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PREFACE

Heat has been understood as a form of energy over a long period of researches,
conversely meaning that microscopic motion can appear as “microscopic heat”. Motion in
nanomaterials consists of various elements, structures, and topologies, which results in unique
thermal properties accordingly. While some of them cause material degradation, we can utilize
some of the others as new energy sources. Active control of such properties will not only improve
the performance of existing nanomaterials but also pioneer new material design, which is a purpose
of this thesis “Theoretical Control of Thermal Properties Based on Nanostructure Design”. The
survey is especially interested in how nanostructures affect the thermal properties; where the thesis
has recourse to computational simulations, providing a direct way to observe both of heat transfer
and material structures microscopically. The analysis begins with the simple low-dimensional
structures, focusing on the difference between two types of interactions in nanosctuctures, namely,
the strong bonded one and the weak long-ranged one. It shows that the combination of two
interactions shall lead to new materials with controllable thermal properties, and this guideline is
clearly validated with studies of inorganic-organic hybrid structures.

The above overview is introduced in Chapter. 1 of the thesis, and the rest is organized as
follows. Chapter 2 introduces a basic concept of phonons related to the lattice thermal conductivity.
It also provides detailed information of thermal transport calculations and practical methods used in
the following studies. Chapter 3 and Chapter 4 study the thermal effects of bonded and long-ranged
interactions respectively, holding up carbon nanotubes as examples. The former investigates

single-walled carbon nanotubes and their strained carbon-carbon bonds due to twisted tube



structures, namely, the chirality. The latter describes the study about the thermal properties of
double-walled carbon nanotubes affected by the long-ranged inter-layer interactions. The
comparison between two researches shows a definite importance of the composite nanostructures,
which is validated in Chapter 5 with organic-inorganic hybrid perovskites. Specifically, we can
understand the thermal properties of the composites, as the properties characterized by the
components are modified by the hybrid interactions systematically. Based on this understanding,
Chapter 6 finally develops the thermal design by using the hybrid perovskites with anion
substitutions. Chapter 7 summarizes the thesis and proposes future subjects toward general and
flexible control of thermal transport phenomena.
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CHAPTER 1

GENERAL INTRODUCTION

The complexity for minimum component costs has increased at a rate of roughly a factor
of two per year. Certainly over the short term this rate can be expected to continue, if not to
increase. Over the longer term, the rate of increase is a bit more uncertain, although there is no
reason to believe it will not remain nearly constant for at least ten years. That means by 1975, the
number of components per integrated circuit for minimum cost will be 65000. I believe that such a

large circuit can be built on a single wafer. — Gordon Earle Moore

Since 1947, when the transistor was invented in Bell Laboratories [1], electronic devices based on
semiconductors rapidly become popular in our lives. For example, in Japan, a penetration rate of
personal computers have reached around 80 %; 100% for mobile phones; 60 % even for
smartphones [2]. Such diffusion of devices are strongly led by industrial development in this field
with drastic scaling laws, the most famous of which is “Moore's law” in the epigraph [3]. This
suggestion of miniaturization and high integration is found in an article published by Gordon Earle
Moore in 1965, and have been a definite goal both of high performance and low cost in all devices.
While the development in device design still continue to achieve the scaled goal, it has been getting
more and more difficult to do it for recent nanoscale devices. In International Technology Roadmap
for Semiconductor 2007 [4], a new chapter is established in order to follow Moore's law by another
option, namely, finding or designing new materials with excellent properties. Moreover a
next-generation guideline called as “More-than-Moore” is also suggested, where the specialized

design meeting respective demands is more emphasized than the simple scaling rules. The biggest



problem in continuous scaling is the fact that associated cost benefit has been reduced. At the
moment, further miniaturization can be achieved by suppression of leakage current, low resistivity
circuit, accurate switching, power saving, and so forth. The device design necessarily includes more
delicate CMOS and memory structures, which needs highly precise lithography technology. Such
technical requirement often spoils the cost reduction with scaling. Consequently, Moore's Law is
losing its industrial driving force.

Particularly, the leakage current and resistance increase are quite serious. These
phenomena result in heating of devices, which causes not only a waste of energy but also unstable
operation: material breakage or thermal runaway in the worst case. Unfortunately, the increases of
leakage and resistance are inevitably accompanied by reduced area of device layers. Even with
functionalized materials, it is hard to solve this problem in terms of the electrical characteristics,
which recently gives way to another attempt, viz., thermal design in nanoscale devices. Thermal
design means handling of surplus heat; including suppression of temperature increase with
facilitating a thermal flow, and protection of vulnerable places with shutting off the flow. At the
same time, the surplus heat is the dominant form of waste energy and should be recovered with
thermoelectric materials, where temperature differences are converged into electric voltage [5].
Such aggregation and distribution of heat shows diverse requirements of thermal properties,
indicating the distinct importance in control and design of materials with desired thermal properties.

In order to do it, we should understand a correlation between material structures and
thermal properties. Thermal conductivity is one of typical properties related to the thermal design in
devices, and can be found in a diffusion equation of heat called as “Fourier’s law™:

J = —K-AT (1.1)

where | is the thermal flux, AT the temperature difference, and x the thermal conductivity [6].



Even though Eq. (1.1) seems to be simple, k are hard to be evaluated directly in experiments,
because accurate measurement of thermal flow in materials is unfeasible. Only temperature and its
change can be observed. Fourier’s law should be deformed by separating heat diffusion into

temperature diffusion and specific heat can be written as follows:

of k9  0°T

a Cpax__am (1-2)
a is the thermal diffusivity; C is the specific heat, at constant volume in many cases; p the
density; t the time; x the coordinates of sample materials [6]. @ and C are measured separately,
from which thermal conductivity can be evaluated. While there are several methods to observe the
thermal diffusivity, their basics are common. It means to measure a temperature response to thermal
stimulation and calculate diffusivity from the diffusion equation. Detailed methods are still
improved, especially in development of non-contact measurement methods such as a thermal
reflectance pump-probe method [7]. For specific heat measurements, a differential scanning
calorimetry is widely used [8], where specific heat is evaluated indirectly by comparing amounts of
heat required to increase temperatures in sample and reference substances. While such useful
methods have been proposed, their results often involve unignorable measurement errors and are
hindered to determine their properties. Various error factors should be considered: surface or
internal roughness of samples, contact areas with heaters, changes of sample structures by
temperature fields, and accuracies in fitting of response data. Their effects often get more serious in
nanoscale measurements [9]. Although the non-contact methods are expected to reduce the above
problems, it is much more difficult to quantify the thermal conductivities with taking account of

detailed sample structures. Relationship between the transport properties and material structures are

still obscure, not providing enough guidelines in searching or designing new thermal materials.



Evaluating the thermal conductivity by using computational simulations is one of the
promising ways to overcome such experimental difficulties. Combination between theoretical and
experimental studies would not only achieve the steadfast thermophysical property measuring but
also develop an understanding of thermal properties in complex structures. In theory, the thermal
conductivity can be separated into two contributions with different carriers.

K = K, + K, (1.3)
where k. is called as the electron thermal conductivity indicating the contribution of energy
transfer via transports of free electrons, and k; is the lattice thermal conductivity corresponding to
the effect of lattice vibrations, viz., phonons. The later is rather important in insulators or
semiconductors, which are often used in thermal circuits or thermoelectric materials. With the

simplest approximation, k; can be described as

N 2
K = ngng (1.4)

where N is the number of phonon modes, C; the lattice specific heat, v, the phonons’ group
velocities, T the relaxation times, and the superscript line indicates an average for modes [5].
Several computational methods are proposed to calculate k;, for example, ones based on the
non-equilibrium Green’s functions (NEGF), non-equilibrium molecular dynamics (NEMD),
Boltzmann equation, and Green-Kubo formula. Each approach has different strong and weak points,
and an appropriate choice of them enables us to evaluate the lattice thermal conductivity within a
certain degree of accuracy.

With such experimental and theoretical analyses, several practical methods are proposed
for effective thermal control. The most direct way is introducing grain boundaries that particularly

scatter phonons with long mean free paths [10], and the theoretical approaches revealed that the



average grain size is critical [11]. While this approach generally works well at high temperature, it
has little potential for further minute control and severe limitations considering the nanoscaled
devices operating at moderate temperature. More suitable one for such applications is focusing on
finer design of material structures and Fig. 1-1 shows successful examples. Nanoscaled inclusions
into host materials are found to work as effective scattering factors for phonons [12]. Materials with
superlattices or nanoparticles also lead to insulate the dominant phonon transport with long
wavelength [13, 14]. It is recently found that certain nanostructures called as nanophononic
structures introduce localized phonons, which sometimes block other phonons as an avoided
crossing [15, 16]. Above approaches are useful indeed, however, they are just auxiliary elaboration,
so to speak, superstructures, and the limitations in further improvement are visibly not so distant. At
the same time, they are often followed by a high cost and low durability. The original purpose of
thermal control is to avoid such drawbacks, and now it should be considered to develop not
superstructures but innovative raw materials, with further understanding about what design should

suppress or enhance the thermal properties.
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Fig. 1-1. The schematics of nanoscaled thermal control based on (a) the inclusions [12], (b) the

superlattices [13], and (c) phonon localizations [15].



Measurements certainly bring us the related properties of materials like k;, 7, and g,
but these values are not directly shows some relationship between their structures. Thermal design
of materials now requires how to analyze such relationship and to determine some structural
elements that can be control factors of thermal properties [17]. The simplest way to do this is to
compare a lot of candidate materials with each other, but a brute force comparison is unrealistic.
There are enormous structural factors like chemical bonds, long-range interactions, topology,
symmetry, orientation, and order. Moreover, in a lot of materials, these factors are put together and
related to each other. To solve this maze of the material structures, we should have some consistent
standpoint to compare structures and should choose appropriate comparisons. In general, the prime
starting point is referring to preceding studies. Except for the superstructures, we can mainly find
two effective approaches, namely, resonant bonding [18, 19] and phonon rattlers [20], shown in Fig.
1-2. The resonant effect indicates that a lack of valence electrons contributing to chemical bonds
causes disordered distribution of electrons. Such disorder is observed as weakly delocalized
electron density, resulting in strong phonon scatterings. The phonon rattlers mean guest atoms in
host-guest structures, whose rattling motions are also known to scatter phonons selectively. Even
though we already have the shoulders of giants as the above, such mechanisms are relatively limited
to specific compounds and seem to be a little bit narrow as the starting point towards new material
design. Therefore, this thesis dares to go back to the basics; we begin with a comparison between
simple and pure structures and extend them into more complicated structures step by step. In each
stage, we investigate effective analysis methods and structural factors dominant in thermal
conductivity, from which we explore a hopeful direction to functionalize materials and establish
new set of comparisons. Considering the requirements of various thermal properties as mentioned

above, we discuss structure dependence in materials both with high thermal conductivity for



wasting heat and low thermal conductivity for thermoelectric conversion and heat insulation. Such
elemental procedures are slow and steady, but should win some development in material design

with distinctive findings.

(@) ppre (b)
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Fig. 1-2.  Two approaches for new materials: (a) the resonant bonding in PbTe shows the
delocalized electron density [18]; (b) the guest atoms show rattling motions scattering
phonons [20].

The rest of this thesis is organized as follows. Chapter 2 introduces a basic concept of
phonons related to the lattice thermal conductivity. It also includes detailed information of thermal
conductivity calculations, especially about the NEGF and NEMD methods, used in the following
chapters. Backgrounds of calculations, first-principles and classical calculations, are also briefly
explained. In chapter 3, we investigate the structure dependence in thermal properties of single
walled carbon nanotubes, typical examples of simple one-dimensional substances. Their high
thermal transport properties are evaluated by the NEGF methods with the first-principles
calculations, and compare between them focusing on effects of strained carbon-carbon bonds due to

twisted tube structures. Chapter 4 describes a study about thermal properties affected by composite



structures via long-range interactions. We adopt double walled carbon nanotubes and propose a way
to control their thermal transport properties at low temperature by using layered structures. The
NEGF methods are employed with classical force fields, whose results are analyzed with a coupled
vibration model, consisting of two vibrational systems interacted by weak interactions in a
non-conducting direction. The analysis suggested the possible requirements for controllable thermal
properties, and chapter 5 investigates the organic-inorganic hybrid structures meeting such
requirements. In particular, considering the appreciation to thermoelectric materials, we focus on
materials with high carrier mobilities and low thermal conductivity, namely, organic-inorganic
hybrid perovskites. In order to take into account uncrystallized motion of embedded organic
molecules, thermal conductivity is calculated with the classical NEMD with empirical force fields
developed by fitting to results in ab-initio molecular dynamics. Suppression mechanism of the
thermal conductivity is investigated by comparing between several hybrid model structures
including organic molecules with different vibrational degrees of freedom. Chapter 6 developed the
thermal design based on the hybrid perovskite structures by considering anion substitutions. The
parameters of different anions are obtained as simple as possible in order to accept the enormous
degrees of freedom for material design with hybrid structures. We propose a three-step procedure
with detuning existing parameters, which is validated by comparing with results in experiment and
first-principles calculations. With the detuned potential, the effects of anion substitution are
investigated in terms of the vibrational properties. Finally in chapter 7, we summarize the
guidelines of material design with required thermal properties, and propose future subjects with

respect to flexible control of thermal transport phenomena.
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CHAPTER 2

THEORY OF THERMAL PROPERTIES

In this chapter, we introduce the computational methods for thermal transport properties with their
basic theories. Analytical methods and specific approaches for practical systems in the following
researches are explained in the corresponding chapter respectively. In section 2-1, lattice vibrations
and phonons are introduced, which are the basic concept in the lattice thermal conduction
phenomena.

In the following sections, the practical methods for conductivity are explained. As
mentioned in chapter 1, four approaches are mainly used: NEGF, NEMD, Boltzmann equation with
the relaxation time approximation [1], and Green-Kubo formula [2]. These methods are classified as
Table 2-1, where highlighted ones, viz., NEGF and NEMD are used in the following study. The
former is explained in section 2-2, and the later in section 2-3. Here we address the classification a
little more in detail. Table 2-1 shows that the thermal transport calculations have two grouping axis,
namely, viewpoints of dynamics and temperature environment. The former has the lattice dynamics
and molecular dynamics, in other words, vibrations and atomic motions. In the lattice dynamics,
thermal transport phenomena are understood as the phonon transports. It means that, the governing
equation is the carrier transport equation, which can be simplified as Eq. (1-4). Such equations
require the phonon properties of materials including scattering of phonons due to deviation from the
harmonic approximation. While scattering events can be statistically analyzed as the group velocity
and relaxation time of phonons, the practical calculations require solving phonon many-body
problems with perturbative methods, taking a lot of computational costs. This approach is usually

difficult to consider large or complex systems with highly scattered phonons, so is suitable to be

11



applied to materials with high thermal conductivity. On the other hand, the molecular dynamics
directly treat the atomic motions under some temperature and heat flow environment. The thermal
conductivity is calculated by substituting such motions into Eq. (1-1). This approach does not
employ the phonon approximation and natively includes anharmonicity of the energy potential
surfaces. While additional analyses often focus on characteristic vibrations with the help of phonon
approximation, no perturbative approximation needs to be done basically. Low thermal conductive
materials rather require this approach. As the latter axis, the assumption of temperature condition,
the equilibrium and non-equilibrium situations will be considered. The equilibrium calculations can
be performed with small computational systems and their results are usually stable within thermal
fluctuations. The non-equilibrium assumption means that some temperature difference is located in
a system. The actual temperature difference makes it easy to consider heterogeneous or
uncrystallized systems that often includes defects, substitutions, and interfaces. Computational
models should be lager so as not to arise unnaturally steep temperature gradients and temperature

jumps, resulting in high calculation costs or unstable results.

Table. 2-1.  Two grouping axis in thermal transport calculations.

Equilibrium Non-equilibrium
Lattice dynamics Boltzmann equation [1] Caroli’s formula (NEGF)
Molecular dynamics Green-Kubo fomula [2] Fourier’s law (NEMD)

The thermal transport calculations presuppose the ways to calculate vibrational properties
or atomic motions. Generally speaking, we have two choices; ab-initio calculations and classical
calculations with empirical force fields. The former evaluates phonons based on the electronic
structure calculations, whose results are usually accurate and parameter free; nevertheless it is

computationally expensive and unsuitable for large or soft systems. The latter is easy to be applied

12



to such systems, while its accuracy totally depends on the parameters in force fields. In practice,
the ab-initio calculations are usually used with lattice dynamics focusing on the accurate
calculations of rigid periodic structures. The classical ones cooperate with molecular dynamics for
more general systems, such as uncrystallized or composite structures. While the following studies
basically accord with this principle, the lattice dynamics calculations for double walled carbon
nanotubes are based on the classical potential, considering their computational costs and the

authority of developed force fields.
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2-1 Phonons
The lattice thermal conduction means energy transfer via vibrational motions of atoms in a crystal
lattice. These motions can be separated into isolated characteristic vibrations by the harmonic
approximation, and simplified by an artificial periodic boundary condition. When the Schrodinger
equation is adopted as the equation of motion, the energies of normal modes are quantized and such
quanta are called as phonons. This concept is introduced by Igor Yevgenyevich Tamm in 1930s [3].
We begin with considering the classical motion of atoms in a crystal. Hereafter, R indicates a
Bravais lattice point of the crystal, and the most stable point of ith atom in some lattice is described
as 7;(R). At finite temperature, the position of atoms at a certain time, t, are deviated from the
most stable points into their surroundings. The actual position is represented by 7;(R,t) and the
deviation is c;(R,t). t dependence is omitted except when the equation of motions are discussed.
Atoms in crystal seems to be deeply trapped in the most stable points and it can be assumed that the

potential energy, U, can be Taylor expanded about c¢;(R,t) as

2

1
UGy, 1y ) = UG To ) + ) a(R)- WU+ | ) a(R)-V| U+0a)
(i,R) (i,R)
@-1)
2
1
= E z ¢i(R) V| U= Unarm,
(i'R)

where the origin of the energy is set as the zeroth order term. The first order term should be 0,
considering that c¢;(R,t) is the deviation from the most stable points. The harmonic approximation
indicates that the 3rd and higher order terms can be omitted within a certain accuracy as Upgrm.-
The interpretation of this approximation can be understood with the simple example, namely, an
ionic crystal or van der Waals' crystal. The potential energy can be described as the summation of

the contributions of pairwise interactions V; ;j(r;(R) — r;(R")) that depend on a distance between
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each pair of atoms:
1 _ — o ,
U=35 > Vy([F® -5R) + a® - 6R)) 2-2)
(i'R)F(jPR,)

Then we assme that ¢;(R) — ¢;(R’) is small enough to Taylor expand V; ;(r;(R) — r;(R")) and
only the terms up to the second order are effective. The summation of zeroth order and first order

can be omitted as before.

Uzna =% Y [(el® - D) -V] vy (FR) - 7, RY)

(i.R),(j.R") (2-3)
(ca® = o))" [v203, (FuR) - 75R))]

(a,R),(B,R") '

I

where the Cartesian coordinates (x,y,z) of atoms (i,j,k,:--) are described as (a = (i,x),B =

(i,y), ). Eq. (2-3) can be described in terms of the deviation of each atom as the following:

1
Uma=5 D @R D'ap®=RYc(R) = Uparm,
(a.R),(B.R") (2-4)
D'y s(R—R)=36 [VZV- : (F-(R) - F-(R”))] - [VZV- . (F-(R) - F-(R’))]
a,f — OR,R/ i,j i J ap L] L ] aﬁ.
R ’ ’

It can be found that the harmonic approximation corresponds to that interactions in crystal are
replaced with the coupled harmonic springs.

The atoms in crystal will move according to the equation of motion with the crystal potential
under the harmonic approximation. In classical theory, such motions are described as

(RO == ) Dyg(R-R)5(R 0,

Sag = 7/ MaCq (R, 1), Da,ﬁ (R-R) =

1 (2-5)
———D'3(R—R),
./ ma‘m/;
where m is the atomic mass, and the mass weighted Cartesian coordinates, s, (R, t), allows us to

symmetrize the equations. In the matrix form,

SR = — Z D(R - R") s(R',1). (2-6)
RI
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It is plausible to accept that motions of far distant atoms are close to independent and a terminal
condition can be arbitrarily set for mathematical convenience. Here we consider that the motions of
atoms in one lattice synchronize with those in the other a certain lattice apart, which is called as
Born—von Karman boundary condition. It allows us to make a general solution of Eq. (2-6) as a
plane wave, s(R,t) = ee!®R-98) ) is the angular frequency, and k the wave vector, which
corresponds to a combination of reciprocal lattice vectors. &€ is the polarization vector and
indicates changes in the positions of atoms, viz., the vibration amplitude. Substituting this plane

wave, Eq. (2-6) is deformed into the following eigenvalue problem:

wre=D()e, D)= ) DR, 2-7)
R

where D(k) is the Fourier transform of the mass-weighted Hessian, called as the dynamical matrix.
Eq. (2-7) gives N - M eigenmodes for the N-dimensional lattice including M atoms, and solved
w corresponds to the angular frequency of the normal modes. One of the simplest example is the
one-dimensional lattice includes two atoms with the same mass. As shown in Fig. 2-1, each of them
is only linked with their nearest neighbors by the harmonic interaction with spring constants K;
and K,. Then the engenvalue problem is specified as

1 1 .
(l)z - = (Kl + Kz) - (Kl + Kze_lkR) 61
m m = 0. (2-8)

1 . 1
a (Kl + KzelkR) (UZ - a (Kl + Kz) 62

There are two eigenmodes with two eigenfrequencies, which are given as the functions of the wave

vector.

