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Abstract

The lattice thermal conductivity is usually an intrinsic property in the study of ther-
moelectricity. In particular, relatively low lattice thermal conductivity is usually a de-
sired feature when higher thermoelectric efficiency is pursued. The mechanisms which
lower the lattice thermal conductivity are not known in sufficient detail and deeper
understanding about the phenomena is needed and if such understanding is achieved
it can be used to design more efficient thermoelectric materials. In this thesis, the
lattice thermal conductivity and other thermal properties of several silicon clathrates,
which are known to be promising candidates for the thermoelectric applications, are
studied by theoretical and computational techniques. The studied clathrates were the
silicon clathrate frameworks I, II, IV, V, VII, VIII (Siy3), H and the semiconducting
(Zintl) clathrates [Si;oP4]Cly and Nay[Al4Sijg]. The relevance of seemingly unrelated
phenomena such as the negative thermal expansion on the lattice thermal conductivity
was studied.

The harmonic phonon dispersion relations of the studied structures were investigated.
In particular, the number of the so-called phonon band gaps was found to be two in
the case of the silicon clathrate framework V differing in this respect from the other
structures studied. In general, it was found that all the other clathrates, except VII
and Nay[Al;Siyo], have rather similar phonon dispersion relations. Also, an anomalous
negative thermal expansion temperature range was found for the silicon clathrate
framework VII, which appears to be mostly due to stronger third-order interatomic
force constants.

At 300 K, the lattice thermal conductivity of the clathrate Nay[Al4Sijg] was found to
be about ten times smaller than obtained for the clathrate [SijoP4|Cly which possess
the same space group symmetry than the former. It appears that the main reason
for the preceding is in the second-order interatomic force constants of the clathrate
Nay[AlySiyg], which change the phonon spectrum such that the phonon group velocities
are lower and the anharmonicity of the lattice increases, which in turn leads to the
reduction in the relaxation times of acoustic phonons. The results indicate, that the
effect of harmonic quantities can be rather large on the anharmonicity of two similar
crystals and may lead to one-order lower lattice thermal conductivities, even when
there are no such large differences in the third-order interatomic force constants.

Expressions to calculate different elastic and thermal properties of crystal were derived
by using the technique of many-body Green’s functions and many-body perturbation
theory. The expressions derived extend the existing results and allow a systematic
study of elastic and thermal properties of crystals. For instance, the results obtained
can be used to calculate the kth-order elastic constants such that the so-called phonon
contribution is taken into account, a contribution which is usually neglected in the
computational studies applied to real materials at the present.
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1 Introduction

Thermoelectric materials can be used to produce electricity from temperature differ-
ences. Since waste heat is available in several circumstances, such as in the production
of electricity by steam turbines, there are numerous applications of thermoelectric
materials, where the energy efficiency of the system can be improved. An obstacle
in the more extensive use of the thermoelectric materials is, for instance, the lack
of materials with sufficiently high thermoelectric efficiency. In some cases, toxic ele-
ments such as lead included in the thermoelectric material [1] can be a problem when
more extensive practical applications are considered. One class of crystalline solids,
which can have rather high thermoelectric efficiency, are the so-called semiconducting
clathrates [1-7], also known as Zintl clathrates. The semiconducting clathrates are
usually known as host-guest compounds in which the framework of silicon atoms, for
example, is partially filled with some guest atoms. Some practically guest free exam-
ples of such structures are also known [8,9]. In this work, the properties related to
thermoelectricity, in particular the lattice thermal conductivity of silicon clathrates,
were studied by computational means.

One challenge in the development of more efficient thermoelectric materials is that
the mechanisms to increase the thermoelectric efficiency are not known in sufficient
detail. One measure of the thermoelectric efficiency is the thermoelectric figure of
merit defined as [10,11]
2
gr = 25T (1.1)
Kl + Kel

where T' is the absolute temperature, ¢ is the electrical conductivity, S the Seebeck
coefficient, x; is the lattice thermal conductivity and k; is the electric contribution
on the thermal conductivity. In particular, the Seebeck coefficient can be defined as
S = —AV/AT, where AV is the electric potential energy difference per unit charge
(voltage) measured between the ends of a thermoelectric material and AT is the
temperature difference between the ends. To increase ZT and thus the thermoelectric
efficiency, one has to maximize 05?7 and minimize k; + k. This can be a rather
difficult task, since these terms are not independent, that is, a change in some term
may lead to an unexpected change in some other term. In this work, the mechanisms
which minimize the lattice thermal conductivity were studied. Deeper understanding
about these mechanisms may in part give clues on how to develop more efficient
thermoelectric materials.

The description of thermoelectric phenomenon is a challenge since in calculating the
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thermoelectric efficiency one has to solve the quantum mechanical many-body problem
with an appropriate method. The many-body problem itself includes several branches
of research of its own [12-14]. Furthermore, in order to calculate the lattice ther-
mal conductivity values for instance, one has to calculate several non-trivial lattice
dynamical quantities, such as the interatomic force constants (IFCs), usually up to
third-order. The foundations of the dynamical theory of the crystal lattices applied
in modern calculations have been known for over half a century [15]. The ab initio
computational methods, on the other hand, have been developed in past decades to
a point, that it is possible to calculate the second-order IFCs in a systematic manner
for arbitrary crystal structures by applying the density functional theory (DFT) and
density functional perturbation theory (DFPT) [16,17]. The preceding can be estab-
lished, for instance, by using an open source program package Quantum Espresso
(QE) [18], as it is done in the present work. Also, a third and higher-order IFCs have
been calculated for some special cases by using DFPT [19]. A systematic calculation of
the third-order IFCs for arbitrary crystal structures at the present can be established
by using the finite displacement method implemented, for example, in an open source
program package ShengBTE [20-22].

