 

have diamond crystal structure like Si. The mass of the C is less than that of the Si. As a 

result, the frequencies of most Si|C SLMs are higher than the corresponding ones in the Si 

nanowire, and the C frequencies in the δ-layer are higher still. The opposite holds in the 

case of the Ge δ-layer. Fig.14 shows the localization of the SLMs associated with the Si|Ge 

and Si|C interfaces in the Si184X50H56 nanowire. The SLMs with frequencies below 350cm-

1 (~500K) of special interest because of the temperatures used in the present heat flow 

studies. Only this part of the vibrational spectrum is shown. 
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Figure 14: SLM localization at the Si|X interface in the Si184X50H56 nanowire with X = Ge (left) 

and C (right). Only 5 Si and 8 X atoms are involved in Si-X bonds. The lower scale gives the 

frequency (cm−1) and upper scale the corresponding temperature (K). Only frequencies smaller 

than 350cm−1(~500K) are shown. 

Figure 14, right, shows that below 280K the number of SLMs in the Si|C interface is 

insignificant. However, many Ge-related SLMs exist in the Si|Ge interface in the same 

temperature range. The interactions between these two interfaces and a heat front below 

280K should be very different. In order to investigate this, the background temperature 

Tcold and the T gradient should be chosen carefully. Above 280K, both interfaces exhibit 

SLMs. In both cases, thermal excitation via resonant modes should occur and the behavior 

of both interfaces should be similar. 

When a heat gradient is applied, the heat flow through the material and the temperature of 

this heat front just before it encounters the interface is important to determine the effective 

number of SLMs that can be thermally excited at the interface. If the heat front has the 

temperature Thf = Tcold+ΔT, the SLMs in the frequency range Δω = kB(Tcold+ΔT)/ħ–

Tcold Thf Tcold Thf 
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kBTcold/ħ become excited very quickly because resonant excitations are a one-phonon 

process which involves a fraction of a ps (Fig. 13). If no SLMs are present in this 

temperature range, then excitation requires much-slower two-phonon processes (~5ps or 

longer). However, any scattering of thermal phonons by the interface should result in an 

immediate increase of the temperature of the δ-layer, since scattering is a quasi-

instantaneous interaction which conserves momentum. Therefore, we need to set various 

background temperatures Tcold, apply a range of T gradients, and then monitor the 

temperatures of the interface and of the δ-layer. 

4.1 Are thermal phonons ‘scattered’ by an interface? 

To analyze the effect of the SLM excitations, I prepared the supercell at Tcold =120K but a 

thin slice was scaled to 220K (the equilibrium of the cluster would be 130K). As the MD 

run proceeded, the temperature of the heat front in both nanowires was monitored to be 

about Thf =150K (ΔT=30K) as it reached the interface (Fig. 14). 

The temperature of the Si|Ge and Si|C interfaces is shown as function of time in Fig. 15. 

Since there are many SLMs in the Si|Ge interface between Tcold=120K and Thf ~150 K, the 

Si|Ge SLMs are quickly excited via one-phonon processes and the temperature of the 

interface increases. However, the Si|C interface has no SLMs in this temperature window. 

Therefore, phonon trapping via one-phonon process is not possible and temperature stays 

constant for longer time.  
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Figure 15: Temperature of the Si|Ge interface (red) and Si|C interface (black) as a function of 

time. The Si|Ge interface temperature increases via resonant excitation. The temperature of the 

Si|C interface stays constant at 120K until two-phonon processes can occur. 

Figure 16 shows the temperature of the Ge and C δ-layers as a function of time. Phonons 

trapped in SLMs at the Si|Ge interface decay into Ge or Si bulk modes. The SLMs in this 

temperature window (between Tcold=120K and Tcold+ΔT=150K) are Ge-related. Thus, the 

SLMs at the Si|Ge interface decay mostly into the Ge layer. On the other hand the Si|C 

interface cannot trap phonons within ~4ps, and the interface remains at Tcold. Interestingly, 

the temperature of the C δ-layer also remains at Tcold, showing that no phonon scattering 

occurs. This result is the first “theoretical demonstration” (via ab-initio MD simulations) 

that no phonon scattering occurs in frequency regions where no SLMs are present. These 

results also demonstrate that the knowledge of the interface SLMs suffices to predict how 

a heat front will interact with the interface and the δ-layer. 



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

41 

 

 

Figure 16: Temperature of the Ge (red) and C (black) δ-layer as a function of time. Temperature 

of the Ge δ-layer increases rapidly while the temperature of the C δ-layer stays constant at 120 

K. 

4.2 Phonon-interface interactions at various temperatures 

I will now use the calculated interface modes to predict the evolution of the system for 

various values of Tcold and ΔT. The previous MD simulations (Fig. 15) showed that the 

temperature of the Si|C interface does indeed increase within a few ps when the system is 

prepared at Tcold=120K. Fig. 17 (right) shows the interface temperature as a function of 

time if Tcold=280K and the heat front is Thf =320K. The heat front reaches the interface after 

only 0.5ps at that temperature, and the interface SLMs (Fig. 17, left) immediately trap 

thermal phonons and the interface temperature increases (Fig. 17, right). 
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Figure 17, left: SLMs at the Si|C interface in the temperature region 280-320K (see text). Right: 

Temperature of the Si|C interface as a function of time. 

In this situation, the temperature of the δ-layer will increase if the excited interface SLM 

decay into C-related modes (in the δ-layer) rather than bounce back into Si-related modes. 