1
Wy = E(IQ + K, \/K12 + K3 + 2K, K, - cos kR)' (2-9)

which is the dispersion relations of normal modes and can be described in the first Brillouin Zone as

Fig. 2-1. The derivations of dispersion relations, dw (k)/dk, correspond to the group velocities, v,,
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of characteristic vibrations, which should be 0 on the Brillouin zone boundary and k = 0, because
the vibrations should be standing wave there due to the Bragg reflection. The exception is the mode
with the zero frequency at k = 0. This motion corresponds to a uniform translation of the atoms
and does not construct a standing wave. Moreover, the frequency of the vibration approaches to 0
linearly, namely, without dispersion. In general, the dispersion relation of the vibrations in the N
dimensional lattice including M atoms has the N number of such translational modes, called as
acoustic modes. On the other hand, the rest (N — 1) - M modes are called as optic modes, because

they have higher vibrational energies and often interact with induced electromagnetic waves.

w(k)
(STABLE) Unit lattice T
m

=
X

MV@WWEVGWWWWEV@MWWWE VW

(ACOUSTIC)
(ACOUSTIC)
—> > > > > —>

» k

-it/a 0 nt/a

Fig. 2-1.  The schematic and dispersion relation of the one dimensional lattice includes two

atoms with the same mass. Polarization in each mode is shown as colored arrows.

In quantum mechanics, the Schrodinger equation rather describes the time evolution of the
system. By the first or second quantization, the discussion moves from classical mechanics to
quantum mechanics, which may be performed at any time of the above procedure. It means that the
motion of atoms in the crystal can be directly quantized by substituting quantum harmonic

oscillators for classical characteristic vibrations. The Hamiltonian operator of the sth harmonic
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oscillator with an angular frequency w; is described as

_ 1 .1
Hharm,s = z %pz + Emwsxz' (2-10)
(i'R)

where I’-I\harm's is the Hamiltonian, p the momentum operator, ¥ the position operator. The

Schrédinger equation with this Hamiltonian can be solved with the following eigenvalues:

(E)harm = (ns + %) hws, ng =0,1,2,- (2-11)
where (E)pqm 1S the expected value of the energy and A is the Dirac constant. Eq. (2-11) means
that, in quantum mechanics, the energy of the simple harmonic oscillation is quantized by the
quantum number ng. In other words, the vibrational amplitude is limited to make a standing wave
function in the harmonic potential. Then, we can interpret the quantized harmonic oscillator at ngth
excited state as a model, where the ng number of some virtual particles with the energy hw, are
distributed to the harmonic state. Such virtual particles are called as phonons. It is obviously not
restricted that several phonons occupy the same state, indicating that they are governed by the
Bose-Einstein statistics. Each normal mode, namely, each line in the dispersion relation is called as
the branch of phonons. In some branch, a vibration at some wave vector has an angular frequency
ws(k), and such specified vibration is called as the mode of phonons. In this picture, the lattice
thermal conduction is understood as that phonons with the energies hwg are transported with the
group velocities dwg(k)/0k. The energy increase is attributed to the increasing number of
phonons, and the lattice specific heat C corresponds to the number of phonons introduced per unit

temperature increase. Finally the simplified lattice thermal conductivity, Eq. (1-4), is shown again:

K; = gclvj T,
Now we can see that the above equation is the average expression of that introduced phonons by

temperature increase are transported with corresponding group velocities until they are scattered.
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2-2 Non-equilibrium Green’s functions

The non-equilibrium lattice dynamics often assume the system, where a thermal conductor is
sandwiched between two heat baths (phonon bath) with different temperatures, shown in Fig. 2-2
(a). Here we define the scattering region. This region includes the thermal conductor and parts of
heat baths that interact with the conductor effectively. The rest parts of the system are called as the
left heat bath region (L) and right heat bath region (R) respectively. The temperatures of the left
bath is assumed to be higher than one of the right bath, denoted as T, > Ty. According to the
previous section, the energy flows from left to right can be considered as phonon transports. We can

estimate the contribution of some phonon mode in the left bath to the heat conduction as

vL,m (k)
a

Jim () = heop (k) - T (01m(0)) (@01, (K), Ty), (2-12)

where J; (k) is the contribution of a mode in mth branch with a wave vector k, v, the group
velocity, w; (k) the angular moment, T(w) the transmission coefficient, and a the length of
the scattering region. n(wm’L (k), TL) is the Bose—FEinstein distribution function, governing the
number of phonons. The flow of all phonons in the left bath, J;, is calculated by summing up

Jm, (k) about modes, resulting in

1
I = Ef dohw - T(w) - n(w, T,). (2-13)

The total energy flow J is the difference between the phonon flow from the left bath and one from

the right bath, given by

J= %f dohw * T(w) - [n(w, T,) — n(w, Tg)]. (2-14)

Eq. (2-14) is called as the Landauer formula [4]. This formalism is enough to discuss one direction
flows but can be generalized for multi-bath systems by defining transmission coefficients between

each heat bath, known as the Landauer-Biittiker formula [5]. The thermal conductance is calculated
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by dividing Eq. (2-14) with the temperature difference, that requires evaluating the transmission
coefficient. The NEGF formalism is one typical solution to this problem. The NEGF can be
understood only with the Keldysh formalism [6], but it requires a lot of specific Green’s functions.
So this time, we begin with evaluating the transmission coefficient in a conventional manner of the
scattering problem with the slice model [7]. Next, we introduce the Green’s function and relate
them to the conventional picture [8]. Finally, the transmission coefficients are described with the

Green’s functions as the Caroli’s formula.

(a) (b)

By By -
—————— D D ROE
HOT BATH CONDUCTOR | COOL BATH ot 554 v/\v v/\v v/\v
hw A
PHONONS -
® REFLECTION 5 D, Dy Dy Dy Dss|| Dg Dpi D
L 3 ) — N
000 TRANSMISSION| ————— Z
(@]
eooeo Tw) | ——e |]
i=-2 -1 0 1 T S S+1  S+2  S+3
n(T) n(T) : >
HOT BATH COOL BATH
REGION SCATTERING REGION REGION
Fig. 2-2. The schematics of (a) the assumed system in the NEGF formalism and (b) the slice

model in the scattering problem.

SLICE MODEL The NEGF interprets the sandwiched system as a set of slices divided into
vertical like Fig. 2-2 (b). Each slice is given a number i: i = —oo,---,—1 for the left heat bath
region; [ = 0,+--,5 + 1 is the scattering region; i =S + 2,-+-, 00 is the right bath region. Slices of
i=1,--,S isthe thermal conductor and ones of i = 0,5 + 1 are the buffer heat bathes. The width
of slices are set to interact only with their nearest neighbor slices, and the slices without the thermal

conductor are characterized by the ideal periodic potential. We denotes the diagonal dynamical
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matrix of the ith slice as D;;, off-diagonal one between the ith and jth slices as D;;. The
deviation vector of each atom in the ith slice is described as c¢;. Under the harmonic approximation,
the equations of atomic motions are given by

—D;;1¢i1 + (01 =D py)c; — Dijp1€iyq = 0. (2-15)
The components in heat bath slices are assumed to be uniform, whose diagonal dynamical matrices
are abbreviated as D, ) and off-diagonal ones as B(; gy. The widths are also the same, denoted
as a(pgy- Then, the equations of motion in the heat bath regions can be rewritten as,

—B () Cioq + (02 = D py)e; — Bl pyci1 = 0. (2-16)
The heat bath region has the periodic structures with period a(, gy, and ¢; can be chosen so as to
satisfy the Bloch symmetry. It means that ¢;=Ac;_; = A~'¢;,;, Where 1 = e¥% is the Bloch
factor. When we adopt the Born—von Karman boundary condition considering 2N slices, Eq.
(2-16) has solutions of the N number of right propagating waves and N left propagating waves.

The former is marked with +, and the later —. With this symmetry, Eq. (2-16) is simplified as

—BpUern(t) + (0)21 - D(L,R))A(L,R),n (Bugpyn(E)
(2-17)
T —
—B (L,R)/1€L,R),n (Bugpyn (1) =0,
where A gyn(3) and wu gy, () is the Bloch factor and eigenvectors of the corresponding wave

respectively. Since the eigenvectors are nonorthogonal, it is convenient to define dual vectors of

u,(+) as

W ( DUy () = 8y UL(D) T (£) = Snm

| - 2-18
Fi(H) = ) A Bu, () e

where i,,(4) is the dual vector and F'(4) is called as the Bloch matrix, which is a projection

matrix onto eigenvectors in an other slice. The equations of motions about the heat baths are
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described in terms of the Bloch matrices as follows:
~BmFile(®) + (0 = Dyg)) = Bl gy Fupm () = 0. (2-19)
The general solutions are given by
¢; = ¢i(+) + ¢;(=) = FF7(H)¢;(+) + F ()¢ (). (2-20)
The slices i = 0,:--,5 + 1 in the scattering region are not periodic, but it has boundary conditions

at i = 0,5 + 1, contiguous with the heat bath regions.

€1 = FPt e[ + F()eo(0) = [FEH(H) = F (Oleo(4) + Fi' (e,
Csip = Fr(+H)Csi1(+) + Fr(—)ecs1(—). (2-21)

The transmission from right to left can be discussed with an assumption, where c,(+) is the only
vibrational source into the thermal conductor. There are no injection from the right heat bath region,
namely, c¢g,,(—) = 0. Under these conditions, the equations of motion in the scattering region are
written as

_Dg,i—lci—l + (wzl - Dg,i)ci - Dg,i+1ci+1 = Qico(+),

D; D

ij =

i,j» with {i,j} € {0,13U {(1,---,9),(i,i + DU {S,S + 1},
D6,0 =D, + B, F;'(-),
Dg,1541 =Dg + BLFp(+),
Q; = 8ioB[F'(+) — F'(-)],

(2-22)

where cg,;(+) is the transmitted vector, including the information about summed up transmission
coefficient via the slices in the scattering region. When the source is simplified as some mode at the

left heat bath, ¢y(+) = uy,,(+), €s41(+) isrelated to the transmission matrix elements 7,,,,, as

N
Esia(H) = ) g ()T (2-23)
n=1

We should note that the transmission coefficients in the Landauer formula do not directly

correspond to T,,,, because the former is not about the wave amplitude but about the current
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amplitude. It means that the elements in Eq. (2-23) should be scaled by the group velocities in the

conducting direction and the widths of slices [9].

Ur n(+)aL
t = |—— , T = t 2' 2-24
= rpmPiag ™ 2, e 2

where v, gy is the group velocity of the nth phonon mode in the left or right heat bath region. It
is convenient to define the following two velocity matrices. One Vg(+) is the singular diagonal
matrix that has vz ,/ag on the elements about right propagating waves. The other ¥, (+) has
a,/v,, on the left propagating elements because propagating direction is inverse in Eq. (2-24).
With these matrices, the scaled transmission matrix can be described as

t =V () *(+). (2-25)
The transmission coefficient in the Landauer formula is given by

T = Tr[tht] = Te[tTVR ()P, (+)]. (2-26)

GREEN’S FUNCTION We define the Green’s functions for the equations of motion about the
slice model. According to the Keldysh Green's function formalism, the retarded Green’s functions
G" satisfy the following equations:

-D;;_1Gi_,; + [(w? + imI — Di,i]Gir,j —Dji41Giyyj = 16,5, (2-27)
where G"(w) has singularities around their eigenvalues wj, like a pole of 1/(w? — w?). With the
infinitesimal imaginary part in, such functional forms can be Fourier transformed from energy to
time as step functions. The retarded Green’s function corresponds to the evolution of vibrations
from the ith slice to jth slice forward in time. Inversely, adding an negative imaginary part as
w? — in results in the evolution backward in time with an inverted step function. This function is

called as the advanced Green’s function, denoted as G®. Moreover, the imaginary part of the
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Green’s function is corresponds to the vibrational density of states. It can be easily understood,
considering Im[1/(w? — w + in)] — §(w? — wd) with in — 0 [10].

We begin with the isolated nth slice with the Green’s function G%", and estimate the
effects of a new n + 1th slice added as the neighbor on the right as shown in Fig. 2-3. The retarded

Green’s function of the system is expressed as
. -1
G = ( G;l,n G;,n+1 ) — ((wz + ”’)I - Dn,n _Dn,n+1 )
G:l+1,n G;L+1,11+1 —Diim (w? + mI — Dyiin

_ _ (2-28)
([a%,;] Y Dy ) 1
_Dn+1,n [Ggllil,n+1]_1

The above equation gives the Green’s function of the n + 1th slice as

Grvsnes = [ ma] "~ DrsinGiDrsin] - (2-29)
By repeating the above procedure, the effective dynamical matrix for an added new slice is
gradually converged, and then the Green’s function of the added slice is also converged. The
converged one describes the propagating waves at the surface of the semi-infinite slices facing to
the right, like the left heat bath region. It is called as the left surface Green’s function gj, which is
given by
g; = [@* + i1 — D, - B,giBl]" = [(w? + il = D, — £, (2-30)
where X7 is the self-energy, defined as the perturbation to the dynamical matrix of the isolated
slice. Similarly by adding new slices on the left, we can calculate the right surface Green’s function
gr with the self-energy ZX%:
g = [(@? + il — Dy — BhghBy| = [(@? + i)l — Dy — Z5] 7. (2-31)
Moreover, we can extend the above method to arbitrary perturbations, resulting in the recursive

relationship of the Green’s function called as the Dyson equation.
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Fig. 2-3.  The recursive procedure for the surface Green’s function of the left heat bath region,

which can truncate the semi infinite system as the self energy

0, 0,
G?’j = Gi,f + Z G{ka’,Gl,jr. (2_32)
With these surface Green’s functions, Eq. (2-27) can be rewritten ostensibly only about the
scattering regions:

-D};_,G}_,; + [(w? + imI - D"]GT — D}, Gl ; =15,

D/;=D;;, with{ j} € {0,13U{(1,-,5),(i,i + DIU{S,S + 1}, (2-33)
oo =D, +B,g;B],
Dg,1511 =Dg + BRgRBR'
where we set the surface of the infinite heat baths as the Oth and S + 1th slices. Now we can
discuss the relation ship between the Green’s functions and the scattering picture. In terms of the
Green’s functions, the equations of motion in the ideal infinite heat bath can be described as
=16

—B,p G}, j + [(@? + I - D(L,R)]Gﬁr B{L R)G

i+1,j i,j (2-34)
where superscript b indicates the heat bath. GZ']T indicates the propagation from the jth slice to

ith and the vibrations in each slice satisfy the Bloch symmetry, resulting in that Gf"jr also follows a
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similar projecting relation:

G =F7I(-)GT, withi<]j

br _ pi—ij br o ; (2-35)
Gi,j =F' ](+)Gj,j , with i > J.
Now Eq. (2-34) can be simplified as
[~BunFim) + (@ + il = Duw] = BipFun(IG] =1
_1 _ B
= [G]I?,'j'r] = B(L,R)[F(Ll,R)(+) - F(Ll,R)(_)] = BIL’R) [F(L,R) (=) - F(L,R)(+)] 036)

-1
s [655] = Qo
Such amplitude transfer between slices also can be applied to semi infinite heat bath, and the

equations of motion at {i,j} € {0,0} and {—1,0} can be expressed as the following:

[-B.F;1(=) + [(w? + i)l —D,]]g% =1,
(2-37)
[-B.Fi (=) + [(w* + i)I - D,]|Fi*(-)g} = Bl g].
The above equations allow us to describe the surface Green’s functions and self-energies in the
scattering picture, in other words, with the Bloch matrices and dynamical matrices:

gi=F'Q[BI,  E=B.F'C). (2-38)
The same procedures can be applied to the equations of motion at {i,j} € {S+ 1,5+ 1}
and {S + 1,S + 2}, resulting in

gr = FR()BR', X = BiFR(+). (2-39)

We can build a similar relation ship between the advanced Green’s function and the propagating

waves. In order to do this, the following advanced Bloch matrix F%(+) is defined:

Fo() = ) (PP = ) B, (2-40)

With F?(1), it is found that the advanced Green’s functions follow the projecting relation as
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T o ] ] ]

67 = [6F] = GPTIFeH (), withi <],
(2-41)

T o ] ] ]

67 =[64F] = G [FH (-, withi>j.

Considering the surface of the semi-infinite heat bathes, the advanced surface Green’s functions are
given by
gi = FE(I'[B]], g8 = Fi(+)Bz (2-42)
Comparing between Eq. (2-38), (2-39), and (2-42), the retarded Bloch matrices are related to the
advanced one as
BYF(+) = F*f(4+)B. (2-43)

We can also rewrite the Dyson equation with the Bloch matrix as

Gio =Gy + z G Vi Gy = |FL(+) + z G}V Fi(+)| Gy (2-44)
jk ik

CAROLI’S FORMULA We should rewrite the transmission matrix in terms of the Green’s
function. As the first step, the elements of the matrix can be discussed by simplifying the
vibrational source as a mode at the left heat bath u;,,(+) like the above discussion. The
Lippmann-Schwinger equation shows that the transmitted wave can be described as the sum of the

source and scattered vibrations:

Ci =Upm;(+) + z Gl Vit my(+) = |FL(+) + Z GV Fi(+) [uym(4), (2-45)
Ik Ik

where u; ,,;(+) indicates the source is transferred from the Oth slice to ith without scattering,

namely the reference wave. With Egs. (2-43) and (2-44), the scatted wave c; is given by,
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-1
¢ = Glo[Goh] “upm(+). (2-46)
The elements of the transmission matrix in Eq. (2-23) can be expressed as
~ -1
Tnm = Wy (F)G5110[G05] U (). (2-47)
In the second step, we define two matrices; one is Uy gy(+) whose columns are the normal modes

of the heat bath regions; the other A, z)(4) diagonal matrix which has the Bloch factors at its

diagonal elements:

Uur () = (u(L,R),1(i)u(L,R),2 (£) - UL RN (i))'

(2-48)
A(L,R)(i)m,n = A(L,R),n(i) 6m,n-
These matrices satisfy the following relation:
F(DU(L) = UD)AD). (2-49)

Similarly, the advanced matrices, U{y gy (£) and A( r) (1), can be defined by using the advanced

mode vectors and Bloch factors. With these matrices, the transmission matrix can be deformed as
T=Uz'(+)G"QoU. (). (2-50)

The third step is to express the practical form of the velocity matrix, Vz(+4). The group velocity is

described as v; = dw/dq, which can be calculated by using Eq. (2-17) as

V() = = [UR(DBLUR () An(+) — A5 (DU (+)BrUg(+)]
= %UE(H [BLFR(+) — FL(+)B|UR(+) = éU}; B[Z5 - ZUR(+) 2-51)
; T
= ;UR(-I_)FRUR(_*_)-

where I'¢ gy = i[sz,R) — ZZLT R)]. I gy is the imaginary part of the modified Green’s function, so
corresponds to the density of states including the perturbation. The similar expression is held about

V,(+) as
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V() = SURORULH) = SUOr e, 252
In the final step, we prove Qo = iwI'; from Eq. (2-22) multiplied by Y., uf ,, (— )uL (—) on left
andby I =},u;, (+)ﬁz,n (+) on right:
Qo = Bi[F*(+) — F"(5)] = B.F; ' (+) = [F{ ()] 'B]

= (AL () B — [FET )] B*]Zum(ﬂum(ﬂ

m

1
= 3 L) [ W OBt () = gy W (Bl ()]

nm

1
= > 8] () [y (D BLusn (4) - An(+)u£n(+)BIuL,n(+)]

n

= i ) U (V] (D () = 0T,

(2-53)

where we use Egs. (2-18) and (2-19) at the forth equal, and do Eq. (2-52) at the sixth one. The fifth
equal can be proved by comparing Eq. (2-17) and its complex conjugate. Substituting Egs. (2-50),
(2-51), and (2-53) into Eq. (2-26), the following expression is obtained:

T = Tr[FxG"T,G%], (2-54)
which is called as the Caroli’s formula, the key equation in the NEGF formalism. The actual
procedures in the calculation of the thermal conductance are as following: calculating 1) the
dynamical matrices of the system, 2) the surface Green’s functions of heat bath regions by the
recursive procedure, 3) the Green’s function with the perturbation of surfaces, 4) the transmission
coefficients by the Caroli’s formula, and then 5) the thermal conductance with the Landauer
formula divided by the temperature difference.