There are several theoretical and computational difficulties in the calculation of the
lattice thermal conductivity. The measurement of the lattice thermal conductivity is
performed when the system is not in an equilibrium, which makes the description
rather complicated. For instance, at the present, there is no rigorous way to define the
temperature when a system considered is not in an equilibrium [23]. Usually, as in the
present work, methods used assume the system to be in a steady state in which one
assumes a local equilibrium to exist [24,25]. For instance, the linear response method
applied on the thermal conductivity is expected to be valid only if the preceding as-
sumption is made [24]. In this work, the description of lattice thermal conductivity
was established by using the iterative solution of the linearized Boltzmann transport
equation (BTE) implemented in ShengBTE. Theoretical and computational issues re-
lated to the present method were also investigated. In order to apply the linearized
BTE to the calculation of lattice thermal conductivity, several lattice dynamical quan-
tities are usually needed. The necessary lattice dynamical quantities can be obtained
with the methods mentioned in the previous paragraph.

Seemingly unrelated properties may have some significance on the lattice thermal
conductivity and discussions on these different properties are usually conducted sep-
arately. For instance, the negative thermal expansion (NTE) [26,27] and thermal
expansion in general, have a connection to the lattice thermal conductivity and there
are some experimental evidence for this statement [28,29] (measurements made for
polycrystalline samples). The connection of the lattice thermal conductivity and the
coefficient of thermal expansion (CTE) is also mathematical in the sense that the same
quantities can be used to calculate them. This becomes evident when the quasihar-
monic approximation (QHA) is used to calculate the CTE [30] and the lattice thermal



conductivity is approximated at higher temperatures with an expression derived from
the linearized BTE [25]. A material is called a NTE material when the CTE has neg-
ative values within a particular temperature range. That is, a NTE material contracts
when it is heated, which is an opposite what is perhaps usually expected to happen.
Usually, the effect of CTE is neglected in the ab initio lattice thermal conductivity
calculations for realistic materials, but there is at least one exception, namely the
calculations conducted in Ref. [31]. The effect of thermal expansion on the electronic
structure may also have a rather significant effect on the electrical conductivity and
eventually on the thermoelectric properties of crystals.

The CTE is partly an anharmonic effect and it is usually studied by using the QHA [26,
30, 32-39]. When the anharmonic effects are sufficiently strong, the QHA may not
describe CTE and related quantities appropriately and more accurate methods are
needed. One approach to obtain the elastic and thermal properties is the many-body
perturbation theory [40-42]. In Article IV, a systematic listing of the lowest-order
terms was established such that the resulting formulas can be used to calculate various
elastic and thermodynamical properties beyond the QHA, including the CTE. The
resulting equations were also represented in diagrams.

This thesis is organized as follows. Some central entities in the description of the
lattice thermal conductivity and thermal properties of the crystals are the phonons.
Thus, the dynamical theory of crystal lattices, from which the concept of phonon
arises, is presented in some detail in Sec. 2.2. The lattice thermal conductivity is
discussed in Sec. 2.3 and the many-body perturbation theory, used to derive the results
of Article IV, is considered in Sec. 2.4. The computational aspects of the quantum
many-body problem are considered in Sec. 2.5 and some principles of the methods
used to calculate the IFCs are described. The studied silicon clathrate structures are
described in the beginning of Chapter 2 and the results of this thesis are summarized
in Chapter 3.
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2 Theory and computational
methods

2.1 Semiconducting clathrates

The structural characteristics of the semiconducting clathrates have been considered,
for example, in Refs. [4-6,43]. Schematic figures of the silicon clathrate frameworks
are shown in Fig. 2.1. The silicon clathrate frameworks are allotropes of silicon. That
is, all structures consist of only Si atoms as in the case of the silicon diamond structure
(d-Si), but the arrangement of the atoms is different. The mathematical description
of the positions of atoms within a crystal structure is considered in Sec. 2.2. In this
work, seven different silicon clathrate frameworks (I, II, IV, V, VII, VIII, H, see for
instance Ref. [5]) and two different Zintl clathrates ([SijoP4|Cly, Nay[AlySiie]), were
studied. As an example, the crystallographic body-centered cubic unit cell of the
clathrates [Si;oP4]Cly and Nay[Al4Sijo] is depicted in Fig. 2.2. The silicon clatharate
framework VIII (or Siss, shown also in Fig. 2.1) can be obtained by replacing the
framework heteroatoms (also called framework guest atoms) Al/P with silicon atoms
and by removing the Na/Cl guest atoms from the structure. In general, the number of
possible combinations of guest atoms and clathrate frameworks is rather large, which
makes possible to pursue the properties desired by changing the constituent elements.
Also C, Ge or Sn could be used in the place of Si, which gives further possibilities to
modify the properties in a direction desired. However, to the author’s knowledge, only
Si, Ge and Sn clathrates are experimentally known. The problem is that it is relatively
difficult to say to which direction the different properties of the material change when
something in the structure is changed. One approach is to try different combinations
and experimentally measure what happens. An alternative approach, for example, is
to use theoretical and computational methods in order to gather information about
the structures and perhaps gain some further understanding about the mechanisms,
which lead to certain properties. If a sufficient regularity with respect to some property
is found, perhaps some deductions can be made to facilitate the search of more efficient
thermoelectric materials, for instance. The latter approach was used in the present
work.