If such a decay occurs via one-phonon processes, then the temperature of the δ-layer will 

increase within a ps or so after the heat front arrives. But if two-phonon processes are 

required, then it may take 5ps or more until the T of the δ-layer increases. This is the case 

here because the frequencies of the C-C modes are higher than the interface modes. A 

(truncated) localization plot (Fig. 18, left) shows that the lowest frequency bulk mode 

corresponds to temperatures around 340 K. Therefore, the decay of interface SLMs into C 

modes in the δ-layer requires two-phonon processes. Fig.18 (right) shows the temperature 

of the δ-layer for the first 3ps, too short of a simulation time to see an increase in the 

temperature of the layer. Again, no phonon scattering into the layer occurs. 

TCold THf 

Relevant 
SLMs 
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Figure 18, left: Vibrational modes associated with C δ-layer. Right: The temperature of the C δ-

layer remains constant with time up to 2.5ps. 

Another way to involve the SLMs associated with Si|C interface is to start at Tcold = 120 K 

and introduce the much larger temperature gradient ΔT~200K. This is enough for resonant 

trapping to occur in several interface SLMs (Fig. 19, left). These calculations were 

performed in the 1-D periodic supercell Si225C25H40 prepared at Tcold =120K with a hot slice 

at 520K. The result of the MD run is shown in Fig. 19, right. The interface temperature 

rapidly increases, implying that phonon trapping does indeed occur as predicted.     

 

C ‘bulk’ modes 
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Figure 19, left: Relevant SLMs in the temperature range 120K - 320K for the Si|C interface. 

Right: Temperature of the Si|C interface as a function of time. 

Figure 20 shows the temperature of the C layer as a function of time. Here, the simulation 

time is long enough to see the onset of two-phonon processes (about 6ps) as the temperature 

of the layer increases. Clearly, the C δ-layer does not pick up energy through one-phonon 

processes since the temperature does not change during the first 6ps or so. This is precisely 

the time-scale expected for the onset of two-phonon processes (Fig. 13), as two interface 

phonons are required to couple in order to excite higher-frequency C modes.  

Thf Tcold 
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Figure 20: Temperature of the C δ-layer vs. time. The temperature remains at 120 K for the first 

5 or 6 ps, and then it starts to increase. This length of time is characteristic of two-phonon 

processes. 

  



Texas Tech University, Mehmet Bahadir Bebek, May 2016 

46 

 

CHAPTER V 

SUMMARY 

My PhD research involved the atomistic description of the interactions between thermal 

phonons and defects in covalent materials (or rather, in nanostructure). The research 

involve designing a strictly microcanonical 1D-perioidc ‘cluster’ in which heat flows 

initially in only one direction. This is a new design for a host material for MD simulation. 

Another theoretical advance was the fine-tuning of the ‘supercell preparation’ technique 

for imitating heat flow calculations using ab-initio MD simulations without thermostats 

and with exceptional temperature control (~1%T0) starting with MD step 1. This allows 

me to use very small temperature gradients and monitor phonon coupling for almost any 

phonon frequency. More importantly, I could target specific temperature ranges and show 

that phonon-defect interactions are very sensitive to temperature. This work is the first such 

study done entirely without empirical parameters or assumptions. 

The results of my calculations show that the century-old assumption that defects scatter 

thermal phonons is incorrect. Phonon scattering is not even a small component of the 

interactions taking place. The essential ingredients are the vibrational properties of the 

defect, namely the SLMs associated with it. The defect traps small amount of energy in 

SLMs, and this trapping can occur very quickly by resonant coupling to thermal phonons 

(a one-phonon process) or require much slower two-phonon processes, depending on the 

temperature region and the frequency distribution of the SLMs. Thus, the same defect – 
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here a Si|Ge or Si|C interface – behaves differently in different temperature regions. Parts 

of my research results have been published in five papers, and the sixth is in preparation. 

S.K. Estreicher, A. Docaj, M.B. Bebek, D.J. Backlund, and M. Stavola, Hydrogen, H in C-rich 

Si, and the diffusion of vacancy-H complexes 

Physica Status Solidi A 209, 1872-1879 (2012) 

 

S.K. Estreicher, T.M. Gibbons, By. Kang, and M.B. Bebek, Phonons and defects in 

semiconductors and nanostructures: phonon trapping, phonon scattering, and heat flow at 

heterojunctions 

Journal of Applied Physics 115, 012012/1-8 (2014) 

 

T.M. Gibbons, M.B. Bebek, By. Kang, C.M. Stanley, and S.K. Estreicher, Phonon-phonon 

interactions: first principles theory 

Journal of Applied Physics 118, 085103/1-8 (2015) 

 

S.K. Estreicher, T.M. Gibbons, and M.B. Bebek, Heat flow and defects in semiconductors: the 

physical reason why defects reduce heat flow, and how to control it. 

Journal of Applied Physics 117, 112801/1-6 (2015) 

 

S.K. Estreicher, T.M. Gibbons, M.B. Bebek, and A. Cardona, Heat flow and defects in 

semiconductors: beyond the phonon scattering assumption 

Solid State Phenomena 242, 335-343 (2016) 
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M.B. Bebek, C.M. Stanley, T.M. Gibbons, and S.K. Estreicher, Temperature dependence of 

phonon-defect interactions: phonon trapping vs. phonon scattering, to be submitted soon. 

 

The theoretical tools developed in these studies can easily be adapted to other systems, 

since just about any nanostructure can fit inside the periodic box. This could include 

biological structures such a strand of DNA for example. This could be used to study energy 

flow in a wide range of covalent systems. 

Potential long-term consequences of this research touch on heat-flow control in 

thermoelectric materials as well as on semiconductor chips. But first, experimentalists 

should design model structures on which my results can be tested. Indeed, many 

experiments involve large temperature gradients (much easier to measure) in which almost 

all the interactions taking place. Other experiments involve steady-state configurations in 

which phonon-phonon interactions cannot be detected. 
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