As mentioned above, I'( gy is related to the density of states. So we can recalculate the
carrier properties in the scattering region including the perturbation of heat bathes. If the carriers

were electrons, we can guess the Hamiltonian from the density of states and repeat of the above
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procedures, resulting in the converged non-equilibrium Hamiltonian and Green’s functions [11].
For phonons, it has not found how to make the dynamical matrices from the vibrational density of
states, and such repeating procedures are less able. However, the errors can be neglected when the
temperature differences are small. The NEGF is usually applied to the linear response phenomena,

where the small temperature difference is definitely appropriate.
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2-3 Non-equilibrium Molecular dynamics

The NEMD methods adopt a similar system to the one of NEGF, namely, the thermal conductor
with some temperature difference. NEMD is assumed to use the classical molecular dynamics with
low computational cost. The empirical potentials enable us to calculate dynamics of large systems
at once, so the NEMD methods do not need the slice model and recursive procedures employed in
the NEGF method. Instead there are several ways to set up the system reproducing the thermal

conduction phenomena, shown in Fig. 2-4.
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Fig. 2-4. The schematics of (a) the non-steady non-equilibrium system [12], (b) the pumping
non-equilibrium system [13], (c¢) the isolated steady non-equilibrium system, and (d)

the periodic steady non-equilibrium system [14].

In terms of stationarity, the practical systems used in NEMD are classified into two
groups: the non-steady non-equilibrium system and steady non-equilibrium system. Fig. 2-4 (a)

indicates the newest one of the former group, which is proposed in 2014 [12]. The calculation
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begins with the system, which is separated into two regions with different temperatures. The time
evolution of the system is observed regarding the relaxation of the temperature difference, by
substituting which in the diffusion equation the thermal conductivity is evaluated. We can perform
the same evaluation by adding an initial energy at some position like Fig 2-4 (b), which is the
conventional method [13]. It means that the non-steady methods can be seen as an analogy of the
pump-probe method in experiment. It calculates the conductivity assuming the exponential
relaxation processes, and does not need to wait full relaxation to thermal equilibrium. Thus, the
non-steady methods usually require less computational time than the steady one. In the steady
method, we assume the almost same system as the NEGF model, where the thermal conductor is
sandwiched by two heat baths with different temperatures shown in Fig. 2-4 (c) and (d) [14].
During the evolution, the temperature gradient and heat flux in the thermal conductor relax into a
steady state. The Fourier’s law is used to calculate the thermal conductivity with the steady
temperature difference and thermal flow. While the steady methods take rather long computational
time for relaxation, they have definite conduction regions and are easy to be applied to general
heterogeneous systems.

There are also two types of boundary conditions in NEMD, viz., truncated systems and
periodic systems. The difference between them is more serious for the steady method. Fig. 2-4 (¢) is
an example of the steady system without periodic boundary condition, both sides of which is
considered as the hot and cool baths. Such truncated systems totally reduce computational costs
because long-range interactions are confined within small regions. As the same time, we should
carefully consider the termination of both ends so as not to affect the thermal properties and not to
violate charge neutralization of the systems. These systems are often not appropriate to ionic

systems, where the long-range interactions are significant. Periodic steady systems do not suffer
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from such artificial termination conditions. However, separated heat bathes require additional
conductor regions, shown as Fig. 2-4 (d). The double-sized system costs corresponding
computational time even for non-ionic systems, and much more for ionic ones.

In the following research, we employ the NEMD method with the periodic steady systems,
whose practical procedures are explained below. The basic method using two thermostats is
introduced, in addition to analytical methods to compare with the experimental conductivity. After
that, we explain the modified method that is actually used, called as the reverse non-equilibrium

molecular dynamics (RNEMD).

NON-EQUILIBRIUM MOLECULAR DYNAMICS The basic NEMD with steady systems

consists of the following four steps:

1) Equilibrate the whole system including the heat bath regions by some thermostat with the target
temperature Ti,rger, Where the thermal conductivity will be observed.

2) Remove the Tirger thermostat and add two partial thermostats: one with Ty, for the cool
bath region, and the other with Tj;g), for the hot bath.

3) Evolve the system with measuring the thermal flow and temperature gradient between two
baths.

4) After the relaxation of the system, the thermal conductivity is calculated from the Fourier’s law,
namely, Kk =]/ (Thigh — Tlow).

The temperatures of two heat baths are usually defined around the target temperature as Tiarger =

(T high + Tiow)/2. The thermal flux is given by

]= %(2 Eii - Z(rle)vl) , 2-55)
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where E; is the energy attributed to ith atom in the system, v; is the velocity, r is the position,
and f; the atomic force. ,®f, is the sum of r,,®f, for all interactions related to ith atom. The
first terms corresponds to the energy transfer via the motion of atoms. Such convection has little
effect for solid structures. The second term means the transfer via the forces from the displacement
of atoms, namely, vibrations, which is the dominant factor of the thermal conduction in crystal. Put
another way, this contribution corresponds to the transfer of the pressure, because it is found that
r- f/V is an atomic expression of the pressure as the following. We assume the simplest example,
which is the isotropic cubic system with a length L. The system is equilibrated into the canonical
ensemble, where the physical properties are described with the distribution function. The pressure is

calculated as

(2-56)

Jdln
P =ka< Q) )
T

av
where k; is the Boltzmann constant, V the volume, and T the temperature. Q(V,N;T) is the

distribution functions and given by

1
Q(V,N;T) = Wff drdp exp[— H(r,p)/k, T, (2-57)

where h is the Plank constant, H the classical Hamiltonian, and {r,p} the set of position and
momentum of atoms. Using the Gaussian integral, the integration of the Hamiltonian about
momenta can be calculated as

2mmk, T3V/2

f ar exp[— Vi (r) /ky, T Z(V,N;T), (2-58)

~ 3NN
where V;,;(r) is the potential of the system and Z(V,N;T) is the volume dependent part of the
distribution function. (2 is the constant, which comes from the Gaussian integral of each degree of

freedom. With Eqgs. (2-56) and (2-58), the pressure is described as the following:
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kpT ~ 9Z(V,N;T) Nk,T fld Vi (V1/3q)
0

(2-59)

i

where q is the position vectors of atoms normalized by L. As similar to Eq. (2-55), the first term
in Eq. (2-59) is the contribution of moving atoms, which hit the walls of systems. The second term
corresponds to the force of the interactions, which results in the vibrations in solid systems and the
second terms in Eq. (2-55). In the anisotropic system, the response to forces is not diagonal and we
should consider the strain tensor. Then the pressure is also extended into the pressure tensor like
rQf.

As we have seen, both of the procedures and background of the NEMD method is much
simpler and more straightforward than those of NEGF. However the results often strongly depend
on the details of the computational systems and we should set up them carefully in order to compare
the other results. The first important point is the temperature difference. NEMD assumes the linear
thermal conduction and the temperature difference should be small enough not to deviate from the
linear regime. Large differences result in temperature jumps between the heat bath and thermal
conductor, which should be suppressed. The second point is the length of the thermal conductor. In
this method, the thermal conductivity is calculated by the Fourier’s low, namely, the diffusion
equation. The diffusive energy transfer occurs in the system longer than the mean free paths of
phonons that have the main contribution to the thermal conduction. The smaller systems are used,
the more ballistic phonons contribute to the thermal conduction. The Ballistic conduction does not
associate with the temperature gradient and cannot be taken into account by the Fourier’s low,
resulting in overestimation of the conductivity. The error is tends to be large for materials with high

thermal conductivity, because they often have phonons with long mean free paths. Third, we should
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also take care of the length of the heat bath regions. The wavelengths of induced phonons from the
heat baths are limited by the length of the bathes their selves. The system with short heat baths
cannot describe the thermal conduction via phonons with long wavelength. In other words, the
phonon distributions of vibration baths depend on the their length, sometimes resulting in the
artificial interface resistance between the thermal conductor and heat baths. This error can be
observed as the temperature jumps at the interface, so we should use the long baths enough to
attenuate the jumps. In many cases, the half length of the thermal conductor is used for the heat
baths at least [15]. Lastly, we have to consider that the thermal conductivity depends on the length
of the conductor and NEMD results should be modified to compare with other theoretical or
experimental data. Since the computational systems are usually much shorter than the experimental
samples, we calculate the several conductivities of systems with different length, from which a
comparable conductivity is extrapolated to the one of the infinite system, k., [16]. For the

extrapolation, we begin with the detailed expression of Eq. (1.4).
K, = Z Z Ci(n, k) vy(n, k) t(n, k; L), (2-60)
k n

where C;(n, k) is the lattice specific heat of each phonon mode of nth branch and a wave vector
k, vy(n, k) the group velocity, and 7(n, k;L) the relaxation time. In order to discuss the length
dependency, we separate the relaxation time into two contributions: the scattering in the thermal
conductor and one at the interface between heat baths. These scattering phenomena are assumed to

be isolated, and the relaxation time is given by

U S
t(nk;L) ,(n, k)  T,(n, kL)’

(2-61)
where 7,(n, k) is the contribution of the phonon-phonon scattering and 7,(n, k; L) is the one of

the interfacial scattering. The later effects are averaged about all phonon modes, corresponding to
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the time required for phonons to move to the interface from the averaged position, viz., the center of

the conductor. Then t,(n, k; L) is expressed as the following:

(n k) = L2 (-62)
,(n k) = ——. -
b vy (n, )|
With Egs. (2-61) and (2-62), the lattice thermal conductivity is calculated as
-1
2lv,(n, k)|t,(n, k

) =) ) G Io[u 6] 5,00 |1+ -
n k

The above equation shows that 1/k is a function of 1/L, f(1/L), which converges to 1/k,, for

L — oo. Here we introduce an assumption, where 1/k can be Taylor expanded with respect to

1/L at around f(0), which is plausible for diffusive phenomena. The thermal conductance of the

infinite system is evaluated as

2

O L RS

In practical, only the first order term is often used for extrapolation, because results in NEMD
include not small fluctuations and the accurate prediction of the second and higher order terms is
difficult. An error of the linear approximation comes from the difference of phonon mean free paths.
So the error is negligible for materials with low thermal conductivity, where almost of all phonons

have short mean free paths.

REVERSE NON-EQUILIBRIUM MOLECULAR DYNAMICSR In the above NEMD method,
the input is the temperature difference, as whose responses the thermal flux and temperature
gradient are equilibrated. This method is simple but has several disadvantages. One is that the
thermostats of the heat bath regions spoil the conservation of the microscopic motions. Another is
the artificial boundary between the thermal conductor and heat baths. The other is the very slow

relaxation of the flux and gradient. RNEMD is proposed to solve these problems, where “reverse”
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indicates the inversion relation of the input and response. In this method, we input the artificial

thermal flux, and the temperature gradient is observed as the response [17]. As shown in Fig. 2-5,

the practical procedures are the followings:

1) Equilibrate the whole system by some thermostat with the target temperature Tiyrger, Where the
thermal conductivity will be observed.

2) Define the hot bath and cool bath regions.

3) Evolve the system.

4) At uniform time intervals, exchange the velocity of the fastest atom in the cool bath for the one
of the slowest atom in the hot bath.

5) After the relaxation of the system, the conductivity is calculated with k¥ = J/ (Thigh - Tlow).

6) Modify the results by extrapolating.
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Fig. 2-5.  The schematic of the RNEMD, where the artificial heat flux is induced by the velocity

swapping.

The main difference between the general NEMD is the exchanging procedures from 2) to
4). The velocity exchanging extracts the energy from the cool bath to hot bath. It results in the

artificial thermal flux without the thermostats, which does not spoil the energy conservation. While
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the simple velocity exchange is enough for the monoatomic system, the multiatomic one requires
swapping the velocities scaled with square roots of atomic masses for the energy conservation. The
exchange of scaled velocities violates the momentum conservation, but the energy one should be
preferred. The thermostat free calculations also remove the artificial boundaries and keep the
continuity of the systems. It results in the quick conversion of temperature gradient than NEMD.
Moreover, artificial thermal flux is well-defined and enables us to skip to calculate non-equilibrium
atomic pressures, whose ensemble is quite unclear.

While the RNEMD method solves or attenuates the problems in NEMD, this method also
has practical issues in the application to materials with low thermal conductivities. In these
materials, the temperature gradient responses sensitively and linear thermal transport is easily
collapsed. To avoid it, the swapping time intervals should be long as much as the response is linear.
It usually takes enormous amount of computational time, so we should attempt to find out how to

compromise this problem.
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CHAPTER 3
CHIRALITY DEPENDENCE OF THERMAL TRANSPORT PROPERTIES

IN SINGLE-WALLED CARBON NANOTUBES

Low-dimensional nanostructures have attracted attention as cutting-edge materials showing many
characteristic properties [1, 2]. In particular, one-dimensional (1D) tubular nanostructures are
promising candidates as materials for nano-electronic devices because such tubular structures have
distinctive physical properties that differ from those of bulk structures, such as their quantum
properties, large surface area, and high directivity. Carbon nanotubes (CNTs) are one of such
nanostructures with the most potential because of their high electronic conductivity, stability, and
flexibility. Because of their physical properties, CNTs are expected to be suitable materials for
nanowires [3], nanotransistors [4], and photosensors [5].

In addition to these characteristics, CNTs are also addressed as suitable materials for heat
management in nanoelectronic devices, owing to their significant thermal transport properties [6].
Specifically, one experiment prepared a thin film of aligned single-walled carbon nanotubes
(SWCNTs), showing a high thermal conductivity around 200 W/(mK) at 300 K [7]. The other
showed that a suspended multi-walled carbon nanotube with a length around of 2.5 pm has a
thermal conductivity that increases monotonically until a high temperature, ~300 K [8]. Moreover,
recent measurements of individual nanotubes showed their prominent conductivity around
3000 W/(mK) [9, 10]. These properties are attributed to that effects of anharmonicity and the
Umklapp scattering are relatively small even at room temperature because of the long mean free
paths of their phonons. For efficient exhausting heat in devices, we should utilize such ballistic

characteristics of CNTs, which can be achieved by microscopic understanding of their thermal
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transport properties. The large difference between the mat and individual samples also promise that
CNTs shows some controllable structural factors.

Phonons pass through thermal conductors without scattering in ballistic systems, where the
sizes of conductors are smaller than the mean free paths of phonons contributing to thermal
transport. On the analogy of electric currents, it is expected that the ballistic thermal conductance is
quantized at low temperature because the conductance is proportional to the number of discrete
phonon states. The thermal conductance normalized by a contribution of each phonon should show
a step function, terraces of which are called as quantized plateaus [11, 12]. By using bulk SWCNT
samples, Hone et al. observed the quantized plateaus in the thermal conductance divided by the
temperature, whose plateaus were maintained up to T = 40 K [13]. Individual SWCNTs do not
include any inter-layer interactions and their phonons are estimated to have the particularly long
mean free paths, resulting in the longer quantized plateaus than those of other CNTs.

A theoretical analysis supports these results based on the Landauer formula and an adiabatic
contact approximation. This contact assumes that transmission coefficients are equal to 1 in the
energy range where phonon bands exist, and the absolute value of plateaus is explained only by the
number of excited normal modes. Thus, the normalized thermal conductance remains flat during the
lowest optical modes hwg, are excited. To estimate the length of plateaus, hwg, is calculated by
using the zone-folding method [14]. In this method, the dynamical matrices of SWCNTSs are made
from those of graphenes with a rolled-up boundary condition, showing that hwg, increases as the
tube radius decreases. With these results, the approximated Laudauer formula shows that the
maximum width of quantized plateaus in SWCNTs is 20 K, which is the half of the experimental
value, 40 K. This discrepancy indicates that the SWCNTs’ thermal conductance and hwg, are

affected by other structural factors than the radius, which cannot be considered under the adiabatic
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contact and zone-folding approximation. For graphene, its thermal transport property is strongly
affected by the conducting direction: the zigzag or armchair direction [15]. Thus, it is expected that
we can tailor the ballistic transport properties of SWCNTs by the roll-up directions of tubes, namely,
their chiralities.

In this study, we calculate the thermal conductance of SWCNTs with three different
chiralities. To reveal the chirality dependence, we should perform higher precision calculations than
the approximated Landauer formula including the adiabatic contact and zone-folding approximation.
Then, the NEGF method shown in Sec. 2-2 is employed, where the transmission coefficients are
described by using the Green’s functions. The Green’s functions are calculated from the dynamical
matrices, which are evaluated by the frozen phonon method with the first-principles calculations
[16]. The first-principles calculations are performed based on the density functional theory, which
enable us to discuss the charily dependence of thermal transport properties with the precise
vibrational properties of SWCNTs. We evaluate thermal conductance in a wide temperature range:
10 < T < 1000 K. For the detailed investigation of the quantized plateau, the calculations focused
on the low temperature region (10 < T < 100 K) are also performed.

This chapter is organized as follows. In Sec. 3-1, we shall introduce the computational
details including the SWCNTs models with the semi-infinite heat baths. Sec. 3-2 shows the
microscopic physical properties, namely, the phonon properties, transmission coefficients, and
perturbations of the heat baths, which are fundamentally related to the thermal conductance. In Sec.
3-3, the thermal conductances of SWCNTs are evaluated, especially focusing on their quantized

plateaus at the low temperature region. A summary of this chapter is given in Sec. 3-4.
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3-1 Computational details

MODEL SETUP The three SWCNT structures are adopted with the different chiralities, shown in
Fig. 3-1 (a). Chirality of SWCNTs is sometimes classified by their edge structures as the armchair,
zigzag or chiral type; but the most convenient way is using a chirality vector, which is a rolled up
direction from grapheme ribbons to SWCNTs [17]. The chirality vector is described with the
combination of two numbers, which correspond to coefficients of the Bravais lattice vectors for
graphenes, as we can see in Fig. 3-1 (b). With this notation, our models are describes as the

SWCNTs (3,3), (5,0) and (4,2), classified as the armchair, zigzag and chiral type, respectively.

Table. 3-1.  Structural information of SWCNTs (3,3), (5,0), (4,2), and (7,0): d, l,, and N
are the diameter, tube length, and number of atoms in unit cells, which is used for
dynamical matrix calculations. hwf,’p are the lowest optical energies obtained by
using primitive cells. hyop[a)gp] are projected normal modes’ couplings at hwgp.
The SWCNT (7,0) have very low ha)gp , whose numerical errors prevent

Ay,plwg,] being extracted.

d L, N hwg, AYop[0ep]
(Bohr) (Bohr) - (meV) (meV)
SWCNT (3,3) 7.97 70.21 180 19.96 2.36
SWCNT (5,0) 7.75 72.38 180 16.74 4.70
SWCNT (4, 2) 8.04 64.33 168 15.75 6.24
SWCNT (7,0) 10.73 73.06 252 11.90 -
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Fig. 3-1. (a) Atomic structures of SWCNTs with three different chiralities. (b) Definition of

chiral vectors and corresponding vectors to the models.
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Each model has the shortest radius and so the highest Awg, in the corresponding
chirality type. Their radii, unit lengths, and numbers of atoms are almost identical (Table. 3-1), thus,
we assume that the difference in the thermal properties can be attributed to their chiralities. This
assumption is confirmed by an additional calculation about the SWCNT (7,0) with a larger radius
in the following chapter. The unit cell has 15 A vacuum along the radial non-conducting direction
(x-y), and the periodic boundary condition is imposed to the tube direction (z) in the dynamical
matrix calculations. In the NEGF calculations, these models are divided into three parts (the left
heat bath region, scattering center region, and right heat bath region) with an equivalent number of
atoms: each region contains 60 atoms in the SWCNTs (3,3) and (5,0); 56 atomsin (4, 2).

The structural optimization and dynamical matrix calculations are performed using
SIESTA [18]. We employ the local density approximation (LDA) for the exchange and correlation
functional in density functional theory calculations [19]. Core electrons are described by the
Troullier-Martins pseudopotential [20] with the Kleinman-Bylander projector [21] and the
Kohn-Sham orbitals are expanded by the double-zeta plus polarization basis set. In the calculations
of dynamical matrices, the atoms belonging to the center region are displaced 0.04 Bohr from
their most stable positions. To obtain convergence of the vibrational density of states (vDOS), the
Brillouin zone is sampled by 1 X 1 X 20 Monkhorst-Pack grids [22]. In the NEGF calculations, an

infinitesimal parameter n in Eq. (2-27) is set to 1X107° meV.