6 Theory and computational methods

VIl (Im-3m) VI (I—4m) H (P6/mmm)

Figure 2.1: Schematic figures of the silicon clathrate frameworks. The vertices of the polyhedral
cages present silicon atoms and crystallographic unit cell edges are drawn in black. Structural de-
tails and atomic positions of these structures can be found from Ref. [5] (optimized with different
computational methods than used here). Copyright © 2014, American Physical Society.

2.2 Lattice dynamics

The description of lattice thermal conductivity and other quantities considered in
this work can be made by using the theory of lattice dynamics [15, 42,45, 46]. A
crystal lattice can be considered a periodic array of atoms comprising the crystal.
The rest positions of the atoms in a crystal lattice can be described by the vector
x(lk) =x()+x(k), k =1,2,...,n, where x (k) is the position vector of atom
within the unit cell and x (1) is the lattice translational vector given by

x (I0,1® 1) = x (1) = 1Way +1Pay +1Pag, 1D €z (2.1)
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Figure 2.2: The crystallographic body-centered cubic unit cell of the semiconducting clathrates
[Si1oP4]Cly and Nay[AlySijg]. The figure was prepared using the VESTA visualization program [44].
Copyright (© 2016, American Physical Society.

In Eq. (2.1), the vectors a; are the primitive lattice translational vectors of the lattice.
The rest positions, are also equilibrium positions if [15]: net forces for each atom
vanish and in this configuration the stresses vanish. The atoms are expected to vibrate
around the rest positions and these displacements are denoted as u (Ix) such that the
instantaneous positions of the atoms can be written as x (Ik) + u (Ix).

The lattice dynamical Hamiltonian H of the system is assumed to be a sum of kinetic
T, and potential energy terms ®, that is H = T,, + ®. The kinetic energy is assumed
to be

_ pa (1K)
=352 A (2.2)

l,Kk,a

where p,, (Ik) is the ath Cartesian component of the momentum of the atom, M,
the atomic mass of atom k and the potential energy is assumed to be a function of
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instantaneous positions of the atoms
¢ =[x (hr1) +ulir),.. .. x(nkn) +u(lakn)]. (2.3)

The potential energy is expanded to a Taylor series in the displacements

1
O = Z ] Z e Z Doy, (1K1 lnkn) Uay (LWR1) - Uy, (lnkn),  (2.4)
n=0 """ l1,k1,01 In,Kn,on
where the so-called nth-order interatomic force constants (IFCs) are defined as
oo
oz, (lik1)--- 0zl (lnkn)

(2.5)

Doyova, (K155 laky) =
{#'(liks)=z(liki)}

In the lattice dynamical context, the static potential energy contribution of the lattice
in the expansion with n = 0 can usually be neglected and if the rest positions are
equilibrium positions, the potential term with n = 1 vanishes. Since the lattice is
assumed to be infinite, the quantities such as the potential energy of the lattice is
infinite as well. To obtain finite and normalized values of physical quantities, the
Born-von Karman boundary conditions are imposed [15]. Instead of an infinite crystal,
macro crystals of finite size are considered and are assumed to be larger than the
primitive unit cell of the lattice. It is assumed that, each macro crystal is composed
of L? = N primitive unit cells, L being arbitrary positive integer. The boundary
conditions can be written as

u(l)=u(L+1k), x(k)=x(L+Ik), (2.6)

which means that the displacements u (Ix) have equal values at the same site [k of
every macro crystal. When the macro crystal is sufficiently large, the surface effects
become relatively small as the number of surface atoms decreases rather rapidly with
respect to the total number of atoms within the macro crystal. However, due to the
periodic boundary conditions, the surface effects are absent. The convergence as a
function of the macro crystal size can be tested by numerical calculations.

The next step could be the substitution of the Hamiltonian to the Hamiltonian equa-
tions of motion, but by doing so one obtains a coupled set of differential equations.
There is an alternative approach in which the Hamiltonian is written as H = Hy+ H,,
with

1 2 (1 1
Hy=:>)>_ Pa (1) +5 DN Bop (s UK ) ug (I) ug (') (2.7)
2 LKk, M” 2! Lk, al' kB
1
H, = ; o Z e Z Dpoyoa, (BT k) Uay (K1) o Ua, (lnkn), (2.8)
n#0,2 7" 11,k1,01 In yKn,Qin,

Sometimes, Hy and H, are called the harmonic and anharmonic Hamiltonian, respec-
tively. It turns out that by finding a set of suitable canonical transformations, one
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can obtain the diagonal for the harmonic Hamiltonian H, and one obtains a set of
decoupled equations of motion for 3n different modes of vibration.