PROJECTED NORMAL MODES To evaluate the transmission coefficients and the thermal
conductance in terms of the perturbation for each phonon mode, we propose the projected normal
mode (PNM) analysis. The interactions with the semi-infinite heat baths modify the dynamical

matrices of the scattering region, and this method projects it onto the normal mode basis of the
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isolated center region. This analysis allows us to evaluate the effect of the coupling and the energy

shift from the phonon-phonon interactions with the semi-infinite heat baths as

rlol = - [|3[08" = (galcm Tollgy)]| -
(3-1)

2 _
Aqlol = £ | [0g” ~ (g,l6" llgg)]|
where wg is the bare frequency of the gth normal mode at the scattering region. y,[w] is the

square root of the imaginary part of X” (= I') projected onto the qth normal mode. 4,[w] is the

square root of the real part and equivalent to the energy shift projected onto the qth mode. The

signs of A,[w] with negative R [a)gz —(¢q Gr_l[w]|¢q)] are set to be negative. Hereafter, we

call them the projected normal modes’ coupling (PNMs’ coupling) and the projected normal modes’
energy shift (PNMs’ energy shift), respectively. Note that y,[w] and 4,[w] explicitly depend on
the induced energies, w. A similar projection analysis is performed in electronic transport, where
the couplings and energy shifts are projected onto molecular orbitals [23-25]. The values are often
evaluated at their characteristic energies such as the Fermi level of the electrode with the
wide-band-limit approximation. In contrast, the energy dependence of the coupling parameters is
not clear for phonon transport. Therefore, in the PNM analysis, the energy-dependent profiles of

Yqlw] and A,[w] are also discussed.
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3-2 Microscopic properties

STRUCTURE OPTIMIZATION AND OPTICAL MODES The structural parameters of the

0

op» are shown in Table 3-1.

optimized SWCNTs and the energies of the first optical modes hw
hwy, has an important role at very low temperature because it breaks the quantized plateau of the
normalized thermal conductance. The previous study using the zone-folding method showed that

hwy, depends only on its diameter, namely, the higher hwg, results in the smaller diameter. For

the SWCNT with a diameter of 8.0 Bohr, the extrapolation of the previous study expects ha)gp to

ext
op -

be 20 meV, and such extrapolated values are described as Aw hwsyt is comparable to our
result of the SWCNT (3, 3), but it is considerably larger than those of (5,0) and (4, 2). This fact
clearly shows that hwg, is also affected by the chirality, not just by the diameters. On the other
hand, hwg, difference between the SWCNTs (7,0) and (5,0) follows the radius dependence

discussed in the previous study.

TRANSMISSION COEFFICIENTS The transmission coefficients of the SWCNTs (3, 3), (5,0)
and (4,2) are shown in Fig.3-2 (a). Their transmission coefficients have stepwise shapes, and such
quantized features correspond to the pure ballistic properties of the SWCNT systems in the NEGF
calculations [26-28]. Because a SWCNT has one rotational symmetry and three translational
symmetries, it has four acoustic branches, which have zero frequencies at the center of the Brillouin
zone. Fig. 3-2 (a) shows that the transmission coefficients of all SWCNTSs are 4 close to 0 cm™?,
corresponding to those acoustic modes. In all models, there are characteristic dips in the

transmission coefficients in the region 100-150 meV. 210 meV is the upper end of the phonon

band, above which the transmission coefficients are vanished.
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Apart from the common features as mentioned, there are also several differences. The
transmission coefficients of the SWCNTs (5,0) and (4,2) increase from 4 to 6 immediately at
~5meV, while that of the SWCNT (3,3) remains 4 up to higher energy ~20 meV. These
different transmission coefficients in the low-energy regions are partially attributed to the
vibrational energy of the first optical modes, hwg,. Such difference affects the behavior of the
thermal conductance especially at low temperature, where the transmission coefficients in the low
energy region dominantly contribute to the thermal conductances according to the Bose-Einstein
distribution (see Eq. (2-14)). Around 50-70 meV, the transmission coefficient of the SWCNT (3,
3) has the high peaks. Conversely, the transmission coefficient of the SWCNT (5,0) at
50-70 meV is less than 4, while those of the other two models are over 6. Around the temperature
where the modes around 50-70 meV are excited effectively, the thermal conductance of the

SWCNT (3,3) will increase and the inverse is true for the SWCNT (5, 0).
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Fig. 3-2. (a) Transmission coefficients of SWCNTs (3,3), (5,0), and (4, 2). (b) Vibrational
density of states of the infinite SWCNTs. The contribution is separated into the radial

(x-y) and tube (z) directions.

VDOS AND PNM ANALYSIS We investigate the microscopic origins of the differences in
transmission coefficients with respect to the vDOS and phonon-phonon interactions with the
semi-infinite heat baths. The vDOS of the SWCNTs are shown in Fig. 3-2 (b). Moreover, we
decompose the total vDOS into those of the radial (x-y) and tube (z) directions to examine the

relationship between the direction of the phonon modes and the coupling properties. In any chirality,
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the x-y components make the major contributions in the low-energy region, while the z
component stands out in the high-energy region (150-200 meV). It means that the major
vibrational modes change from the transverse modes to longitudinal ones with energy increase. The
low peak intensities around 0 meV stem from the large dispersion of the acoustic modes. The
prominent peaks in 50-100 and 140-210 meV correspond to the transverse and longitudinal
optical modes respectively, and between these two regions (around 100-140 meV) the peak
intensity is low.

The PNMs' couplings with the semi-infinite heat baths are calculated by using Eq. (3-1),
shown in Fig. 3-3 (a). Symbols in Fig. 3-3 correspond to the ones in Eq. (3-1), namely, w° is the
bare frequency of the phonon modes, w the induced energy, hy,[w] the coupling. While Ay,[w]
depends on the induced energy, here we take the PNMs’ coupling at the energy w® as a qualitative
measure. For the first optical modes, hy,, [wg,,] is also given in Table. 3-1. The coupling of the
SWCNT (4,2) is large compared with the other models over all energies and modes, resulting in
the high transmission coefficient in the whole energy region as shown in Fig. 3-2. The largest
energy couplings are found around 100-140 meV in all three models. However, as we have
mentioned, the phonon densities are not large in this energy range, resulting in the transmission
coefficients with moderate values compared with the couplings.

With the above vDOS and PNMs’ couplings, we can discuss the origin of the low
transmission coefficients of the SWCNT (5,0) at 50-70 meV, which contributes the low thermal
conductance of the (5,0) SWCNT above 150 K, shown in the next section. Although Fig. 3-2
shows that the total phonon densities of all models are similar, the transmission coefficient of the
SWCNT (5,0) is smaller than those of other SWCNTs at 50-70 meV. This result implies that the

transmissions through the normal modes excited in the 50-70 meV region are not perfect for the
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SWCNT (5, 0). The origin of the inefficient transmission could be a contact asymmetry, where the
couplings to the left and right leads are not equal [25]. The contact asymmetry is produced by the
localized spatial distribution of normal modes. The localized character of vibrational modes are
found as the relatively large contribution from the longitudinal (z) component to the total vDOS
of the SWCNT (5,0) shown in Fig. 3-2 and the PNMs’ coupling of the (5,0) SWCNT (about
9 meV) that is lower than the other two (about 15 meV) at w® w = 50-70 meV. The number of
modes contributing to the inefficient transport in the 50-70 meV range gives a rational explanation
for the lower transmission coefficients and accordingly the lower thermal conductance above room
temperature.

The PNMs' energy shift in Eq. (3-1) is also shown in Fig. 3-3 (b). In general, the energy
shift is not large at Awy (along the diagonal line in Fig. 3-3), and hence the effects of the energy
shifts on the transmission coefficients are not significant. Furthermore, the energy dependence of
the shift is independent of the chirality. The energy shifts of all modes behave like cosine curves
through the whole induced energy. The shift has a node at around 130 meV, which coincides with
the borderline between the regions of transverse and longitudinal modes. The energy shift is related
to the phonon dispersion relation. A positive energy shift indicates that the phonon band has its
minimum at the center of the Brillouin zone and, in contrast, a negative shift indicates that the

phonon band has its maximum at the center of the Brillouin zone.
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(4, 2). Their intensities are visualized with the contour lines and colors.
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3-3 Thermal conductance

WIDE TEMPERATURE RANGE In Fig. 3-4, the thermal conductances of the SWCNT models
are shown over a wide temperature range calculated with Eqs. (2-14) and (2-54). Our results have
similar values to the previous works using the first-principles NEGF calculations [28], MD
simulations [29], and model calculations (~2.4 nW/K at 300 K) [30]. In particular, the result of
the SWCNT (7,0) is in good agreement with that of the previous NEGF calculation.

It is shown that the temperature dependence of models varies according to their chiralities
at both the low and high temperatures. In the low-temperature region below 150 K, all of the
SWCNTs show an almost linear dependence on the temperature, similar to the previous work,
although the (3, 3) SWCNT shows a slight change of its slope. This difference corresponds to the
trend of the transmission coefficients in the low energy region (0-20 meV) shown in Fig. 3-4. In the
next subsection, we will focus on the thermal conductances in the low temperature region with
respect to the quantized plateaus.

Above 150 K, the conductance of the SWCNT (5,0) is much lower than those of the
other two models. The previous study showed a linear relationship between the diameter and the
thermal conductance, with which the difference in the diameter of our models (4,2) and (5,0),
viz., 0.29 Bohr corresponds to 0.1 nW/K difference in the thermal conductance. Compared with
this, the difference of 0.4 nW/K between the SWCNTs (4,2) and (5,0) at 300 K in our result
is a little bit larger. It can be concluded that the low thermal conductance of the SWCNT (5, 0)
above 150 K is partially due to its chirality, which produces the difference in the transmission
coefficients around 50-70 meV investigated in the previous section. On the other hand, the
difference of 0.67 nW/K at 300K between (5,0) and (7,0) is fully explained by the

difference in the diameters (about 2.8 Bohr) because of their same chiralities.
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LOW TEMPERATURE REGION Finally, the thermal conductance below 100 K is investigated
in detail. Because the conductance at low temperature is well quantized, it is convenient to

introduce the universal quantum unit k,(T) defined as,

mkg*T

3-2
o (3-2)

Ko (T) =
The universal quantum unit is the single phonon transmission probability under the adiabatic
contact assumption. Especially at the low temperature, the quantum unit is equivalent to an
asymptotic value of one mode’s contribution to the thermal conductance. The thermal conductance

normalized by the quantum unit, k (T)/ (4K0 (T)), is shown in Fig. 3-5: a coefficient 4 indicates
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the three transverse modes and one twisting mode. The quantized plateau is found as the constant
k(T)/ (4K0 (T)), where the temperature dependence of the thermal conductance is linear. The
experimental result is also shown [13], whose thermal conductance is divided by the temperature
and scaled to 1. For the purpose of the comparison, we also calculated the conductance using the
approximated Landauer formula. In this formula, we assume the adiabatic transmission and
consider only the branch of the four acoustic modes and those of the two lowest optical modes. For
this model calculation, we use the energies of optical modes, hwgy®, defined in Sec. 3-2. The
thermal conductance based on the approximated Landauer formula is given by

(T)—fOOdwélh 6n+f°° deh on
K - 0 2T waT wg)r()t 2T waT (3-3)

As shown in Fig. 3-5, while the result calculated by the approximate Landauer formula
does not reproduce the long plateau, the thermal conductance of the SWCNT (3, 3) has a plateau
span of 50 K, which is longer than both of those obtained by the approximate Landauer formula
and by the experiment. On the other hand, the normalized thermal conductances of the other two
SWCNTs do not have clear plateaus and are higher than 1, even in the very low temperature region.
The reason is clearly explained by the transmission coefficients, as shown in Sec. 3-2. The
transmission coefficient of the SWCNT (3,3) remains 4 in the wide energy range, while those of

other two rise to 6 immediately.
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equals 1 [13].

There are two origins of such a difference in the transmission coefficients. As discussed
before, one origin is the frequency of the first optical modes Awg, mentioned in Sec. 3-1. The
considerably higher hwg, of the SWCNT (3,3) leads to delaying the contribution of the first
optical modes to the transmission coefficient. The other is a chirality-dependent energy coupling,
found in Table. 3-1. hy,, [a)gp] of the SWCNTs (4,2) and (5,0) are larger, thus, the influences

of the vDOS of the optical modes appear at lower energies than those of the SWCNT (3, 3). Our
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first-principles NEGF method explicitly described the chirality dependence of hAwg, and the
phonon-phonon interaction with the semi-infinite heat baths, which results in the long plateau of the
thermal conductance, ~50 K, of the armchair SWCNT (n,n).

It is difficult to compare the results of our calculation directly with the experimental
results because the diameters of the SWCNTs in our models are not equal to those in experiment.
However, we are able to comment on the height of the plateau because a plateau is well reproduced
in the (3, 3) SWCNT. If we assume that the effects of the diameter on Awy),, is less than those from
the calculation with the zone-folding method, the armchair SWCNT with the large diameter could
still have the long plateau of 4k,. On the other hand, our results of the zigzag (n,0) and chiral
(n,m) SWCNTs, where the transmission coefficients quickly become 6, give another possibility.
If SWCNTs used in the experiment consist of the zigzag or chiral SWCNTs, gradual slopes around
6k, could be observed as if they were the first quantized plateaus. The plateau will stand during
other optical modes with higher energies start to contribute. These possibilities can be investigated
by more precise experiments or first-principles calculations for larger SWCNTs.

Finally, we mention the effect of the electronic thermal conductance. The contribution of
the conduction electrons is important in typical metal materials at low temperature, and the total
thermal conductance is described as Eq. (1-3). For the metallic SWCNTs, k. = 4k, because the
four electronic states are at the Fermi level. However, because the characteristic energy for
electronic excitations is of the order of 0.1 eV, the quantized nature of the thermal conductance
caused by electrons survives up to the room temperature. Therefore, k. does not affect the length
of the quantized plateau of the k; and only raise its absolute value by 4x,. Deeper understanding

about the electronic effects on the quantized plateaus also requires the comparison with the more
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detailed experimental results, because the electronic density of states of SWCNTs changes

according not only to their chiralities but also to their alignments in the samples. [31, 32]
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3-4 Summary

We performed the first-principles calculations of the thermal transport properties of
SWCNTs for investigating the chirality dependence. The NEGF method is applied to the three
SWCNT models with the different chiralities. The thermal conductance of the models shows the
clear dependence on the chirality. The SWCNT (5,0) has lower values above 150 K, which is
partially due to the dip in the transmission coefficient in the range 50-70 meV. On the other hand,
the thermal conductance of the SWCNT (3, 3) is relatively low below 150 K because the energy
of its first optical mode is higher than the other SWCNTs.

We also calculate the phonon densities and interactions with semi-infinite heat bathes, in
order to understand the thermal conductance and the transmission coefficients from the microscopic
point of view. In the range 50-70 meV, the DOS of the SWCNT (5,0) shows that the phonon
modes are relatively polarized into the longitudinal direction, and its PNM’s coupling is lower than
the other two models. With these analyses, it is concluded that the transmission coefficient of the
SWCNT (5,0) is suppressed by such localized properties of phonon modes.

The lower thermal conductance of the SWCNT (3,3) at low temperature is also
discussed in the context of the quantized plateau. The plateau length of the SWCNT (3,3) results
in 50 K, which is longer than that from the approximate Landauer formula. This is because the
approximate Landauer formula includes only the radial dependence and does not take into account
the effects of the chirality on hwgp. Because of the explicit treatment of the parameter-free phonon
states and the interactions with the heat bathes, we reproduced the plateau comparable to the
experimental result (40 K). While this result is consistent with the experimental one, a further
analysis using various SWCNTs will be necessary with respect to the absolute values of plateaus

because the obtained values can be 4k, and 6k, for the armchair and the other SWCNTs.
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CHAPTER 4
MULTI-WALL EFFECTS ON THERMAL TRANSPORT PROPERTEIS

OF NANOTUBE STRUCTURES

The characteristic properties of SWCNTSs are known to vary greatly depending on the structural
factors. As the previous chapter shows the chiralities dependence of the thermal transport properties,
these versatile properties of SWCNTs are expected to be controlled by adjusting the molecular
structure. At the same time, such beneficial properties are also too sensitive and easily spoiled by
defects [1], heating [2], and chemical modifications [3], unfortunately.

One of the promising solutions to overcome the difficulty is stacking, i.e. building
multi-walled nanotubes. Recently, numerous experimental methods to achieve stacked structures of
low-dimensional nanostructures are developed [4-7], and thus it is expected to control existing
properties and build up novel characteristics with such techniques. In the field of CNTs, it is
experimentally observed that multi-walled CNTs (MWCNTs) gain more thermal and chemical
stability [3] from the inter-layer interaction. At the same time, there are also some reports, where
the electronic and thermal properties of CNTs are modified by the stacked structures [8, 9]. In order
to elucidate the effects of the inter-layer interaction on these properties, double-walled CNTs
(DWCNTs) with the smallest number of layers are an appropriate subject of study. Understanding
the impact of the inter-layer interaction in DWCNTs is a stepping-stone towards controlling the
physical properties of stacked nanotube systems.

Here, we focus on the multi-wall effects justly on the thermal transport properties of
DWCNTs. The magnitude and temperature dependence of the thermal conductance are important

for the stability and the thermal efficiency of nano-circuits consisting of nanowires and
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nanotransistors [10, 11], and for the quantification of the phonon noise in photosensors [12]. The
thermal properties of carbon nanotubes have been investigated mainly with respect to specific heat.
It is well known that the specific heat of the SWCNTs is proportional to temperature up to ~300 K,
which rationalizes the pseudo-1D character of SWCNTs. Meanwhile, in the case of DWCNTs, the
specific heat is still monotonic but found to deviate from the 1D character, showing quadratic
temperature dependence. The Debye model predicts that the excess degree of freedom in the radial
direction causes the T2~3 temperature dependence of the specific heat [13], and the coupled
vibration model suggests that the magnitude of the specific heats is suppressed compared with the
SWCNTs [14]. The specific heat of DWCNTSs has been discussed in terms of the acoustic modes,
but other contributions from the optical modes are also important for small systems at the whole of
the temperature range except for the extremely low temperature region [15]. In this work, we
perform calculations of the thermal conductance and transmission coefficients of DWCNTs to
reveal the mechanism of the multi-walled effects on the thermal transport properties. The all
phonon modes are calculated with the empirical force fields, and their contributions to the thermal
transports are evaluated with the NEGF formalism.

This chapter is organized as follows. In Sec. 4-1, the computational details and our
DWCNT models are introduced. Subsequently, in Sec. 4-2, we show the results of the thermal
conductances and transmission coefficients, whose properties are also analyzed based on their
phonon modes. In Sec. 4-3, we quantify the multi-walled effects and discuss the mechanism by

using the coupled vibration model. Concluding remarks of this chapter are given in Sec. 4-4.
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4-1 Computational details

We adopt two DWCNT structures, (7,7)@(12,12) and (3,3)@(7,7), shown in Fig. 4-1. In the
notation of MWCNTs, the chirality vectors are combined with @ in an ascending order of their
radii. Specifically, (7,7)@(12,12) indicates that DWCNT consist of the inner (7,7) tube and the
outer (12,12) tube. To confirm the generality of the multi-wall effects in terms of the tube radius,
we prepare the two armchair DWCNTs with different radii. The inter-layer distances of the
DWCNTSs are set up as 3.3A and 2.8A for (7,7)@(12,12) and (3,3)@(7,7), respectively,
which are relatively close to the inter-layer distance of graphite, 3.4 A (Table 4-1). SWCNTs
(3,3), (7,7), and (12,12) are also considered for reference calculations. We make the periodic
unit cell with the conducting (z) direction parallel to the axis of the DWCNT. The lattice
parameters along the conducting direction are set to 15 times the minimum periodic length of the
armchair CNT structure, that is around 2.46 A. Sufficient vacuum of about 25 A is prepared in the
non-conducting (x-y) direction.

First, we perform energy minimizations of the CNT models by using GROMACS
(Groningen machine for chemical simulations) [16-20] with the OPLS (optimized potentials for
liquid simulations) force field [21]. This potential is given by a summation of the non-bonded
interactions and the energies attributed to the structural factors, viz., bonds, angles, and dihedrals.

Etotal = Ebond + Eangle + Edihedral + EvdW + ECoulomb

= z ai(ri - ri,eq)z + z ﬁj(ej - HJ'GQ)Z

bond angle
(4-1)
+— z Zykl 1+ (=1 cos (I ¢k))
dlhedral 1=

+ZS Ulm Ulm z 1 z2,Z2,
fm rlm 4‘7T60 rlm '

68



where r is the bond length, 6 the angle, and ¢ the dihedral angle. The eq term indicates the
corresponding value for the equilibrium structure. The van deer Waals interaction (vdW) terms are
approximated with the Lennard-Jones potential with & and o parameters, and the Coulomb
interactions are described with the point fixed charges Z. The practical parameters for CNTs are
shown in Appendix. We minimize the structures of the DWCNTSs from several initial structures
with different relative angles between two hexagonal rings of each layer of the DWCNT. The angle
is varied by 10 degrees and the two most stable angles are considered in this work (Table 4-1). Then,
to confirm that these structures do not rotate randomly below room temperature, MD simulations
are performed for 50 ns at 300 K by using the Nosé-Hoover thermostat [22, 23]. It is confirmed
that all of these structures are stable at the adopted relative angles; therefore, we use these two

stable structures in the calculations of thermal conductance.

Table. 4-1.  Structural information of the SWCNTs and DWCNTs. N, d, and [, are respectively
the number of atoms, diameter, and the (z) length of the unit cell of the models.

The two most stable relative angles between two hexagonal rings of each layer of the

DWCNTs are also shown.
N d L, Ist stable 2nd stable

(Ang)  (Ang) (deg) (deg)
SWCNT (3, 3) 180 4.02 36.9 - -
SWCNT (7,7) 420 9.50 36.9 - -
SWCNT (12,12) 720 16.2 36.9 - -
DWCNT (3,3)@(7,7) 600 9.50 36.9 340 140
DWCNT (7,7)@(12,12) 1140 16.2 36.9 70 200
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In the NEGF calculations, we assume that the length of each of the three respective
regions (left, center, and right) is 5 times the minimum periodic length. The infinitesimal parameter

n in Eq. (2-27) is setto 1X107°> meV.