For instance, the harmonic potential energy can be written as

Z > Do (Is; Uk wy (1) wg (I'K') (2.9)

lnozl’ff B

where the mass reduced second-order IFCs and the mass reduced displacements are
of the following form

D5 (Ik; UK
Dos (Ik; U'K") = W, We (IK) = \/ Muug (1K) . (2.10)

One may obtain the diagonal form for the potential energy with the following trans-
formations [15] (the justification of these steps is given below)

N
NZ (k|q) e a*D, (2.11)
q
o (Rla) = eq (k]a)) Qg (2.12)
J
and thus i
=+ ca (klaj) €0 Qq;. (2.13)
q]

In Egs. (2.11)-(2.13), q is the wave vector times 2w, j = 1,2,...,3n is the mode
index, e (k|qy) is the phonon eigenvector and )q; the (complex) normal coordinate.
As in Refs. [42,46], the following notation w, (k|q) = w, (k; q) is used. Further trans-
formation to real normal coordinates is needed to obtain the real displacements (or
waves) of the lattice [15,46] from the displacements given by Eq. (2.13), but this is
not established in the present work. In Eq. (2.11), the displacements were written as a
Fourier series (due to the lattice periodicity) and in Eq. (2.12) further transformation
was made in terms of the coordinates {Q)q;} and phonon eigenvectors {e (k|qj’)} to
diagonalize the dynamical matrix defined by Eq. (2.22).

At this point, it is noted that the periodic boundary conditions restrict the possible
values of the wave vector q. The admissible values can be obtained as follows. Let

x (mL) = myLa; + myLay + mgLag, mi,ma,m3 € 72, (2.14)

Now, from the periodic boundary conditions it follows that

Wo (I +mL, k) Zea (k|qyj) elaxWlgilaxmblg - — a4, (Ir), (2.15)
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which implies that .
ellax(mb)l — 1. (2.16)

These conditions are valid if the dot product between the wave vector and the trans-
lational vectors is 27n, n € Z. The wave vectors which satisfy the aforementioned
condition belong to a reciprocal lattice. The reciprocal lattice translational vector can
be defined in terms of the primitive reciprocal lattice translational vectors b/, namely

G(h) =G (hlbl, hab?, h3b3) = hb' + hob® + hsb®, ki ko, hs € Z,  (2.17)

with
bl —op 22X3 40 o5 @X& 45, A XA (2.18)
|a1'a2><a3|’ ]al-agxag\’ \al-agxagl
One can show that a; - b/ = 27d;;, which means that

All distinct solutions for the displacements can be obtained if the wave vector values
are restricted to the values given, for example, by
_ _ o hl 1 h2 2 h3 3

Thus, there is L? = N different values for the integers hi, hs, hs. In all cases considered
in the present work, the wave vector mesh generated by Eq. (2.20) was used. In the
actual calculations, QE and ShengBTE impose symmetry on the q meshes and there
is no need to consider all the wave vectors included in Eq. (2.20) separately. Instead,
one of the symmetry equivalent wave vectors is explicitly taken into account, while
the effect of the others is included in the weighting function W (q), which means that
one replaces 1/N — W (q) whenever there is a summation over q.

Now the harmonic Hamiltonian Hj is diagonalized. One may write after the substi-
tution of Eq. 2.13 to Eq. 2.9

1 -\ ,iq-X
¢y, = WZ Z ZZea(/ﬂqj)eq ®
Lk, al' k", 7 q'j’
X Dag (I3 ') €5 (+|q'5") €9 Qg Qg
1 * * . .
= o 3 QuQur XX el (vla) Das () es (Wlai’), (221)

qvjvjl ko Hl75

where the dynamical matrix is of the form

Dos (kK1) =Y Dag (Ik; 08') 7100, (2.22)
I
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The dynamical matrix is Hermitian and the eigenvalue equation for this matrix can
be written as
Wi (a) €a (5lag) =Y Dag (kr'a) es (1']aj) - (2.23)
KB
In Eq. (2.23), w, (q) is the phonon eigenvalue (or phonon frequency) and e (k|qj’) is
the phonon eigenvector. Since the dynamical matrix is Hermitian, the eigenvectors
can be chosen to satisfy

> ca (klag’) e, (slaj) = 6, (2.24)
> ea (6laj) e (K|aj) = dasdun (2.25)

J
If assumed that the displacements w,, (Ik) are real, it can be shown that e* (k|qj) =
e (k] —qj), wj (—q) = w; (q) and Qy; = Q_q;. By using the results obtained so far,
Eq. (2.21) can be written as

N 3n

1 *
¢y = N Z Z ququW? (q). (2.26)
q=1j=1
One may write in a similar way for the kinetic energy by noting that p2 (Ix) /M, =
Ww? (Ik) and after the calculation the harmonic Hamiltonian can be written as

1 M o
Hy= 5 2 z Qi Qayw? (@) + Q2 Qs - (2:27)
There are only diagonal terms in the harmonic Hamiltonian given by Eq. (2.27) and
one may obtain the decoupled equations of motion when the Hamiltonian equations
of motion are written for Hy. Further development in the lattice dynamical problem is
established within the formalism of quantum mechanics in Sec. 2.2.1, which eventually
allows the calculation of the quantities studied in the present work.

The actual calculation of the second-order IFCs and thus phonon eigenvalues and
eigenvectors can be established by using the DFPT [17,18]. The preceding calculation
is justified by the so-called harmonic approximation (a special case of an adiabatic
approximation, see Sec. 2.5.1) [15]. In practice, the crystal structures are first op-
timized by the DFT together with the plane-wave basis and pseudopotentials from
which the ground state electron density is obtained. Further, the second-order IFCs
are obtained by applying the Hellmann-Feynman theorem [17,47] (electron density
et cetera needed). The used plane-wave basis sets, pseudopotentials and exchange-
correlation energy approximations are listed in Articles I-IIT and the DFT method
used is summarized in Sec. 2.5.2.

The calculation of the third-order IFCs can be conducted by applying the adiabatic
approximation [15,48]. In some special cases, the third-order IFCs have been calcu-
lated by using DEPT [19], but at the present, no open source code is available. Instead,
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the third-order IFCs were calculated by using the finite-difference method, where the
IFCs are obtained from the numerical derivatives of single point energies. Since the QE
can calculate the force by applying the Hellmann-Feynman theorem [47,49], the finite
differences are needed to calculate only the second-order numerical derivatives. This
method is implemented in the ShengBTE program package [21,22]. The adiabatic
approximation justifies the preceding procedure provided the adiabatic approxima-
tion is valid for the description of the material considered. In particular, it is usually
expected that the adiabatic approximation is valid for insulating and semiconduct-
ing crystals [42]. A more detailed description of the theoretical and computational
techniques used to calculate the IFCs is given in Sec. 2.5.

2.2.1 Second quantization and phonons

The phonons can be considered as the collective excitations of a crystal lattice or
in other words, the collective movement of the atoms comprising a crystal lattice.
These excitations have similar properties as particles, for instance, phonons can have
rather well defined energy. In this section, the second quantization [50] and occupation
number representation is discussed in conjunction with phonons.

The occupation number representation is usually a rather convenient way to describe
many-body systems in quantum mechanics and it turns out to be a quite useful
technique in the lattice dynamical applications. Some principles of the method are
summarized below. The many-body systems in quantum mechanics can be described
by the spaces which are tensor products of the Hilbert spaces of one particle [51,52].
If one considers a system of m identical particles, then the space which can be used
to describe this system may be written as

H"=H®- - @H, (2.28)
N—— ——

xXm

where H is the single particle Hilbert space. If the number of particles is variable, then
the space which describes the system is the so-called Fock space, which is a direct sum
of tensor product spaces, namely [53]

FH) =0y H" =COHOHIH) D - . (2.29)

The m particle states are described by the vectors |¢) € H®™ and any such state can
be written as
[0y =D Y Vi, et @ @ Jei™)y (2.30)
in im

where the basis is assumed to be discrete, the subscripts {i,} refer to basis states and
the superscripts are particle labels. If the particles are identical, the latter may be
omitted. Further, in Eq. (2.30), v;,..;,, is the probability amplitude that there is one
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particle in the state i1, one particle in the state io,... and one particle in the state
tm-. It is quite generally accepted that there are two classes of elementary particles in
nature, namely, fermions and bosons. It turns out that the phonons are bosons and it
seems that for bosons there are only symmetric states in nature. A system of identical
bosons are thus described by symmetric spaces HY™ and F (H). For instance, let
|¢) € HE™, then

W)= 3 vy Sileh @ @el™y = 3 wiyi Sy lenen e, (2.31)

i1 senrim 1 senrim

where the particle labels haven been neglected and the symmetrization operator is
defined as

N 1 ~
S,=—%"P,, 2.32
+ \/ﬁ; n ( )

where the summation is over all n! permutations. There is some evidence that in the
case of bosons, the system can be in the state in which several particles can be in
the same state, that is, one could write for instance v;,;,4,..;,,- Therefore, in the case
of bosons, one may say that v;4,..;,, is the probability amplitude that there is n;,
particles in the state 7,1, n;, particles in the state iy, ... and n;,, particles in the state
im. Some of the {nzj} may be zero or in an extreme case there could be n;; = m
and hence the other {n;, } vanish. In the occupation number representation, the cre-
ation(annihilation) operators can be defined such that they create(annihilate) particles
in the states, thus, these operators are maps (functions) within the Fock space and al-
low the description of various interaction processes. Indeed, the description of various
interaction processes in terms of the creation and annihilation operators can be made
in an arbitrary case since it can be shown [51] that any bosonic or fermionic operator
can be written in terms of the creation and annihilation operators (including Hamil-
tonian). The symmetry(anti-symmetry) information of the states is included in the
commutation(anti-commutation) relations of such operators. For example, the simple
harmonic oscillator can be described with the mathematical construction discussed
above. In this case the system may be described by the vectors belonging to sym-
metric Fock space (energy eigenbasis) [51]. The creation(annihilation) operator maps
a ket |n) which belongs to an eigenvalue n to a ket which belongs to an eigenvalue
n+1(n—1). The same formalism can be used in the lattice dynamical problem, which
is discussed below.

In the quantum mechanical treatment, the displacement u (lx) and corresponding
momentum p (k) are considered to be operators satisfying the following commutation
relations (canonical quantization)

[t (Ik) ,t5 (K] = [Pa (IK), ps (I'K")]_ =0, [ta (Ik) D (I'K")]_ = ihdwdxwdas.
(2.33)
The operators are denoted by the symbols with a hat placed on them. The displace-
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ment given by Eq. (2.13) and the corresponding momentum may be written as
1) = <y 3 () 400, (2.34)

i (1) = Y2 S, (v]a) 950 20, RED
qaj

The next step is similar to that taken in the simple harmonic oscillator case [51], that
is, one defines (q; and its time derivative as follows

. ho 1Y
%= ) (o) .
dA hx,u 1/2
=i O (g -l 237

and writes Eqs. (2.34) and (2.35) as

o\ i N
U (I) = <2N2]\4) Y 1/2 (q) e 9*De, (k|qj) (aqj + aT_qj) : (2.38)
k a.Jj
A (MY o N
pult) =i () T @ 0, (i) (10 - L)) (239)
qQ,7

where dflj and aq; are the creation and annihilation operators for the phonon state

qJ, respectively. The commutation relations for a aqj, (q; follow from the commutation
relations given by Eq. (2.33), namely