(@) DWCNT (7, 7)@(12, 12)

(b) DWCNT (3,3)@(7, 7)

Fig. 4-1. Stable atomic structures of DWCNTs (a) (7, 7)@(12, 12) and (b) (3, 3)@(7, 7). The
layer with yellow (thin) bonds is the outer tube and that with the blue (thick) bond is

the inner tube.

70



4-2 Thermal transport properties

THERMAL CONDUCTANCE First, we calculate the temperature dependence of the thermal
conductance of the CNT models. The results for the DWCNT (7,7)@(12,12) are shown in Fig.
4-2. The thermal conductance values of the two DWCNTs with different relative angles are almost

identical, which indicates that the effect of the relative angle is not dominant.

outer transition >< parallel
6 I |

SWCNT (7, 7) - -
o 5L SWCNT (12, 12) - - == o
< SWCNTs (7, 7)+(12, 12) ------------ o
= DWCNT (7, 7)@(12, 12) 340 (deg) ‘ T
o 4 - DWCNT(7,7)@(12,12) 140 (deg) - - - e i
V) N
c RS
S :
g o, z P 1
© 31 -t ‘/ P |
c R _-
o R _
) AN 7, _ -
= 2 ey . - - i
& - .- o
3 ““: z - - B — -
|_E 1 I ‘,.-:.; :/’//,/// N

0 ,U‘—;‘-‘E?‘E == |/ | \
0 50 100 150 200

Temperature (K)

Fig. 4-2. Thermal conductance of DWCNT (7, 7)@(12, 12) with two relative angles and
SWCNTs (7, 7), (12, 12), and (7, 7)*+(12, 12). SWCNTSs (7, 7)+(12, 12) represents
the parallel circuit of SWCNTs (7, 7) and (12, 12). The three regions indicated by the
arrows on top represent: from the left, the outer layer region (0-30 K), the transition

region (30-100 K), and the parallel region (100-200 K).
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The thermal conductance values of the SWCNTs (7,7), (12,12),and (7,7) + (12,12)
are also shown in Fig. 4-2. The results of the SWCNTs (7, 7)+(12, 12) is calculated as the sum of
those of the SWCNTs (7,7) and (12,12), which corresponds to the virtual system, where the
SWCNTs (7,7) and (12,12) compose an ideal parallel circuit without any interactions with each
other. Thus we can see the impact of inter-layer interaction between two CNTs comparing them
with the DWCNTs.

At low temperature (0-100 K), the curvature of the thermal conductance of the DWCNT
(7,7)@(12,12) is clearly larger than those of the SWCNTs, in other words, it has a quadratic
temperature dependence. This result agrees well with the temperature dependence of specific heats
in the previous studies [13, 24]. The DWCNT (7,7)@(12,12) is found to have the lower thermal
conductance than the SWCNTs (7,7) + (12, 12). This suppression is attributed to the inter-layer
van der Waals interactions, analogous with SWCNT bundles, whose thermal conductivities are
attenuated by inter-tube van der Waals interactions [25]. At very low temperature, (0-30 K), the
thermal conductance of the DWCNT (7,7)@(12,12) behaves as that of the outer tube, namely,
the SWCNT (12,12). Yet in the higher temperature region (100-200K), the temperature
dependence of the DWCNT (7,7)@(12,12) and SWCNTs (7,7) + (12,12) are identical, viz.,
parallel within 5% gradient error.

In Fig. 4-3, we show the thermal conductance of the DWCNT (3,3)@(7,7), together
with the results of the SWCNTs (3,3), (7,7),and (3,3) + (7,7). The thermal conductance of the
SWCNTs (3,3) + (7,7) is obtained in the same way as that of the SWCNTs (7,7) + (12,12).
We can see that the trends in Fig. 4-3 are fully consistent with the case of the DWCNT
(7,7)@(12,12), namely, the identical behavior of the two DWCNTs with different relative angles,

the quadratic temperature dependence in the DWCNTs, and the suppression of the thermal
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conductance of DWCNTs compared with that of the parallel circuit SWCNTs. At very low
temperature (0-100 K), the thermal conductance of the DWCNT (3,3)@(7,7) behaves like that
of the outer SWCNT (7,7). In addition, the differences between the thermal conductance of the

DWCNT (3,3)@(7,7) and SWCNTs (3,3) + (7,7) are almost constant at 150-200 K.

< outer transition parallel
3.5 ] , |

SWCNT (3, 3) S
—~ 3 - SWCNT(7,7) --=- &
< SWCNTs (3,3)+(7,7)  eweeeeeeeee
2 .| DWCNTG,3)a(7,7)70 (deg) T
= 2 DWCNT (3,3)@(7,7) 200 (deg) ----- .~ ‘,‘
2 <
s 2F _ .
g -
j= -
S 15 - i
) v _
g 1 B P /’/., - o 1
E . V//. - - -7
— ."‘. P - _ -7
— 0.5 - (;./ - P |

0 sz‘é':"f - | | |
0 50 100 150 200
Temperature (K)
Fig. 4-3. Thermal conductance of DWCNT (3, 3)@(7, 7) with two relative angles and the

SWCNTs (3, 3), (7, 7), and (3, 3)+(7, 7). The three regions indicated by the arrows
on top represent: from the left, the outer layer region (0-100 K), the transition region

(100-150 K), and the parallel region (150-200 K).

73



Given the above results, it is concluded that the thermal conductance of DWCNT
generally consists of three regions with different temperature tendencies: low-temperature region
governed by the outer layer (named the outer layer region), a higher-temperature region behaving
like a parallel circuit of SWCNTs (the parallel region), and a transition region between the two
former regions. In the following discussion, we just focus on the DWCNT (7, 7)@(12, 12) with the

most stable relative angle because of the less importance of their radii and relative angles.

TRANSMISSION COEFFICIENTS In Fig. 4-4, we show the transmission coefficient of the
DWCNT (7,7)@(12,12) given by Eq. (2-54) with those of the SWCNTs (7,7), (12,12), and
(7,7) + (12,12). The transmission coefficients of the SWCNTs (7,7) + (12,12) are also
defined as the summation of those of (7,7) and (12,12).

Comparing between the DWCNT (7,7)@(12,12) and SWCNTs (7,7) + (12,12), the
transmission coefficient of the former is different from that of the later especially in the low energy
region (0-50 meV), while these values are almost identical at the higher energy region. Assuming
that incident phonons are transported via the modes with similar energies, the results indicate that
the conduction passes through low-energy modes are largely affected by the inter-layer interaction
in DWCNTs. Moreover, the transmission coefficient of the DWCNT (7,7)@(12,12) is
suppressed into that of SWCNT (12,12) at the low energy region. Considering that the occupancy
of phonons obeys the Bose-Einstein statistics, the suppression of the transmission coefficient at the
low energy region explains that the thermal conductance of the DWCNT gradually changes from

the outer layer region to the parallel region with temperature increase.
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SWCNT (7,7) = SWCNT (12, 12)  ceeeeeeees
SWCNTSs (7, 7)+(12, 12) o DWCNT (7, 7)@(12, 12)
I |

60

50
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Transmission
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Fig. 4-4. Transmission coefficients of DWCNT (7,7)@(12,12) and SWCNTs (7,7),
(12,12), and (7,7) + (12,12). The results of SWCNTs (7, 7)+(12, 12) are

calculated as the sum of SWCNTs (7, 7) and (12, 12).

Next, we also compare the energy distribution of the normal modes about the DWCNT
(7,7Y@(12,12) and SWCNTs (7,7) + (12,12) (Fig. 4-5). The number of modes of the
DWCNT (7,7)@(12,12) is less than that of the SWCNTs (7,7) + (12,12) at 0-25 meV, while
the opposite is true at 25-50 meV. It indicates that the phonon modes of the DWCNTs shift toward
higher energy compared with those of the parallel SWCNTs. Considering that the thermal
transmission coefficients are deeply related with the distribution of the phonon modes, the
characteristic suppression in the transmission coefficients of the DWCNTs is ascribed to the energy

shifts of the phonon modes at the low energy region.
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Mode Distribution

Fig. 4-5.
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Energy distribution of phonon modes about DWCNT (7,7)@(12,12) and
SWCNTs (7,7) + (12,12). The standard deviation 2.5 meV in Gaussian functions

is set for broadening.

NORMAL MODE ANALYSIS We analyze the phonon modes of the DWCNT (7,7)@(12,12)

to elucidate the origin of the mode shift in DWCNTs. Assuming that the normal modes of the

DWCNT can be considered as a combination of the two single SWCNTSs, the polarization vectors

of (7,7)@(12,12) are described in terms of the interactions between those of the SWCNTs

(7,7) and (12,12). First, we remark on the acoustic modes. The translational and rotational

modes of the DWCNT are composed of those of the inner and outer layers in a symmetric in-phase

relationship, which is consistent with the argument in the previous study [14]. Furthermore, in the

higher energy region 0-50 meV, there are a large number of phonon mode, where the vibrations of
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the inner and outer layers are in a symmetric in-phase or out-phase relationship, shown in Fig. 4-6
(a) and (b) respectively. We separate these normal modes of the DWCNT (7,7)@(12,12) into the
outer and inter contributions and assign them to the modes of the SWCNTs (7,7) and (12,12),
whose energies are compared with the original modes of the DWCNTs (Table 4-2). The energy of
the in-phase modes is close to that of the normal modes corresponding to the outer SWCNT
(12,12), while the out-phase modes have higher energy than both of the SWCNTs (7,7) and
(12,12).

The mode shifts in DWCNTs shown above are attributed to the fact that the transverse
modes are dominant at low energy. DWCNTs have energy barriers in the transverse direction
because of their walled structures. The out-phase modes blocked by the barriers and shift to higher
energy, whereas the in-phase modes remain at low energy. Conversely at the higher energy region
above 50 meV, the transverse modes are not dominant; thus, the inter-layer interaction is negligible.

Therefore, no mode shift is observed there. This point is taken up again in the following discussion.

Table. 4-2.  Energy of the modes: from the left, the modes assigned to the outer and inner layers,
the normal modes of DWCNT (7,7)@(12,12), and the results of the model

calculation with the coupled vibration model.

outer layer  inner layer DWCNT Model (14)

(meV) (meV) (meV) (meV)
in-phase acoustic mode 0 0 0
out-phase acoustic mode 0 0 10.3
in-phase mode (Fig. I1I-6 a) 9.03 8.35 8.83 8.77
out-phase mode (Fig. I11-6 b) 9.03 8.35 13.4 14.3
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(a) In-phase mode
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t-phase mode. These modes result

Schematics of typical (a) in-phase mode and (b) ou

Fig. 4-6.

from the fact that transverse modes of inside and outside layers are coupled via

inter-layer interactions.
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4-3 Coupled vibration description

In Sec. 3-2, we show that the transmission coefficient of the DWCNT reduces to that of the outer
SWCNT at the low energy region because the energies of phonon modes are shifted by the
inter-layer interactions. To understand further the mechanism of such energy shifts, we apply the
coupled vibration model to our results [14, 26]. In this model, the normal modes of the DWCNT are
described as the outer layer modes, mM,,:Cout = —KoutCour and inner layer modes, m;,¢;, =
—k;,ci, are coupled by the coupling constant { originating from the inter-layer van der Waals

interaction. The whole equation of motions are given by

mouté:out = _koutcout - C(Cout - Cin)r
(4-2)
miné:in = _kincin + Z(Cout - Cin);
where My in) 18 the atomic mass, Coyr(in) the displacement, and k¢ (in) the force constant of
the corresponding normal mode of the isolated outer (inner) layer.

First, we apply this model to the in-phase and out-phase modes shown in Fig. 4-6 to

validate the coupled vibration model. The dynamical matrix of the whole system D is expressed as

follows:
kout +¢ ¢
D= Mout v MoutMin (4-3)
( kin + ( .

\V MoutMin Min

Assuming that M) are proportional to the tube’s diameter (see Table 4-1), they are defined as
Moy = 16.2m, my, = 9.50 m using an arbitrary constant m. Then, we obtain k,y¢( i) from the

vibrational energies wgyt(iny Of the modes assigned to the SWCNTs (see Table 4-2) with the

relation: Weye(in) = \/kout( in)/ Mout(in)- The off-diagonal term of D, namely, {/ /Mgy, is
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extracted from the off-diagonal term of the DWCNT dynamical matrix projected onto the

eigenvectors of each layer as

OUTER OUTER o2 ¢
EIGEN 0 DWCNT || EIGEN 0 out r——
VECTOR DYNA || VECTOR _ R P
INNER MICAL INNER ¢ '
0 EIGEN MATRIX 0 EIGEN — wp”
VECTOR VECTOR VMot Min

For the modes shown in Fig. 4-6, the assigned modes of each layer degenerate with the orthogonal
modes. To obtain the coupling constant between modes in a uniform direction, we pick up and
diagonalize a corresponding 2 X 2 matrix between the two degenerated modes of each layer. As a
result, we obtain a coupling constant as y/\/m = 63.4 meV2. The vibrational energy
resulting from the coupling is evaluated by the diagonalization of the matrix in Eq. (4-3) and is

given by

1 ¢ ¢
Ai = E 0+ jﬂz —4 (woutzwin2 + woutz m_m + winz mout> ’

(4-5)

m,,:Mm;
_ 2 2 _ out in
-Q_wout +win +—, u= +

u Moyt mi,

where p is the reduced mass. We show the resulting values in Table 4-2. The values of A_ and
Ay (8.77 and 14.3 meV) reproduce our simulation results well (8.83 and 13.4 meV), whereas
Ay is slightly overestimated by 1 meV. Therefore, the coupled vibration model reproduces the
energy shifts in the DWCNT modes and is appropriate for explaining our results.

Next, we investigate the dependence of the coupled vibrational energies A, on the
coupling constant {. In the following, it is assumed that w,,; > w;,, but even in the opposite case
the discussion below holds the generality. When ¢ — 0, the system corresponds to the ideal

parallel circuit, thus A_ and A, areequal to w;, and w,,;, respectively. On the other hand, it is
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found that A, monotonically increase with respect to ¢ and A_ converges to a finite value when

¢ — oo. The range of A_ is

m m;
(Uin</1—< out in

- 2 2 = jmax
< < Woyut® + Wip? = AN, (4-6)
jmout + mi, Moyt + mi,

where A™%* is an upper limit of A_ and depends on the vibration energies of two layers via the
scaling factor, Moyt in)/ Moyt + M), thus becoming closer to the vibrational energy of the
heavier layer. The convergence of A_ with increasing ¢ is rapid and is nearly converged
(A~ = 0.88 A™?*) for the significant couplings, {/ \/m > 20 meV?. This trend explains
that the low-energy normal mode distribution of DWCNTs is consistent with that of the outer layer,
as shown in Figs. 4-4 and 4-5, hence resulting in the outer-layer region of the thermal conductance
in Figs. 4-2 and 4-3. In contrast, as mentioned above, the energy shift of the DWCNT is negligible
at the higher energy region (> 50 meV). Most of the vibrational modes with such energy regions
include longitudinal components along the z-axis, vis., orthogonal to the inter-layer direction (in
the x-y plane), and the couplings between the inner and outer layers are small. In that case, A,
are not shifted far from Wyt (in)-

From the discussions, we can provide one principle: the thermal conductance of the
multi-walled tubular structure is governed by the heavier layer especially at low temperature, and
such tendency becomes prominent as the difference in the mass of layers increases. This rule is
confirmed by the calculation of the thermal conductance for the triple-walled system, MWCNT
(3,3)@(7,7)@(12,12), whose results are shown in Fig. 4-7. We can confirm that even when the
number of layers is more than two, the thermal conductance at low temperature is similar to that of
the heaviest layer. That is, the conductance of the MWCNT (3,3)@(7,7)@(12,12) are

comparable to that of the SWCNT (12,12) at very low temperature (0-40K). At higher
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temperature (40-90 K), the thermal conductance of the MWCNT begins to accommodate that of
the second heaviest layer, SWCNT (7,7) and eventually follows that of the DWCNT
(7,7)@(12,12). It is expected that this principle enables us to design the desired thermal properties

by the multi-wall effects.

SWCNT—Iik[e><}DWCNT-Iike MWCNT-like
6 I |
SWCNT(12, 12)
C 5+ DWCNT(7,7)@(12,12) ------ —
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Fig. 4-7. Thermal conductance of MWCNT (3,3)@(7,7)@(12,12), with that of DWCNT
(7,7)@(12,12) and SWCNT (12,12). The three regions indicated by the arrows
on top represent: from the left, the SWCNT (12,12)-like region (0-40 K), the

DWCNT (7,7)@(12,12)-like region (40-90 K), and the higher region.
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4-4 Summary

MULTI-WALL EFFECTS We studied the multi-wall effects on the thermal conductance of
nanotube structures by means of the NEGF methods, focusing on DWCNTs. It is found that the
thermal conductance of the DWCNT is suppressed into one of the outer layer and has quadratic
temperature dependence at the low temperature region, comparing with the thermal conductance of
the single SWCNTs and the ideal parallel circuit of them. In contrast, at higher temperature, the
DWCNT is considered as the ideal parallel circuit and the quadratic behavior vanishes. This trend is
universal with respect to the radius and the relative angle between two layers. The suppression at
the low temperature region is attributed to the energy shifts of the normal modes at the low energy
region. Normal mode analysis shows that the symmetric modes of the inner and outer layers are
coupled and split into the in-phase and out-phase modes. The energy of the in-phase mode is close
to the energy of the corresponding mode of the outer layer, while the out-phase mode lies at a
higher energy.

The coupled vibration model attributed the origin of such mode shift to the coupling
between inner- and outer-layer modes. The energy shift in the DWCNT is reproduced precisely by
the extracted coupling constants from our simulations. This model also reveals that the energy of
the in-phase coupled mode is close to the outer one because of the mass difference between two
layers. That is, the heavier layer governs the thermal conductance of a stacked nanotube system at
the low temperature region. This trend is also confirmed in the case of the triple-walled carbon

nanotube system.

CONTROL STRATEGIES Comparing between the chirality dependence and multi-wall effects,

the latter is thought to be convenient and practicable for thermal design. While the chirality of
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CNTs affects on the thermal transport properties, the rearrangement of chemical bonds rather
changes the other properties, in particular, electronic properties. Such drastic modification hinders
the selective control of thermal properties. On the other hand, multi-walled structure modifies their
properties via the non-bonded interactions. Such weak interactions often have little impact on the
electrons with high energies and rather modify the vibrational properties with low energies, which
makes the independent thermal design possible. The coupled vibrational description also provides
the definite guideline to do it.

Specifically, we expect that thermal conductance of walled tubular structures could be
tailored by controlling the mass of each layer. It is feasible to design new nano-materials with
superior thermal efficiency by combining a heavier nanotube with excellent thermal transport
properties and a lighter layer with desirable properties. For lighter layers, Si and TiO, nanotubes are
promising materials for secondary batteries [27] and solar cells [28]. On the other hand, ceramics
such as boron nitride, aluminum nitride, and silicon carbide are relatively heavy and thermally
conductive, and thus ceramic nanotubes should be appropriate materials for heavier layers.
Diamond tubes and moissanite tubes might also be candidates for such applications. The above
results suggest that we can theoretically predict the thermal properties of composite tubes made of

these candidates.
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Appendix

The OPLS parameters for CNTs are the following, shown in the .itp file format in GROMACS.

[ atomtypes |
C 6 12.0110  0.000 A 3.55000e-01 2.92880e-01
H 1 1.00800  0.000 A 2.42000e-01 1.25520e-01

[ bondtypes |
C C 1 0.14000  392459.2
C H 1 0.10800  307105.6
[ angletypes ]
C C C 1 120.000  527.184
C C H 1 120.000  292.880
H C H 1 117.000  292.880
[ dihedraltypes ]
C C C C 3 30.33400 0.00000 -30.33400 0.00000
0.00000 0.00000
H C C H 3 30.33400 0.00000 -30.33400 0.00000
0.00000 0.00000
H C C C 3 30.33400 0.00000 -30.33400 0.00000

0.00000 0.00000
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CHAPTER 5
EFFECTS OF HYBRID INTERACTIONS ON THERMAL TRANSPORT

PROPERTIES OF ORGANIC-INORGANIC PROVSKITES

The idea of composite structures via weak interactions, proposed in the previous chapter, does not
always require tubular structures and seems to stand for general combinations. The suppression
effects of the weak interactions are expected to function more effectively for materials with low
thermal conductivities. The mass difference in components is also important for the selective
control. The organic-inorganic composites might meet the above conditions. In this chapter, we
adopt hybrid organic-inorganic halides of the formula ABX; (A = organic molecular cation; B = Ge,
Sn, Pb; X = halide), which is one of the simplest organic-inorganic hybrid structures.