{dj]j’ &L’j’}, = [aqj, gy - =0, [&qjv d;’j’}f =0;yA(d—d). (2.40)
Here

I iqeq
Afd—q) = Y ela 0, (2.41)
l

which is unity if @ — q’ is a translation vector of the reciprocal lattice (including zero)
and otherwise zero. By denoting
Ay =tg+aly, By=iq—iley, A—=dj, —A—-qj, (2.42)

and by using Egs. (2.38) and (2.39) in the Hamiltonian H = Hy + H,, one may write
1 A A At A
=3 hx < + a/\a)\> = 2> oy (404, + BIBy) (2.43)
)

Ho=SVN)AH+3 S-SV M)A, - Ay, (2.44)

A n= 3)\1 )\n
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where

V(Quji;- - - Qnjn) 5

XD N e Y @ayea, (0k1; ko U KL)

k1,01 lg,Kk2,02 InyKn,Qn

: <h>n/2 A+ +q)
nlN® [wjl (Q1) C Wiy, (qn)]1/2

€a, (R1]q1J1)  €ay, (K/n’qnj")ei[qz-x(l2)+“~+qn~x(ln)]
1/2 1/2 :

K1 Kn

(2.45)

From now on, the notations A and qj are used interchangeably. Furthermore, the
following notations are used w; (q) = w (A\) = wy. As mentioned earlier in this section,
any operator can be written in terms of creation and annihilation operators and indeed
this can be confirmed in the present case when Eqs. (2.43) and (2.44) are inspected.
Usually, the eigenstates of the Hamiltonian H, are considered to be stationary states
of the system and H, is treated as a perturbation. The preceding procedure is expected
to produce reasonable results when the anharmonic Hamiltonian H,, is relatively small
in comparison to ﬁo.

When similar steps are made as in the simple harmonic oscillator case [51], it can be
shown that the eigenstates of the Hamiltonian Hy can be written as

N 3n

TTTI (nai) ™" (al;)™ 110} = Inquis ++ Panion) - (2.46)
aq j

where |0) is the vacuum state and |nq,j, - - - Mgy js,) 1S the state with ng,;, phonons in
the phonon state q7; et cetera. A space in which |ng,j, - - - Ny js,) belongs is different
from those referred so far and it belongs to a tensor product space in which the
individual spaces in the tensor product are symmetrized Fock spaces and the Fock
space which describes the system is the direct sum of these tensor product spaces. As
in the simple harmonic oscillator case, the following relations hold for the creation
and annihilation operators

A~ 1/2
aqu |n(hj1 o .nQNj3n> = (nqj + 1) / ’n(ujl o Ngj Tt I nCleSn) )

1/2
= (ngy)"? [nquj, -+ Mg — 1+ Ny ) - (2.47)

Thus, dgj and dq; are one-body operators which act only on vectors of one subspace
in the tensor product leaving the others unchanged (identity operator for other spaces
in the tensor product). Now, one may say that when &Lj acts on the eigenket of the
harmonic Hamiltonian belonging to the eigenvalue ng;, another eigenket is obtained
which belong to the eigenvalue nq; + 1. By using the relations given in Eq. (2.47), one
may write

aq_j |nQ1j1 T nCINj3n>

N 3n

N 1
HU |nQ1j1 U nqu3n> = Z Z hwj (CI) (2 + nqy) |nQ1j1 o 'nQNj3n> ) (248)

a j
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where fw; (q) /2 is the vacuum energy. Thus, &qu increases the energy of the state

qj by an amount 7w, (q) and it is said that one phonon is added on the state qj.
One cannot annihilate a phonon from the vacuum, therefore aq; [0) = 0. Further,
kets belonging to different phonon numbers are orthonormal, which can be stated
mathematically as

(2.49)

<nqu3n U nqul |mQ1j1 U qu]3n> - 5nqulmq1j1 U 6nqu3quNj3N N

The properties of the creation and annihilation operators given by Egs. (2.40) and
(2.47) are essential when the expressions for quantities such as the lifetimes of phonons
are derived.

The definition of an operator O in the Heisenberg picture is

Oy (t) = i/ —iH1/h (2.50)

Within the harmonic approximation, the creation &Lj, g (t) and annihilation aqg; g ()

operators in the Heisenberg picture have the equations of motion

d ) - . X -
ih dtaq]H(t):{aqj,H(t),Ho]i, ih—al, y (t) = [al,  (t), Ho| . (251)

when the Hamiltonian Hy has no explicit time dependence. In the present case, oper-
ators in the interaction picture are equivalent since the Hamiltonian Hj is used. By
using the commutation rules given by Eq. (2.40), one may write

g (6) = oy (@) qur (1), il (1) = sy (@)l (1), (252

which are separable equations with the following solutions (here, the operators can
be treated as numbers for each t)

Ggjar () = Gqje” 9V, al, 4 (8) = ale @, (2.53)

The integration was made over the interval [0, ¢] and thus

Gqjr (0) = gz, Gl (0) = al;. (2.54)
2.2.2 Expansion of potential energy with respect to macro-

scopical variables

In order to calculate different physical quantities of a crystal such as the elastic prop-
erties, the following expansion of the Hamiltonian is made (see Refs. [15,54] and
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Article IV).

f=LT YTy SNy Y

m=1 N =0 (1 1) <m hm) k1=0 >\k km=02X,,
QD) ()
1 nm
x9s, Fagnqfimn - foqn qm -
m ni
X 2,1 2 h 2 1 2,h m,1 m,hm
faon . q@n - f (@1),_ g2 fag )t
v, “'fag;{1>...a%hm)f4h Ay A, A (2.55)

where the notation given by Eq. (2.60) is used and

{fa<m,1>“,amhm>} ; (2.56)

nm

is the set of mth macroscopic parameters with h,, indices. In expanding Flp, it is first
assumed that the Hamiltonian is a function of the macroscopic parameters and then a
power expansion in these parameters is written. Then it is assumed that the coefficients
g (indices neglected) of the preceding expansion are functions of the displacements
G (Ik) [and thus functions of the operators A, see Eq. (2.42)] and the second expan-
sion is made in the displacements. Examples of such macroscopic parameters are the
infinitesimal strain parameters (considered in Article IV) and electric field compo-
nents. For instance, the expansion in terms of the infinitesimal strain parameters can
be written as

A A

=2 ZZZZVWM( o) T Ar, - Ay, (2.57)

',umumn 0 X\,

where
Vinoopimem (A3 A5 5A) = — Z )RS ZZ"' >
lil,Oél loko,a2 Inkn,an /{1 l’ UK,
xA(q1+qz+---+qn)
X(I)oa O 41 o, (0'%1; l2/€2; e 'ln'%n; le/ﬁll; e 7l:n m)
XTO&l (A1|0/€1> a2 (A2|l2,€2) Oén ()\n|ln,in)
X Ty, (lll’fl) Ly, <l2"32) Ty, (l:n“/m) ) (2.58)
and

1/2
To (i) = (2]\2 ) wy Peiaxle, (k|N) . (2.59)
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In Eq. (2.57), the following notations are used

Z guzm, %EVZI;’

Hm
Hm = M1 Mm, Vm =V1:Vn,
uﬂml’m = quVl e uﬂm”m’

R EEEEP YD B SEED B
5\" >\1 >\n
Vi (An)

The total lattice Hamiltonian is now assumed to be of the following form

VM1V1~~~umum ()\1; )\2; Ty An) . (260)

H;=Hy+ H,+ H, = Hy + H,,, (2.61)

where Hy and H, are given by Egs. 2.43 and 2.44, respectively. The Hamiltonian H,
is used to derive the results of Article IV and the many-body perturbation theory
used to derive these results is summarized in Sec. 2.4.

2.2.3 Physical interpretation of phonon eigenvectors

In this section, a physical interpretation of the phonon eigenvectors and the phase
factors (like e'@*(®) is given. The interpretation is represented in Article IV and
to the author’s knowledge, no such similar interpretation in the lattice dynamical
context has been given in the literature before. However, in the relativistic quantum
field theory, a similar interpretation is given to unit spinors of spin-1/2 fields in the
expansion of quantum field operators, which are in turn analogous to the polarization
vectors of spin-1 fields [55].

Let {|l, k,a)} form a complete set (a basis) such that

STk, a) (o, k, 1] = 1. (2.62)

l,k,a

Then, one may write for the harmonic potential energy

A 1
Py =52 > Dopa (I l'W) |k, 0) (8,1, (2.63)
Lk, l' kB
where A
DPopo (5 U'K) = (o, 5, 1| Do), K, B) . (2.64)

By comparing Egs. 2.63, 2.64 and 2.9, one may identify

Dap2 (1K 1'K") = Dag (15 U'K') (2.65)
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and
1, K, a) (B, kU | = g (Ik) W (I'K') . (2.66)

Further, one may write Eq. 2.63 as

A

oy = 72 > Dupo (Ik; Uk) |1 K, ) (B, K, U]

lnal’m B

— 2N2Z 3 ZZ (oall, K, @) Dog (I3 Uk') (B, 1, |, §7)

Lk, al ', a,j q',j

x|a,5) (4, '] (2.67)

Here, the notation is inexact for the quantities (q, j|/, x, «). The kets |I, k, @) and |7, q)
should belong to a space with equal dimensions and this is indeed the case when [
and q is considered. The mode index has the values j = 1,2,...,3n, and thus, to be
more precise, one has to use a common index for the indices k, «, which (as a pair)
have 3n different values. For the sake of notational consistency with the eigenvectors
e (k|qj) and dynamical matrix, the indices are written separately.

Now, a comparison of Eqs. 2.21 and 2.67 shows that one may identify

(@, 411, 5, @) = eq (k]qj) €40, (2.68)

and
a4 5) (7' d'| = QqyQuqry- (2.69)

By using quantum mechanical interpretation [51], the quantities, (q, j|l, s, @) in Eq.
2.68 can be considered as the probability amplitudes of {j’} having the value j (for
each q) when {l',k’,a’} certainly have the values [, k, . In a similar way, one may
consider

|G allym, @) |* = [ als, a)|* = lea (slag)]”, (2.70)

as the probability of {;j'} having the value j (for each q) when {x’, &’} certainly have
the values k, a or the probability of {x, @’} having the values k, a when {j'} certainly
have the value j (for each q). The probability is not affected by the phase factor
e'@*() and thus, it is not affected by the cell index I (only phase difference matters).
By using the present notation, the conditions for eigenvectors given by Eqs. 2.24 and
2.25 show that these probabilities are normalized (cell index [ neglected)