In addition to their well-known superior performance in photovoltaics [1-4], the hybrid
organic-inorganic halides have recently attracted attention for possible thermoelectric applications
[5]. The thermoelectric figure of merit (ZT) is expressed as ZT = S?0T [k, where S is the
Seebeck coefficient, T is the temperature, o is the electronic conductivity, and k is the thermal
conductivity [6]. High carrier mobility, high Seebeck coefficient, and low thermal conductivity are
desirable for efficient thermoelectric materials. Continuing efforts to understand the light
conversion efficiency of ABX; revealed that their high carrier mobilities are based on small
effective masses and long diffusion lengths [7-10]. Moreover, recent research shows that
CH;NH;Pbl; (hereafter MAPI) has a high Seebeck coefficient, deriving from multidegenerated
conduction and valence bands [5].

Fortunately, MAPI is also characterized by a beneficial low thermal conductivity [11].

For both of the single-crystal and polycrystalline MAPI, thermal conductivities are observed as
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~0.4 Wm~1K~1 at room temperature, far below that of inorganic perovskites [12]. On the one
hand, these results show that MAPI meets all the optimal requirements of materials for
thermoelectric conversion; on the other hand, the cause of the drastic suppression of phonon
transport remains obscure. The hybrid organic-inorganic halide perovskites have larger lattice
parameters than fully inorganic ones and embedded cations move incoherently [13]. These
conditions are similar to the existing phonon-glass electron-crystal materials, namely host-guest
structures like type-I clathrate and skutterudite compounds [14-16]. In those systems, the rattling
motions of the embedded atoms are coupled with the transverse acoustic mode and provide the
phonon scattering [14]. For MAPI, it is also suggested that the ionic interactions couple inorganic
lattice (Pb-I) vibrations with methylammonium (MA) motions. The IR and Raman spectra show
that the Pb-I vibration density of states (vDOS) mainly overlaps with the rotation of MA [17-19], so
rotational motion is thought to play a critical role in the suppression [11]. Even if this is the correct
explanation, the specific mechanism remains unclear. In particular, the coupling mechanism
between rotational motions and Pb-I vibrations, how it modifies the vibrational states, and the
extent to which it suppresses the thermal conductivity are all issues that should be fully clarified.
Such further understanding is mandatory not only to control the thermal transport properties of
MAPI but also to provide guidelines for the design of hybrid thermoelectric materials.

In this study, we analyze the thermal transport properties of MAPI. The suppression
effects induced by the MA rotation are evaluated and explained through the vibrational coupling
analysis. To perform thermal conductivity calculations including anharmonic effects, we have
developed an empirical potential for MAPI based on ab initio molecular dynamics calculations. By
using this force field, the thermal conductivity of MAPI is calculated by using the RNEMD method,

introduced in Sec. 2-3. The results are compared with model systems that include different
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embedded cations, and it shows that the suppression of heat conduction is mainly attributed to the
MA rotations. By checking the phonon band structures, we find that coupling between translational
and rotational motions of MA is the key to the suppression mechanism in MAPI.

This chapter is organized as follows. In Sec. 5-1, the potential development procedures
are explained. The thermal conductivities of MAPI and the related models are shown in Sec. 5-2.
The detuning of parameters for the models with different embedded cations are also introduced. In
Sec. 5-3, we discuss the suppression mechanism in low thermal transport properties of MAPI based
on the phonon dispersion relations and vibrational couplings. Sec. 5-4 shows the summary of this

chapter.
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5-1.Potential development

FITTING PROCEDURES The molecular dynamics method is the best way to evaluate the
thermal transport properties of materials with strong anharmonicity. Anharmonic potentials for
thermal transport calculations can be developed via several approaches, in which the interatomic
force constants (IFCs) are fitted to force trajectories of ab initio MD by linear regression [20, 21].
Such procedures are quite accurate for crystals where all atoms have rigid stable points for IFCs.
However, in host-guest structures, embedded components feel complex and shallow potentials,
which are a combination of non-bonded interactions with host atoms. Because the method using
IFCs is not adequate for such structures, we have improved it by using interatomic potential
functions. These functions include OPLS force fields used for the MWCNTs, and potential energies
are attributed to the structural components (bonds, angles, and dihedrals) and the non-bonded

interactions. The practical functional form is the following:

Etotal = Ebond + Eangle + Edihedral + EvdW + ECoulomb

5
= Z ai(ri — ri,eq)2 + Z ﬁj(gj - Qj,eq)z + Z Zyk'C(COS¢k)C (5-1)

bond angle dihedral I=1

+Z€ l(alm Jlm l z 1 z,Z,
fm rlm rlm 4‘7-[60 rlm

Lm

Most of terms are the same as Eq. (4-1). The dihedral contributions are described not as the OPLS
type but as the Ryckaert-Bellemans function, only because of its convenience for fitting. In Eq.
(5-1), a,B,v,¢,0, and Z represent the unknown parameters. The potential is a nonlinear function
of ¢,0, and Z, and these parameters cannot be fitted with the linear regression methods. To

overcome these issues, we use an empirical value for o [22], and estimate Z from the ab initio
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charge analysis [23]. Thus, the remaining unknown parameters are «,f,y, and €. In the fitting
procedure, we first perform the ab initio MD and obtain the force trajectories, coordinate
trajectories, 7j¢q, and 6; .. For every trajectory, we input all the known parameters in Eq. (S1) i.e.,

T Teqr 0,0cq, ,0, and Z, fitting the remaining ones to the force trajectories by the linear regression

eqr
analysis. The practical fitting procedure is shown as the flowchart in Figure 5-1.

The fitting procedure must be carefully selected. When we use the interatomic force
constants as objective functions, the fitting parameters are isolated and the simple linear regression
is adequate. Yet in interatomic potential functions, structural factors are correlated and such
multicollinearity results in very high standard errors. Partial least squares regression is the most

promising solution, because it removes the correlation in both of the dependent and independent

variables by maximizing the covariance between latent dependent and latent independent variables

[24].
ab initio MD (DFT GGA/PBE) Voronoi charge analysis Lo
Ab initio calc.
X \ 4
Pre force Coordinate )
trajectory trajectory Atomic charge
L Coulomb force trajectory
Preparation
\ 4
Force trajectory Trial trajectory .
(Objective) (Predictor) | Parameter set o
Fitting
Fig. 5-1. Flowchart for the development of the empirical potential with interatomic potential
functions.
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MODIFICATIONS First, we test the validity of this interatomic potential fitted to ab initio MD
results for the silicon crystal structure in the diamond cubic phase (Fd3m). The force trajectories are
calculated by using the density functional theory implemented in SIESTA, employing the
Perdew-Burke-Ernzerhof exchange-correlation functional based on the generalized gradient
approximation (GGA-PBE) [25], with the Troullier-Martins pseudopotentials. We adopt a
2 x 2 X 2 supercell of the conventional Si unit cell (Z = 8). The time step is set to 1.0 fs and the
temperature is maintained at 300 K by means of the Nosé—Hoover thermostat. Assuming that
non-bonded interactions are negligible compared with the bonded parts, i.e., that Z,& = 0, the
parameters in the interatomic potential were fitted, through which we calculated the phonon
dispersions. The frozen phonon method was applied to a 9 X 9 X 9 supercell of the primitive unit
cell (Z = 2). The results are shown in Fig. 5-2 and compared with the experimental and ab initio
results [20, 26]. The Eq. (5-1) potentials reproduced the experimental phonon dispersions in its own
way, whose results are quite better than those of the conventional empirical force fields like the
Keating valence force filed. However, the acoustic modes are still too steep and the energies around
the Brillouin zone boundaries have some non-negligible errors, even for such simple crystal. The
most direct way to improve the accuracy is expanding Eq. (5-1) into higher order. Accordingly, we
have modified the potential function form as Eq. (5-2), where we have expanded the harmonic
potential of each bond and angle to the 8th order, and several cross terms are introduced. The cross
terms correspond to correlations between structural factors. For example, Yangie ﬁ]f’(rj,l —
7}',1,eq)(7’j,2 — T}',Z,eq) indicates the coupling between the vibrations of two bonds in some angle
component. We introduce four contributions as the cross terms: bond—angle couplings in angle
components, bond-bond couplings in angle components, angle—angle couplings in dihedral

components, and bond—bond—bond couplings in dihedral components.
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Etotal = Ebond + Eangle + Edihedral + EVdW + ECoulomb

8
= z z Aiq (ri - ri,eq)a

bond a=2

¥ ) Z Bin(6) = 81q)” + B} (15 = Tineq + 732 = Ti2.00)(6) = B1e0)

angle \b=2

+B7' (11 = T 1eq) (T2 = Tj2.eq) (5-2)

+ z z Yi,c(cosgy )¢ + Vzlc(gm - 9k,1,eq)(9k,2 - 9k,2,eq)
dihedral \ c=1

+ Vllc, (rk,l - rk,l,eq)(rk,z - rk,Z,eq)(rk,3 - rk,3,eq)

+Z€ Ulm z 1 Z,2,
i rlm 4'7-"-‘5-0 Tim

We fit parameters bansed on Eq. (5-2), with which the phonon dispersion of the silicon

crystal is calculated in the same manner as the above. The results are also shown in Fig. 5-2. Over a
wide energy range, our results obtained via Eq. (5-2) potentially reproduce the experimental phonon
dispersion well. The accuracy is almost the same as that of DFPT in lower energy region, yet at
higher energy, some branches are only slightly underestimated. The comparison between the
dispersions calculated with Eqgs. (5-1) and (5-2) reveals the large contribution of the cross terms.
However, when higher-order cross terms like Yange ”’(r ,1,eq)2(rj,2 — rj,z,eq)z are
considered, they only marginally affect the vibrational energies and group velocities, meaning that

Eq. (5-2) is necessary and sufficient.
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Phonon dispersion relation of Si crystals evaluated with Eq. (5-1) (orange dashed

line) and Eq. (5-2) (blue solid line). Experimental [26] (red diamonds) and DFPT

[20] (green dotted line) results are also shown for comparison.

For further validation, the thermal conductivity of the silicon crystal is calculated. We

employ the RNEMD method, which is performed for 5 x 10°® steps with a 1.0 fs time step after

thermalization for 10> steps. We used 3 x 3 x (150, 228,300) supercells of the conventional

unit cell and estimated the bulk thermal conductivity by the linear extrapolation method. The

temperature dependence of thermal conductivities is shown in Fig. 5-3, together with the values

previously reported in the literature [20, 27]; the agreement with both experimental and theoretical

results is extremely encouraging with the results of NEMD calculations slightly underestimating the

experimental ones. As previously reported, this underestimation is caused by the linear

extrapolation for highly conductive materials and not by possible errors in the potential.
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Fig. 5-3. Temperature dependence of the thermal conductivity of the silicon crystals evaluated

with the RNEMD (red diamonds), Boltzmann equation [20] (orange dashed line),

NEMD [20] (green squares), and in experiment [27] (blue filled circles).

HIBRID PEROVSKITES With Eq. (5-2), we develop the empirical potential of MAPI by fitting
to the trajectories of ab initio MD. Similarly to the silicon crystal, the training set is based on the
density functional theory with GGA functional, along with the Troullier-Martins pseudopotentials.
Here we consider the tetragonal (I4/mcm,Z = 4) unit cell of MAPI with 48 atoms (Fig. 5-4),
using 3 x 3 x 2 Monkhorst-Pack grids for k-point sampling. The time step is set to 0.5 fs and the
temperature is maintained at 280 K by the Nosé—Hoover thermostat. In the fitting procedure, the
results of the partial least squares regression are confirmed by 10-fold cross-validation. Note that,

unlike the silicon crystal, non-bonded interactions are essential for ionic crystals including MAPI.
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While the training data of GGA-PBE trajectories do not include the attractive vdW interactions,
such attractive part is significantly smaller than the Coulomb interactions. We can expect that the
fitting leads the intensity of the Lennard-Jones potential so as to reproduce the repulsive part mainly,
which is very important in the empirical potential to compensate the excessive Coulomb
interactions in the short-range deriving from the approximation of fixed atomic charges. Even
though the attractive contribution of vdW interactions seems to be negligible, fitting with the
empirical ¢ caused small errors to the long-range interactions, showing shrinking of the cages. We
thus managed to expand o by using the bare empirical vdW radii. The potential functions are fitted
with such @, whose high accuracy (95%) is estimated on the basis of the explained variance. The

practical parameters are shown in Appendix. A.

(a) (b)

Fig. 5-4. (a) Lateral and (b) top view of the unit cell of MAPI in the tetragonal phase. (Gray:
lead; purple: iodine; silver: carbon; blue: nitrogen; white: hydrogen atoms. Black

solid line: unit cell)
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5-2. Thermal transport properties

THERMAL CONDUCTIVITY With the developed potential, we evaluate the thermal
conductivity of MAPI based on the RNEMD method. We calculate the size-dependent thermal
conductivity by using 2 X 2 X (30,60,90) supercells of the tetragonal polymorph (I14/mcm), the
shortest model of which is shown in Fig. 5-5. First the atomic positions of the models are optimized,
including the box shape and volume. Next, we thermalized the simulation box to the preset
temperature with the NVT thermostat for 2 X 10° steps with a 0.5 fs time step. After removing
the thermostat, we performed the RNEMD calculations for 107 steps with energy swapping each
1000 steps. The time steps in RNEMD are chosen based on the temperature difference
convergence criterion. We check the change of the difference over time, whose results indicate that
around 2.5 ns are required for conversion. Then 5 ns simulations are performed and we evaluate

the mean temperature difference by averaging the difference after 2.5 ns.

Fig. 5-5. 2 X 2 x 30 supercell of the tetragonal MAPI. Hot and cool region in RNEMD are
colored orange and blue, respectively.

The bulk thermal conductivity is evaluated by the linear extrapolation method. The bulk
thermal conductivity is shown in Fig. 5-6, and its size dependency is also shown in the inset. We
compared our results with previous experimental ones for MAPI [11] and with others for fully
inorganic perovskite materials [12], observing very good agreement with the experimental thermal
conductivity of MAPI single crystals; anyway these results are quite lower than those of fully

inorganic perovskites over a wide temperature range.
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DIFFERENT CATIONS The structural difference between MAPI and fully inorganic perovskites
is represented by the A-site cation nature; thus, it is intuitive to ascribe the thermal conductivity
suppression to the organic-inorganic interactions. To check whether motions of the MA cations are
coupled with the inorganic host cages, we analyzed the thermal transport properties of the model
structures shown in Fig. 5-7. In Model A, the embedded component is a diatomic molecule and the
twisting degrees of freedom are truncated. Model B includes a single atom without rotational

motions. Model C is the bare inorganic frame.

MAPI

Fig. 5-7. Crystal structures of MAPI and of Models A, B, and C. Model A has a diatomic
molecule, Model B has a single atom as embedded cation, while Model C is the bare

inorganic frame.
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In all the three systems, we modified atomic charges (Z) to give a final neutral system
and Lennard-Jones parameters (o,¢) to maintain the volume of MAPI. In Model A, the atomic
charges are neutralized in the functional groups, i.e. the charges of H atoms in -CH; (-NH,) are

summed in the C (N) atom. o is the sum of the vdW radii and the bond length, e.g. opp_c 1is set as

Opp—c = \/ 21yawpb X 2(Tyawn + Tc-n)- The relaxed volume is thus calculated and & is modified
to keep the same volume of MAPI. In Model B, the atomic charge of the embedded atom is the sum

of all charges of the atoms forming the methylammonium cation. oj_y 1is

Ol_N = \/ 21yaw1 X (2ryawn + Tc—n + 7c—n + "™n—pn)- In Model C, we distributed the charges of the
embedded molecules to I atoms. Such reduction may induce smaller anharmonic effects, but the
subsequent overestimation of the thermal conductivity is expected to be rather small than the
suppression effects caused by the embedded components. The related parameters are shown in
Appendix. B.

The thermal conductivities are evaluated with the finite calculation model but not
extrapolated to bulk values; they are reported for each model in Table 5-1, which shows that the
thermal conductivity of Model C is larger than that of MAPI, but still low. Heavy atoms and weak
bonds in the inorganic lattice thus contribute to the low thermal transport properties of MAPI. The
results also show that the main difference is between Model A and Model B, meaning that the

rotational motion of MA efficiently suppresses the thermal conductivity of the inorganic lattice.

Table. 5-1.  Thermal conductivity of MAPI and of Models A, B, and C.

MAPI A B C
Degrees of freedom twist+trans.+rot.  trans.+rot trans. none
Thermal conductivity (W/mK) 0.185 0.209 0.302 0.326
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VIBRATIONAL DENSITY OF STATES For further understanding, we analyzed the vibrational
properties of MAPI using MD simulations. Based on the Wiener—Khintchine theorem [28], the
vDOS are evaluated as power spectra P(w) of velocity autocorrelation functions. Velocities are

mass weighted to normalize the intensity of spectra, so vDOS is expressed as:

N
P((l)) = %f %Zl mi<vl’(T) - vl(t + T))‘L’ e_i“’tdt , (5-1)

where w is the angular momentum, N the number of atoms, m the atomic mass, v the velocity,
T the time, and t the time interval. To compare the vibration energies of organic and inorganic
components, we calculate partial vDOS for two groups, Pb-I and MA. MAPI is thermalized at
150-250 K at constant volume before the velocity sampling. Peak attributions are based on the
normal modes of MAPI at the I" point, viz., ¢ = (0 0 0) where q is the phonon wave vector. The
results are shown in Fig. 5-8 for two energy ranges, 400-3300 cm™! and 0-400 cm™?, and their
intensities are normalized by the highest peak in each energy region and each group. The vibration
energies are consistent with spectroscopic results in previous studies [17-19, 29]. In the higher
energy region, the main contribution to the spectra is associated only with the MA motions, and
these peaks are attributed as bond stretching and angle deformation of MA cations. Increasing the
temperature, the intensities of the peaks are reduced but their energies remain unaffected, meaning
that these vibrations are not ideally harmonic, but that at the same time they do not couple with
other vibrations via their anharmonic terms. Both Pb-I vibrations and MA motions are located in the
lower energy region. The Pb-I spectra have two broad bands: a lower one located at 40 cm™! with
no energy shifts, and a higher band at 70-80 cm™! that is clearly shifted to higher energy
following a temperature increase, which is attributed to the longitudinal optic (LO) modes. MA

1

components are also characterized by two bands: at 0-200 cm™", we observe the band associated

103



with the translational and rotational motions. The highest peak in this band indicates the translations
and shifts to higher energy as the temperature increases. The second band is delocalized at around
300 cm™1, which is attributed to the twisting motions and has no peak shift. The peak shifts with
temperature mainly derive from the anharmonic contributions or from the thermal expansion of
crystals [30]. Such results at constant volume suggest that anharmonic couplings occur between the
translational motions of MA and LO modes of the Pb-I lattice, a feature that seems incompatible

with the model analysis.
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Fig. 5-8. Partial vibrational density of states of MAPI: MA (blue solid line) and Pb-I (orange
dashed line) components. The energy range is divided into two regions: (a) 400
-3300 cm™! and (b) 0-400 cm™?. Their intensities are normalized considering the
highest peak in each energy region and each group. Temperature is increased

from 150 K (thickest line) to 250 K (thinnest line).
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5-3. Suppression mechanism

The rotational motions suppress the thermal conductivity but the anharmonic couplings are mainly
observed in the translations. A way to remedy this inconsistency stems from the phonon dispersion
analysis. The phonon dispersions are directly measured from MD trajectories at 200 K, assuming
an equipartition of vibrational energies [31]. We also impose the cubic crystal symmetry (Pm3m)
including a single MA cation in the unit cell, which allows us separate the intramolecular vibrations
in the real space from the intermolecular interactions in the reciprocal lattice space. The results
fromI" to X (g =(000) to (000.5)) are shown in Fig. 5-9. The partial phonon dispersions for
Pb-I and MA are also evaluated from submatrices of the dynamical matrix. Fig. 5-9 also shows how
phonon branches are classified based on their major contributions to vibrations. Thin lines
correspond to Pb-I-dominant vibrations, and we observe that the Pb-I branches in the MAPI
dispersion are almost the same as those of the Pb-I partial dispersion. These results are consistent
with the fact that when two vibration systems with different mass are coupled, vibrational energies
of the heavy system result almost unaffected. In the MA partial dispersion, the blue lines indicate
the translational motions and the orange lines are the rotations. At the I' point, these motions are
distinct and symmetric; the N and C atoms have parallel vibrational vectors of the same length.
When the energy increases along the wave vector and passes over the region A in Fig. 5-9, some of
these vibrations appear to be asymmetric (green lines). This means that the translational and
rotational motions are mixed and branch off into two asymmetric modes, N-atom dominant and
C-atom dominant motions. This coupling corresponds to the deviation of molecular motions from
the crystal symmetry, which may come from long-range interactions or weak ordering between
molecular dipoles. In MAPI, the transverse optic (TO) modes of Pb-I are mainly coupled with the

rotational motions of MA. There is a small energy difference between such coupled modes and only
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limited energy shifts occur in MA branches. On the other hand, by comparing MAPI with MA, we
can see that the translational branches are strongly shifted to higher energy because of the coupling
with LO modes. These coupled modes are also described by the vDOS analysis. Similarly, also in
MAPI, translational and rotational branches are mixed into asymmetric vibrations in almost the
same wave vector region. Moreover, the strong energy shift results in a crossover between MA
branches located in region B. This crossing becomes clear in the phonon dispersion, where the
dynamical matrix is projected onto the normal modes at the I" point (Fig. 5-9), revealing that the
energy gap between the two phonon branches of MA in region B corresponds to an avoided
crossing, where the translational motions switch to the rotations, and vice versa. Such mixing and
crossing result in the coupling between LO and TO modes mediated by the interactions between the
translational and rotational motions, respectively. The suppression effects of MA rotations and the

anharmonic energy shift in the 70-80 cm™!

region suggest that these couplings limit the thermal
conductivity of MAPI. That is, rotations do not directly scatter phonons, but the quite low thermal

conductivity of MAPI is attributed to the interaction between LO and TO modes via the

mixed/crossed translational and rotational motions of MA.
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5-4. Summary

We have presented the mechanism of the low thermal transport properties of MAPI. After
developing an empirical potential of MAPI based on ab initio MD and analyzing its thermal
conductivities with RNEMD methods, we compared the results with those from model systems that
include different embedded cations. We found that the suppression of thermal conductivity mainly
derives from the rotational motions of MA cations. The vDOS analysis showed that the vibrational
energy shifts as the temperature increases, where anharmonic couplings occur. From the analysis of
the phonon band structures, coupled translational and rotational motions of MA are found to
interact with the Pb—I cages and build couplings between the isolated lattice vibrations, which
suppress the phonon transport in MAPI.

The hybrid halide materials are known to have design possibility in wide compositional
region. Now it is promising that the thermal conductivity of the hybrid organic-inorganic halides
can be tailored based on the embedded molecules and their interaction between the inorganic
lattices. The simplest way is deuterateing the MA cations, which slow the rotational motions and
moderate the suppression effects, as shown in Table 5-2. The results shows that heavier the mass of
the embedded component, higher the thermal conductivity. Moreover, the difference between the
CD;ND; and CH;NT; also shows that the mass asymmetry has reduced effect on the suppression.
The atom substitution is also intuitive way to control the organic-inorganic interactions, which is
considered in the next chapter.

Table. 5-2. Thermal COl’ldUCtiVity of CD3ND3PbI3, CT3NT3PbI3, and CH3NT3PbI3

MAPI CD;ND;PbI;, CT;NT;Pbl; CH;NT;Pbl;
Embedded Molecular weight 32.1 38.1 44.1 38.1
Thermal conductivity (W/mK) 0.185 0.212 0.232 0.215
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Appendix. A

Parameters in the developed potential for MAPI in the format of Eq. (5-2).

Stable length Order
Bonds
(Angstrom) 1 2 3 4 5 6 7 8
Pb-1 3.3500 0.0000 0.8046 -4.1355 -5.0679 22.897 193.73 341.76 180.48
C-H 1.1091 0.0000 32.855 -81.109 69.171 -4.9147 6.8536 333.52 -3082.2
N-H 1.0477 0.0000 34.192 -19.026 -983.86 595.08 166.33 -1.92x 10° 1.48 x 10°
C-N 1.4884 0.0000 24.655 -118.16 32.514 312.11 590.76 -592.19 750.31
Stable angles Order Cross term
Angles
(degree) 1 2 3 4 5 6 7 8 bond-angle bond-bond
[-Pb-1 90.000 0.0000 0.6464 -0.6804 1.5270 -1.3678 -0.9770 11.976 11.513 0.1694 -0.0275
Pb-I-Pb 180.00 0.0000 0.8772 21.822 158.91 508.766 788.30 580.84 165.35 -0.046 0.6943
N-C-H 108.85 0.0000 5.1269 -3.56359 1.0148 139.718 -210.77 -568.65 22979 1.4023 0.5808
H-C-H 110.08 0.0000 2.9532 -4.3932 3.2119 173.649 -37.827 -599.84 1320.2 0.8876 0.0159
C-N-H 110.93 0.0000 3.6410 1.2086 -12.096 -271.91 1031.3 -1196.0 568.52 0.7241 1.3283
H-N-H 107.97 0.0000 2.7614 -7.4678 -5.1374 455.802 247.58 -2644.9 4817.6 0.3739 0.7356
Order Cross term
Dihedrals
1 2 3 4 5 bond-bond-bond angle—angle
H-C-N-H -0.3521 0.0724 0.1577 -0.1063 -0.1045 -17.251 0.0135
Pb-I-Pb-I 0.0011 -0.0009 0.0034 0.001 -0.0022 0.136 0.0000
Long—-range pairs 1-2 1-3 1-4
Weight 0.0000 0.5000 1.0000
Lennard-Jones sigma epsilon
Pb H (-CH3) 4.4537 0.0046
I ¢ 41719 0.0111
I N 3.9869 0.0210
Charges
Pb 0.3690
I -0.1910
C 0.0310
N 0.0050
H (-CH3) -0.0180
H (-NH3) 0.0740
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Appendix. B

Parameters modified from MAPI for Model. A, B, and C in the format of Eq. (5-2).

Model A:
Lennard-Jones sigma epsilon
Pb [¢] 5.5648 0.0037
I N 5.0659 0.0070
Charges
Pb 0.3690
I -0.1910
Cc -0.0230
N 0.2270
Model B:
Lennard-Jones sigma epsilon
Pb N 5.7783 0.0021
Charges
Pb 0.3690
1 -0.1910
N 0.2040
Model C:
Charges
Pb 0.3690
1 -0.1230
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CHAPTER 6
EFFECTS OF HALIDE SUBSTITUTIONS ON THERMAL TRANSPORT

PROPERTIES OF ORGANIC-INORGANIC PROVSKITES

In the hybrid perovskites, small organic cations are embedded in inorganic cages, which provides
both of easy processing methods like organic materials and comparable properties to inorganic
candidates as optoelectronic, thermoelectric, or piezoelectric materials [1, 2]. Successive
researching is performed about MAPI, showing that the excellent optoelectronic properties are
attributed to their appropriate band gaps [3, 4], low exciton binding energies [5], and higher carrier
mobilities based on small effective masses and long diffusion lengths. At the same time, the heat
insulating properties of MAPI result from their soft and heavy inorganic lattice and vibrational
couplings.

While such understanding of MAPI is getting deeper and deeper, the other exploring
directions become more important to be considered, namely, the other organic-inorganic perovskite
structures, as introduced in the summary of the previous chapter. It is known that perovskite
structures have prominent design possibility in wide compositional region often described by the
empirical Goldschmidt tolerance factor. This scheme is recently expanded to hybrid structures [6, 7],
which showed that over 700 compounds can be made, promising enormous degrees of freedom for
material design. In such range of material exploring, the most familier candidates are
mono-substitutions; for example, formamidinium lead iodide or methylammonium lead bromide
(CH3;NH;3PbBrs: MAPBr). These simple substitutions are expected to stabilize hybrid structures [§]
or improve the electronic properties [9-11], which are demonstrated in several experimental

researches. In particular, their electronic properties are also analyzed in theoretical works mainly
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based on the static first-principles calculations, showing modified band structures [12] and
electron-phonon couplings [13].

On the other hand, dynamical properties in such substituted structures remain unclear
especially at finite temperature. While sampling meta-stable structures have shown sound
vibrational properties [14], stability of structures, phase transitions, vibrational and thermal
properties are still difficult to be analyzed only with the first-principles calculations, indicating the
definite importance of analysis based on molecular dynamics with empirical force fields.
Fortunately, potential functions of MAPI are already developed in several researches as the
pervious chapter. In order to expand the region of material exploring, the most direct and promising
way is to extend these force fields to others in family of compounds and enhance their database.

The methodology developed in Chapter 5 is automatic and straightforward with high
accuracy, but developed potential is often specific and limited to target materials, which may spoil
the universality and transferability of database. So we adopt the simple potential functions for
MAPI proposed by Alessandro M. et al. [15], and tune the parameters into other hybrid perovskites.
Even we can begin with the MAPI potential, tuning all parameters is still too inconvenient to apply
to large variety of perovskites. Now some simpler procedure for parametrization is required,
accordingly in this research, we establish an appropriate guideline for reparametrization and
extending data, holding MAPBr up as an example. Our procedure consists of step-by-step and
physically-sound detuning of parameters with introducing several scalling factors, intended to
reproduce typical results of DFT calculations and experiments including phase transitions.
Developed potential for MAPBEr is validated by classical analysis of the above reference properties,
and its accuracy is assessed by compassion between one with MAPI force fields. Moreover we

apply our force fields to the analysis of cation reorientation and vibrational density of states.
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Comparing with previous MAPI results, we investigate the effects of the halide mono-substitution,
focusing on the thermal transport properties.

This chapter is organized as follows. In Sec. 6-1, the potential function is introduced. The
tuning procedures for MAPBr are also explained. The validations of the developed potential are
performed in Sec. 6-2, in terms of the static energy properties. Atomic charges, cohesive energy and
energy barriers for cation rotations are investigated. Sec. 6-3 confirms that our potential sufficiently
reproduces the phase transition properties of MAPBr, observed in experiment. In Sec. 6-4, we
discuss the vibrational properties and effects of halide substitution to them. The expected effects to
the thermal conductivity are also investigated. Concluding rematks of this chapter are given in Sec.

6-5.
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6-1. Potential development

Here we adopt the classical MYP interatomic model, where total energy is described by the sum of
organic-organic, Ugqg, organic-inorganic, Uy, and inorganic-inorganic interactions, Up. Ugg 18
based on the AMBER functional forms and follows the standard GAFF parametrization [16, 17];
Uy consists of the Buckingham potential with electrostatic interactions. Ug; is described as the
sum of three terms, namely, the Buckingham potentials for (Pb,I)-(C,N) interactions, Lennard-Jones
for (Pb,I)-(H), and electrostatic terms, as following:

1 ZZ s\ [s:\°
o 4me, T, — Y [\mj Tij (D

ij

where A, p, and o are the parameters of Buckingham potential, &, the dielectric constant, Z the
partial atomic charge, € and s the parameters of Lennard-Jones potential, and r the distance. In
the previous research, the parameters of MAPI are obtained by fitting on a data set based on the first
principles calculations with the density functional theory (DFT). There are 46 parameters, and here
we detune them to newly develop the potential of MAPBr. The practical procedure consists of the
following three steps. Note that, in this procedure, we basically follow the concept of the MAPI
model potential, viz., placing much importance to manage both of quantitative accuracy and
simplicity of the model.

(1) We begin with reproducing the experimental lattice constant and DFT cohesive energy
curve of the cubic MAPBr. In the MYP scheme, the stable lattice constant mainly depends on the
Buckingham potential in Uy, while it is also affected by the electrostatic interactions moderately
and the Buckingham part in Ug; slightly. Then we scales Buckingham parameters in Uj and

atomic charges by introducing two scaling factors, viz., a for the former and £ for the latter:
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1 A 1 /A !
Ay=ad'y, pu= EP i o = EU w Z=pZ. (6-2)

Here a > 1 and [ > 1 affect on lattice shrinking. We can tune the lattice parameters only with «
or [3, but it requires too strong modifications, so in practice, we modified both parameters with
considering the ratio between the atomic charges of MAPBr and MAPI obtained with ab initio
charge analysis.

(i) Then we evaluate the rotational barriers, defined mainly with Ug;. Now new scaling
factor is introduced for the interactions between bromide atoms and cations, Br-(N, C), and ones for
lead remain unchanged;

1 1 1
Ao =—A'o1, =—p'01, €01 =—€01, Soi=—50r 6-3
or =2 Aol Por y P o1 or =2 €or or =2 Sor (6-3)

y > 1 also results in short inorganic-organic interactions, yet unlike Eq. (6-2), the scaling factors
on intensities are also inverse. Such scaling results in moderate modifications than the direct scaling,
with which we expect to reduce the rotational barriers with suppressing effects to other properties,
in this case, the lattice constant and cohesive energy curve. In this step, we mainly tunes y, but also
a to keep the experimental lattice constants.

(ii1) Calculations with the current force field bring higher phase transition temperature,
even though it reproduces the above static properties. It means that the energy barriers for rotations
of cations and deformations of lattice are thermodynamically overestimated, and further
refinements are required as similar as the case of MAPI. In MAPI parametrization, the definitive
parameter for this modification is the length parameter in I-N interactions, and weaker interactions
result in lower phase transition temperature. While the organic-inorganic interactions are also

important for MAPBr force fields, things get more complicated: the static properties of shrinked
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MAPBr is more sensitive to parameters and global refinements are inevitable. In this step, we
modified Ag; and pg; for Br-(N, C) interactions in addition to the three scaling parameters
complementarily. The interactions between lead atoms and cations are still unchanged.

The above procedures is not designed to fit functions with enough fitting parameters, but
based on the systematic and physically-sound manner. There are only five parameters: three for
scaling and the rest for phase refinements, but we found that the force fields of MAPBr can be
obtained sufficiently as validated in the following sections. The practical parameters are shown in

Appendix.

121



6-2. Structural properties

In this section, we demonstrate the rationality of the developed MYP potential for MAPBr by
evaluating three static properties: the atomic charge, cohesive energy curve and rotational barrier.
The DFT data and MAPI results in the previous research [15] are also shown for comparison. We
performed the one-shot classical simulations by using the DL POLY code [18], where the cubic
(Pm3m, Z =1) 8 x 8 x 8 super cell of MAPBr is adopted. References are obtained as one-shot
DFT with the cubic unit cell with 8 X 8 X 8 Monkhorst-Pack grids for k-point sampling, where the

VASP code [19, 20] is adopted with GGA-PBE functional.

ATOMIC CHARGES We calculated the ab initio charges based on Bader’s analysis. The results
are reported in Table 6-1, showing that MAPBr has a more ionic inorganic lattice than MAPIL.
Comparing between MAPI, the averaged ratio of the Bader charges in MAPBr is higher, which
mainly comes from insignificant charges of C atoms. When they are excluded, the averaged ratio is

1.05, very close to the one of MYP potential corresponding to f3.

Table. 6-1.  Partial atomic charges of MAPBr and MAPI obtained by ab initio charge analysis
and actual parameters in MYP potentials. The ratio between MAPBr and MAPI are

also shown, whose averaged ratio are calculated based on their formula unit.

Pb Br/l C N H  average
MAPBr (Bader) 1.0695 -0.6132 0.0949  -1.1946 0.6233
MAPI (Bader) 0.8604 -0.5337 0.0413  -1.2010  0.6335
ratio 1.24 1.15 2.30 0.99 0.98 1.16
MAPBr (MYP) 2.0909 -1.1639 0.7941  -1.1330  0.2899
MAPI (MYP) 2.0300 -1.1300 0.7710  -1.1000  0.2815
ratio 1.03 1.03 1.03 1.03 1.03 1.03

122



COHESIVE ENERGIES The cohesive energy curves are evaluated as a function of lattice spacing,
shown in Fig 6-1. All energy curves are adjusted according to their cohesive energies, which are
evaluated by fitting to the universal energy relation [15, 21], and the lattice spacing of DFT data is
also shifted based on the experimental lattice constant. MYP stable lattice spacing (5.91 A) finely
reproduces the experimental lattice constant, [22, 23] where the cohesive energy curvature is also
consistent to the DFT result. The energy curves deviate from the one of DFT as the lattice spacing
leaves from the stable configuration, which comes from the fact that the electrostatic interactions
are approximated by the fixed point charges. In spite of this difference, the fitted universal energy
relation gives the cohesive energy of MAPBr (8.60eV) and bulk modulus (0.235 Mbar) in
sufficient agreement with those of DFT data [22] (Table 6-2). Comparing with MAPI, MAPBr in
cubic phase has the shorter lattice constant than that of MAPI (6.27 A) and higher cohesive energy
than the opponent (7.8 eV). Bulk modulus, B, of MAPBEr is also higher (0.18 Mbar for MAPI),
whose magnitude relation is also consistent with the previous measurements. Assuming isotropic
homogeneous elastic materials, we can evaluate other mechanical properties: the Young’s modulus,
E, and the shear modulus, G, from the bulk modulus, with the following relations and the
Poisson’s ratio, T:
B =E/3(1 - 21),
(6-4)
G=E/2(1+7).

Here we adopt the DFT Poisson’s ratio in the pervious research [22] and estimate the other
properties, compared with the other experimental and theoretical results as shown in Table 6-2 [22,
24]. MYP potential is found to reproduce the stiffer mechanical properties of MAPBr than those of

MAPI; while overestimates both of the experimental and theoretical results, which results from the

point charge approximation.
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O MAPBr (DFT / GGA-PBE) [m] MAPI (DFT / GGA-PBE)
MAPBr (MYP model potential) = == = MAPI (MYP model potential)

Energy [eV]

5 55 6 6.5 7 7.5 8
Lattice Constant [A]

Fig. 6-1. Energy profile of cubic MAPBr with hydrostatic deformation. The origin of energy is
defined with considering the cohesive energy. The MAPI results [15] and

experimental lattice constant of cubic phase [22, 23] are also shown for comparison.

Table. 6-2.  Mechanical properties of MAPBr and MAPI in experiments [24], DFT calculations
[22], and MYP potential. Bold indicates the measured values in this work, and

asterisk does the evaluated values with Eq. (6-4).

phase E (GPa) B (GPa) G (GPa) T
MAPBr [24] (EXP) cubic 19.6 15.6" 7.6°  0.29[22]
MAPI [24] (EXP) tetra 14.0-1.43 13.9" 54" 033[22]
MAPBr [22] (DFT) cubic 29.1 22.6 10.4 0.29
MAPI  [22] (DFT) tetra 12.8 12.2 3.7 0.33
MAPI [22] (DFT) cubic 222 16.4 8.7 0.28
MAPBr (MYP)  cubic 29.6" 23.5 1157 0.29[22]
MAPI (MYP)  cubic 23.8" 18.0 928"  0.28 [22]
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ROTATIONAL BARRIERS The static rotational barriers are also reported in Fig 6-2. In this
observation, we also adopted cubic phase structures and rotated cations in (001) crystallographic
plane with keeping its symmetry and most stable volume. Other calculation condition is the same as
those of the cohesive energy analysis both for the classical and DFT calculations. We can see that
the highest rotational barrier of MYP is 0.63 eV and it is almost identical to the DFT results. The
previous research evaluated the barrier of MAPI [15], which is lower that that of MAPBr for whole
angle range. The higher rotational barrier of bromide compounds comes from shorter and stronger
organic-inorganic interactions; but we should take care of that this is not identical to the difficulties
of rotations of cations at the finite temperature and not to the higher transition temperature. Without
the rigid symmetry and periodicity, the lattice can be easily deformed with the position of cations,
when the strong interactions also have a positive impact on rotations by making adequate
meta-stable configurations. Indeed MAPBr has lower transition temperature from orthorhombic to
tetragonal phase in experiment [23, 25], which our potential reproduce as shown in the following
section. We can also find that there are convexoconcaves at around 90 and 270" only in the MYP
energy profile. Similar to the cohesive energy curves, the point charge approximations make it
difficult to modify the detailed barriers with keeping their heights. Yet at finite temperature, the
cations rotate via various paths with thermal fluctuations, so such difference is expected to be

thermally averaged and have less effect.
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Fig. 6-2. Energy profile of MAPBr bulk during rotation of the molecular cations, which is also

compared with the previous MAPI results [15]. The rotation is performed within a

(001) crystallographic plane as shown in upper schematic figures.
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6-3. Phase transitions

SHAPE DEFORMATION We move on to the phase transition properties of MAPBr. There are
still several ambiguities of the phase transition in organic-inroganic halides, especially for MAPBTr.
In X-ray diffractions [23], MAPBr brings four different phases: the one at the lowest temperature is
orthorhombic phase (Pnma) and stands till 140 — 150 K; then it turns into the first tetragonal
phase (P4/mmm); but is easily deformed into the second tetragonal phase (/4/mcm) at around
155 K; the last phase with the highest temperature appears from 237 K and has cubic symmetry
(Pm3m). In contrast, neutron diffraction has not shown distinguished pattern as P4/mmm and
implied an intermediate structure disordered more dynamically [26]. Yet at least, we can expect that
there are roughly three phases, namely orthorhombic, tetragonal, and cubic, whose transition
temperatures are located at around 150 K and 240 K. Then the structures with MYP potential are
evaluated with different temperatures and check the reproducibility and limit of the potential in
terms of their appearances, volumes, symmetry, and dynamics of cations. Every calculations start
from the orthorhombic 4 X 4 X 4 supercell and thermalized under the NoT Nosé-Hoover
thermobarostat: with constant temperature and zero stress. Each system is equilibrated for at least
0.15 ns, whose properties are averaged over successive 0.15 ns. First, we pick up three typical
structures at 50, 170, and 300 K to check the phase of MAPBr, shown in Fig. 6-3. While we can
see that the structure at 50 K is in orthorhombic phase with characteristic octahedral tilt, a*b~b~,
one at 170 K is distorted only along c-axis, a®a’c~, characterized as tetragonal phase [27, 28].
The 300 K snapshot is described as the averaged structures around 0.30 ns and clearly shows
very symmetrical structures with no tilting, a®a®a®. We also show the results at 155 K, where the
phase is once transformed from orthorhombic to tetragonal-like phase but equilibrated into

orthorhombic over simulation time. In the snapshot at 0.15 ns, the lattice shows partial a®a®c~
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tilts and rotations of cations. Such dynamics stands during 0.20 ns, and then the lattice turns into
orthorhombic phase with a different tilting direction from the initial structure. The above qualitative
observation is consistent to the experimental phase transition temperatures.

50 K (orthorhombic) 170 K (tetragonal) 300 K (cubic)

Fig. 6-3. (Top panel) MAPBr structure thermalized under different temperatures and zero
stress. Inorganic frame at 300 K is averaged for 6 structures around 0.30 ns. (Bottom
panel) Snapshots of MAPBr during NoT run. Deformed tetragonal-like structures

are observed during rearrangement between orthorhombic structures.

The top panel of Fig. 6-4 shows the volume expansion of MAP(Br/I) with increasing
temperature in terms of a pseudo cubic lattice constant, indicated by V/3. According to the static
analysis of cohesive energy, the volume of MAPBTr is little smaller than one of MAPI throughout
the whole temperature. We can see that the volume increases with temperature especially at some

temperature region: 140-170 K for MAPBr and 150-200 K for MAPI. The previous research
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about MAPI suggested that this change of slope is related to the phase transition from orthorhombic
to tetragonal [15], which is also consistent to MAPBr. The anisotropy of lattice is evaluated as the
ratio between the largest and minimum lattice length, c/a, shown in the bottom panel of Fig. 6-4.
At low temperature, c/a is higher than equality and corresponds to the low symmetric phase,
Pnma. Passing over 140-170 K, c¢/a abruptly decrease to ~1, indicating the phase transition
from orthorhombic to tetragonal. There are no notable changes at the phase transition temperature
to cubic phase, which is the limit of MYP potentials observed in MAPI previously [15]. Comparing
with MAPI, the change of anisotropy in MAPBr has almost the same trend, but c/a in
orthorhombic phase is slightly higher than that of MAPI. While the absolute value of c/a is much
smaller than the computational or experimental results, the developed potential reproduce proper

relative anisotropy [23].

5.95 T T . . . . 6.35
_—-—n
— —_—- --"
<C ool e - —— 4 6.30
— . a .
Q /’__:—-—— — -
— A
> " /
5.85 v {6.25
MAPBr L L L L L L MAPI
——@—— MAPBr (MYP model potential) - —® = - MAPI (MYP model potential)
1.12 T T T T T T
1.08 | .
© -
O BRREE
1.04 | . :
\
‘\
1.00 | ‘l‘ e e - ) » i
| | | | | |
100 150 200 250 300 350
Temperature [K]
Fig. 6-4. Structure deformation with temperature increase in terms of pseudo cubic lattice

constants V/3 (top panel) and isotropies evaluated with (c/a) (bottom panel).

Results of MAPI are also shown for comparison.
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ROTAIONAL DYNAMICS At the end of the validation, we discuss the detailed rotational
dynamics of cations in MAPBr. To qualify an orientation of each molecule, the normalized
direction vector of N-C backbone, n, is evaluated in the polar coordinate system, as shown in the
top of Fig. 6-5. Orange line indicates the orientation of cations towards orthogonal coordinates
x,¥,Z: xy-plane corresponds to (001) crystallographic plane and z is parallel to tetragonal tilting
axis. Then m can be written as n = (sinfcos¢, sinfsing, cosf), and (¢,n, = cosf) is mapped
for 50-350 K. The segment of (¢,n, = cosf) map is identical to the surface element dS for
rotations, whose cumulative frequency gives the fine distribution of cation orientations.

In the bottom of Fig. 6-5, we report the orientation map at each temperature. At the lowest
temperature, cations are deeply trapped at the stable orthorhombic configurations and keep high
symmetric positions around (¢ = 0,180°, cosf = 0): the distribution is symmetrical to cosf = 0
axis and periodic with 180° to ¢. The map shows distinct two robes symmetric to ¢ = 0° and
@ = 180° axis respectively. This means the N-C backbones at low temperature are pinned at (001)
plane and lined in alternate directions. Increasing to 100 K, the robes expand a little bit to z
direction with thermal fluctuations, but the almost same trend is observed. First change occurs at
140 K, where we can see several spots around (¢ = —90,90°, cosf = 1,—1), located as x-shaped.
It indicates that flipping to z direction begins to be occasionally allowed. However the barrier of
such flipping is still high to overcome by fluctuations, and orientated configurations along z axis
is separated from the most stable one of orthorhombic phase. Moreover, the center dots (¢ =
—90,90°, cosf = 0) also come to stand out, meaning that via these orientations cations can be
flipped from one to the other of orthorhombic stable positions. Such dots are completely isolated;
indicating these flipping is rare and unstable at this temperature. At around 155 K, the phase

transition temperature from orthorhombic to tetragonal, barrier towards z direction is broken and
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clear x-shaped map appears. Center dot is also spread but a blank space between the x-shapes
implies that the direct rotation in (001) plane is still bottlenecked. But now the edges of
cosf = 1,—1 connect two x-shapes and indirect flipping starts. The different features are found
approaching to 170 K. We can see that the stable orientations for orthorhombic structures are now
collapsed; in other words, x-shaped distributions are torn into two lines. Then the map shows four
stripes distributed uniformly at ¢ = —45,45,135,215° in (001) crystallographic plane, which
indicates the linear paths for free rotations along z-axis. The above features correspond to that
cations are located at one of four positions evenly distributed in (001) plane and isotropically
rotate along z-axis, which is suggested just in tetragonal phase with a®a®c™ tilting [29, 30]. So
we can conclude that the change of orientation map between 155 and 170 K specifies the phase
transition from orthorhombic to tetragonal. It is also note that the configurations sampled between
the stripes are mainly located at cosf = 0 and weakly connect the stable orientations with each
other. So flipping between the four positions in (001) plane seems to be already allowed. After
the tetragonal transition, while there are little changes with temperature increase, the blank space
between stripe distributions are gradually filled from the mentioned cosf = 0 path. It means that
the molecular cations begin to rotate in all directions as energy barriers are thermalized, resulting in

isotropic orientations, tiltings, and cubic phase.

131



Fig. 6-5.

270 -90 0 90 180 270 -90 0 90 180 270
¢ [ded]
(Top panel) Polar coordinate system in orthorhombic MAPBr whose axis along
z-axis in orthogonal coordinates. Orientations of molecular cations are described as
orange lines and evaluated with ¢ and 6 shown as partial orange circles. (Bottom
panel) Distribution maps of molecular orientations, (¢,n, = cosf), at several
temperatures between 0 and 350 K. Maps are shown in two-color gradation

according to their temperatures.
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6-4. Vibrational mode properties

ROTATIONAL TIMES In order to further characterize the rotational dynamics of cations, we
calculate the molecular reorientational time 7 in MAPBr crystal at room temperature. This
quantity can be extracted from the orientational auto correlation function defined as (n;(0) - n;(t)),
where n;(t) is the instantaneous direction of i-th MA cation and the average is performed over all
different initial times and all molecular cations in the crystal [15]. If the directions of molecules are
uncorrelated and the molecules are able to rotate, then the corresponding autocorrelation function is
a decreasing exponential function of time. The reorientational times 7 correspond to the decay times

1

where autocorrelation functions are reduced by a factor e™ as shown in Fig. 6-6.
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dotted line corresponds to e™" used for evaluation of reorientation times. Results of

MAPI are also shown for comparison [15].
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For MAPBr at room temperature the MYP potential gives t7~3.2 ps in good agreement
with the experimental time of 2.73 ps obtained from a millimeter-wave spectroscopy [23].
Furthermore, by performing a series of calculations in the range (300-200 K) it is possible to
estimate an activation energy E,~90 meV that compares to the literature value of 77.5 meV [23].
Comparing with MAPI, the reorientation times of bromide compounds are clearly longer at any
temperatures, which is consistent with the tight hybrid interactions and the higher energy barriers of

the bromide compounds.

DENSITY OF STATES Finally, we evaluate the detailed vibrational properties of MAPBr. On the
basis of Wiener-Khintchine theorem, Eq. (5-1), vDOSs are evaluated as power spectra P(w) of
velocity autocorrelation functions. The results with MYP potential for MAPI is reported to
overestimate the experimental and ab-initio results in the low energy region, and the comparison
between them needs a scaling factor, 1.27 [15]. We found that MAPBr bare results also
overestimate the pervious data in the low energy region so scaled them in the same way. All
calculations are performed with orthorhombic 4 X 4 X 4 supercell and thermalized at 100-350 K
with zero stress before the velocity sampling. The results of MAPBr are shown in Fig. 6-7, with
those of MAPI for comparison, where the contribution of inorganic cage and molecular cations are
separated.

First, we can see that the overall shape of vDOS for MAPBEr is similar to the one of MAPL
The inorganic contribution is located in the only lower energy region and several molecular
violations coupled with the inorganic lattice are located in the successive region. Increasing the
temperature, the intensities of peaks are reduced and the energy shifts are observed, shown as dotted

line in Fig. 6-7. As mention as the previous chapter, such shifts in the constant volume simulation
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suggest that anharmonic couplings occur between these peaks, viz., the higher inorganic branches
and lower molecular vibrations. Passing the phase transition temperature from orthorhombic to

1 only three branches

tetragonal, the both spectra are suddenly attenuated, and below 500 cm™
survive in the molecular contribution. One is the rotational mode (R in Fig 6-5), another is the
mixed motion called as X in the recent analysis [31], and the other is the twisting motion (Tw).
While the appearance is almost identical, the energy of each branch in MAPBr is changed from
MAPI. We can see that the inorganic contribution in MAPBr have higher energies than those in
MAPI, which corresponds to the fact that iodine has the heavier atomic mass than bromide. At the
same time, the characteristic molecular branches in the low energy region also have the same trend,
implying that these vibrations are coupled with phonons of the inorganic frame. R branches in
MAPBr have 9.45 cm™! higher than those of MAPI; X is 12.7 cm™?! higher; for Tw 2.02 cm™1.
These differences are observed in the experimental and DFT Raman analysis [14, 32, 33], for
example, the difference in X peaks between MAPBr and MAPI is reported as 14-15 cm™1 [14],
which is totally consistent to our results and indicates MYP potential with 1.27 scaling is robust
also for anion substitutions. Another characteristics in MAPBr can be found in X and Tw branches.
At low temperature, these branches have two distinctive peaks respectively; yet in MAPI, these
peaks are easily dispersed and merged, found as Tw at 100 K. Conversely, MAPBr vDOS shows
that distinctive peaks stand even at higher temperature, observed at 140 K for Tw, and 350 K for
X. Now we expect that stable Tw and X indicate the small anharmonicity of organic-inorganic

interactions in MAPBr, associated with the higher heat tolerance and thermal conductivity of this

material.
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Fig. 6-7.

Partial vDOSs of MAPBTr (bright panel) and MAPI (shade panel): inorganic (filled
area) and molecular (line) contributions. The energy range is focused on the lower

1

energy region, 0-500 cm™", where the scaling factor should be induced. Temperature

increase is shown as two-color gradation from 100 to 350 K.
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5-4. Summary

In summary, we have proposed the reparameterization procedures for MAPBr from the force fields
of MAPI. The operation consists of only three steps, (i) to shrink the inorganic frame, (ii) to
enhance the rotational barrier, and (iii) the refinement for phase transitions. There are five free
parameters, including three scaling parameters: « for inorganic interactions,  partial atomic
charges, and y hybrid interactions; with two Buckingham parameters related to bromide. We have
found that the proper selection of fitting parameters brings MAPBr force fields with sufficient
accuracy even by such simple procedure. The validation of the developed potential is performed
both for the static and dynamical properties, showing the consistent lattice constant, cohesive
energy curve, energy barrier for cation rotations, and phase transition temperatures related to
detailed dynamics of molecules. The comparison with MAPI results provides the valid relationship
between them: MAPBr has shorter lattice constant, higher cohesive energy, lower phase transition
temperatures, and lager anisotropy in orthorhombic phase.

As a benchmark, we applied the developed potential to the reorientational time and
density of states analyses and found that the experimental and DFT results are well reproduced with
the universal scaling factor, which provides the robust basis for successive thermal and structural
analysis of MAPBr. Specifically, the reorientation time of cations in bromide compounds is
relatively slow according to the tight hybrid interactions in MAPBr. The stable Tw and X modes
correspond to the small coupling via such interactions. Based on the analysis in the previous chapter,
these characteristics are expected to result in the higher heat tolerance and thermal conductivity of
this material. Adjusting the rate of substitution is now one of the promising methods to tailor the
thermal properties of hybrid perovskite structures, and continuous studies of the substituted

perovskites are required.

137



At last, the proposed detuning procedure does not depend on bromide nature in itself. So
we can probably apply this method to other anion substitution such as methylammonium lead
chloride. It is also expected that such straightforward procedure for reparameterization can be
established for other substitutions: metal atoms and molecular cations substitutions. Combinations
of such procedures evolve the force fields database about hybrid perovskite structures, which also

makes a promising way to the new material design.
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Appendix
We report all detuned parameters of MYP model potential for MAPBr. The parameters are written

according to the format of FIELD file of the DL POLY code.

MAPBr
UNITS kcal
MOLECULES 3
Lead
nummol 256
atoms 1
Pb 207.2 2.0909
FINISH
Bromide
nummol 768
atoms 1
Br 79.904 -1.1639
FINISH
nummol 256
atoms 8
H 1.0080 0.5562
H 1.0080 0.5562
H 1.0080 0.5562
N 14.0100 -1.133
C 12.0100 0.79413
H3 1.0080 0.02369
H3 1.0080 0.02369
H3 1.0080 0.02369
bonds 7
harm 56 677.400 1.0910
harm 57 677.400 1.0910
harm 58 677.400 1.0910
harm 41 738.000 1.0330
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harm 42 738.000 1.0330
harm 43 738.000 1.0330
harm 45 587.200 1.4990
angles 12
harm 758 78.0000 110.7400
harm 657 78.0000 110.7400
harm 658 78.0000 110.7400
harm 345 92.4000 110.1100
harm 243 81.0000 108.1100
harm 245 92.4000 110.1100
harm 142 81.0000 108.1100
harm 143 81.0000 108.1100
harm 145 92.4000 110.1100
harm 456 98.0000 107.9100
harm 457 98.0000 107.9100
harm 458 98.0000 107.9100
dihedrals 9
cos 34560.1556 0.0000 3.0000 0.833 0.500
cos 34570.1556 0.0000 3.0000 0.833 0.500
cos 34580.1556 0.0000 3.0000 0.833 0.500
cos 24560.1556 0.0000 3.0000 0.833 0.500
cos 24570.1556 0.0000 3.0000 0.833 0.500
cos 24580.1556 0.0000 3.0000 0.833 0.500
cos 14560.1556 0.0000 3.0000 0.833 0.500
cos 14570.1556 0.0000 3.0000 0.833 0.500
cos 14580.1556 0.0000 3.00000.833 0.500
FINISH
vdw 21
PbPb buck  74933300.5606326  0.123246948356808 0.000000
Pb Br buck  110223.38165565 0.302100469483568 0.000000
BrBr buck  24274.90558983 0.45286103286385 654.4127155
Pb N buck 32690390.937995 0.150947  0.000000
PbH 15 0.014 2.26454
PbC buck 32690390.937995 0.150947  0.000000

140



PbH3 |j 0.014 2.70999
BrN buck 94836.351975893 0.3352375  0.000000

BrH [ 0.05125 2.45535714285714
BrC buck 94836.351975893 0.3352375  0.000000
Br H3 1 0.05125 2.76785714285714
N N 1 0.1700 3.25000

N H 1j 0.0517 2.15950

N C 1j 0.1364 3.32480

N H3 1 0.0517 2.60500

H H [ 0.0157 1.06910

H C [ 0.0414 2.23440

H H3 [j 0.0157 1.51450

C C 1 0.1094 3.39970

C H3 1 0.0414 2.67980

H3 H3 [j 0.0157 1.96000

CLOSE

Here the scaling factors in Egs. (6-2) and (6-3) are a = 1.065, f = 1.03, and y = 1.12. As
mentioned in the reparameterization step (iii), we modified (Ag, po;) for Br-(N,C) from
(100836.351975893, 0.3057375) to (94836.351975893, 0.3352375). Such modifications are less
than 10 % but strongly affects to the phase transition temperatures. Especially, pg; is crucial and

fourth decimal place is still important.
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CHAPTER 7

CONCLUDING REMARKS

In this thesis, we investigated the structural effects on the thermal transport properties and proposed
the design guidelines to control them. In order to go beyond the supplementary control with
superstructures, our aim focused on finding some structural factors for controlling thermal
properties, which should lead to innovative materials. The first-principles or classical calculation is
accordingly employed as to be appropriate to the required system sizes or accuracies, which enable
us to discuss the variety of the structural dependencies. We begin with the SWOCNT,
one-dimensional conductor, and its chirality dependence, and develop the discussion to the complex
structures including the non-bonded interactions: DWCNT, MAPI, and MAPBr, summarized as
follows.

In Chapter 3, we adopted the SWCNT models and focused on their ballistic phonon
transports, which is especially important in the nanoscale devices. In particular, the chirality
dependence of their thermal transport properties is investigated by using the NEGF method with the
first-principles calculations. It is found that chirality of CNT affects their thermal properties via the
modification of their vibrational density of states and the localization or polarization of phonon
modes. Such effects result in the different thermal conductances and the different length of
quantized plateaus at low temperature, which cannot be explained wholly only by the radial
dependence. In spite of the definite dependence, the chirality effects on the thermal properties are
less significant than those on others like electronic properties, indicating that the thermal design of
tubular structures based on their chirality seems not feasible.

Chapter 4 discussed about the multi-walled effects on the thermal properties by holding
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DWCNT up as an example, where the non-bonded interactions are introduced along the
non-conducting direction. For comparison, the constitutive SWCNTs and their ideal parallel circuit
are also investigated. The results of the thermal conductance showed that the non-bonded
interactions are effective in the suppression of thermal transport especially at low temperature, and
reduced conductance corresponds to one of the outer layer SWCNT. We analyzed such behaviors
by using the coupled vibration model, elucidating that the in-phase modes govern the thermal
transport properties at low temperature and they can be tailored by the intensities of the non-bonded
interactions and the weight ratios of components.

The above studies raise the possibility of composite structures with the non-bonded
interactions and high weight ratios, and organic-inorganic hybridizations are the typical systems
meeting such requirements. The organic-inorganic hybrid halide perovskites are observed to have
the quite low thermal conductivity in experiment, and Chapter 5 aimed to understand the
suppression mechanism in MAPI. For considering the uncrystallized motion of methylammonium
cations, we proposed the procedure to develop the empirical force fields with high accuracy by
fitting to the first-principles calculations. With the developed potential function, the thermal
conductivities of MAPI and the models with different embedded components are calculated.
Comparison between the results showed that the rotational motions of cations are coupled with the
translations, via which the separated optical phonon modes in the inorganic lattice become to be
coupled with each other, resulting the suppression of the thermal transport properties. This
mechanism indicates the possibility of thermal design based on the motions of organic molecules
and the inorganic-organic interactions, which is confirmed by the deuterated models.

In Chapter 6, we further validated the control possibility proposed in Chapter 5, by

studying the halide substitution of hybrid perovskites. MAPBr is adopted, which empirical force
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fields are developed by detuing those of MAPI. The detuning procedures are designed to achieve
both of the accuracy and the transferability in order to accept the enormous degrees of freedom for
material design in the hybrid perovskite structures. We validate the detuning procedures in terms of
the structural properties, phase transitions, and the rotational motions of cations. The developed
force field showed that the vibrational modes of organic molecules in MAPBr have higher energies
and less anharmonicity than those in MAPI, which correspond to the high thermal transport
properties. Applying the proposed detuning procedures to other hybrid perovskites and studying the
effects of the combination of substitutions leads to a wide variety of the thermal properties, which
plays an important role to overcome the impending limits of the existing devices with simple
crystalline materials.

In this wise, the standpoint of coupled vibrations is found to make easy to understand the
mechanism of the thermal properties, with which the survey now suggests to utilize the hybrid
structures for new materials with controllable thermal properties. While its fundamental mechanism
in scattering phonons is similar as one of the phonon-glass, the hybrid design is distinguished for a
large number of degrees of freedom for material design. The most novel contribution of this thesis
is rather attributed to the development of the general approach to analyze and improve the thermal
properties of such hybrid structures theoretically. The subsequent explorations would lead to
practical materials with further controllability of thermal properties, when the proposed
methodology should be a ladder of success. Finally, we will mark the next step here. The thermal
design based on the hybrid structures strongly depends on the vibrational properties on the
embedded organic molecules. It means that the larger degrees of freedom in the organic vibrations
are expected to result in the more flexible control of the thermal properties, which requires the

stable inorganic lattice with the large void spaces. Metal-organic frameworks (MOFs) are bright
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candidates meeting such conditions. MOFs can contain macromolecules, and the void size can be
controlled by organic ligands in addition to the host-guest interactions. The large flexibility of
material design in MOFs itself also seems to make it possible to control the thermal transport in

nanoscale devices.
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