2| (4, alr)|” ZI (j.alr, o) =1, (2.71)

where |(j, q|x)|* = |e (s|qj)|>. In other words, one may interpret |e (x|qj)|* as the
probability that the atom k vibrates in the phonon mode qj. The interpretation
given here is used in the analysis of the numerical results.
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2.3 Description of lattice thermal conductivity

The lattice thermal conductivity k.5 can be defined through the phenomenological
Fourier relation

orT
Jo=— 25: naﬁa—xﬁ, (2.72)

where J,, is the ath Cartesian component of the heat flux. The description of the lattice
thermal conductivity by theoretical means is a rather challenging task since the crystal
lattice is not in thermal equilibrium. Usually, it is assumed that the temperature
behave rather smoothly as a function of position and thus one may assume that
there is a local equilibrium in different parts of the crystal lattice. This simplifies the
treatment. In the approach used in the present work, the following form for the heat
flux is assumed

3= S (@) (@) gy (273)

where V' is the volume of the unit cell, ng; is the non-equilibrium phonon distribution
function and v (qy) is the phonon group velocity for the state labeled by qj. However,
it has been shown that the J given by Eq. (2.73) is a special case of more general heat
flux [56]. All the other terms included in J, except ng;, are known from the harmonic
approximation. In the BTE approach [25,57, 58], ng; is approximated by

| . omy
i FrVT)E 1 =T Ohuw!,

T %ﬁ,\ (hCU)\+F)\VT) = o F)\VT (274)

!
Wy =wx

In Eq. (2.74), n, is the so-called Bose-Einstein distribution function [see Eq. (2.88) of
Sec. 2.4.1]. When this approximate expression is used in Eq. (2.73), one can identify
the lattice thermal conductivity to be

o
Rap = LTV

ZW)\UQ ()\) 77L)\ (77L)\+ 1) Fﬁy,\. (275)

The unknown quantity F, can be solved iteratively by using the linearized BTE
[22,58-60] for the approximate distribution function ny. A summarized derivation for
the iterative solution of F'y was shown in Article II and the result can be written as

1 17 AN
Far = w22 [OXY (Faxr = Fae) + T (Fax + Far)]
AW
i ﬁw,\va ()\)

T, (D), (2.76)

where

X=2 3 (M + T + 301, (2.77)
)\/

)\/ )\/l
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In Egs. (2.76) and (2.77), T3*" is the scattering rate for a process in which a phonon
labeled by A vanishes and two phonons ', \” are created, while I'}}, is the scattering
rate for an opposite process. Moreover, Fil is the scattering rate for a process in
which a phonon labeled by A vanishes and a phonon ) is created. For example, I'}
could be a scattering rate related to two phonon processes caused by the isotopic
scattering [22,61]. These scattering rates can be obtained from the so-called Golden
rule or from the imaginary part of the phonon self-energy [62] (Sec. 2.4.2). The so-
called generalized RTs are related to the F, \s through the relation [60]
TF,

Ta (A) = Ryt ()’ (2.78)

and with these results, Eq. (2.75) can be written as
1
Kap = 3 > v (N vg () ey (N) 75 (), (2.79)
)

where the harmonic heat capacity at constant volume (strain) is of the form
co (\) = kpBPR*wing (ny +1). (2.80)

All the other quantities in Eq. (2.79), except 75 (A), can be obtained within the har-
monic approximation. That is, in order to calculate the scattering rates Fﬁ/’\” and Fj\\i{,,
the third-order IFCs are needed. The computational details and convergence of the
lattice thermal conductivity with respect to q mesh size was discussed in Articles II

and III.

It is usually expected that the scattering rates Fﬁ/’\”, Fj\\//(, are rather small at relatively
low temperatures (such as temperatures below 50 K). Therefore, at low temperatures,
other scattering mechanisms are usually the ones which mainly lower the lattice ther-
mal conductivity. In ShengBTE, the isotopic scattering included is a rather rough
approximation. Thus, the accuracy for the isotopic scattering rates is probably not
comparable to the accuracy obtained for the scattering rates Fﬁ/’\”, Fﬁg,. Indeed, this
was verified in Article IT (see also Sec. 3.3), where the experimental and computational
results for d-Si were compared at low temperatures.

Before the iterative solution of the Boltzmann equation was established, various RT
models were developed to describe the phonon scattering. To get the overall picture
behind the relaxation time approximations, let

ha})\va ()\) _
and 1
i = 5 230 [T (B = Far) + T (Fay + Fuw)]. (2.82)
A/ )\//
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Now, Eq. (2.76) can be written as F, \ = Fg)fl) + F7 . If one assumes that Fy, v =
Fo =0 for each ', \” # A, then F,, \ = Fg?,\. The corresponding RT may be written
as [Eq. (2.78)] .
0 _ TFa,A

T, (A) = honte () (2.83)
which is called single mode relaxation time (SMRT) and if one uses this approxima-
tion to solve the RT, the approximation made is called single mode relaxation time
approximation. The quantity F, ) is a measure of the deviation of phonon energy
from the harmonic value. In SMRT the deviations Iy, » = F, »» = 0 and thus all the
other states are assumed to be in equilibrium except A, from which the name SMRT
originates. In SMRT, the RTs of the states are assumed to be independent. In general,
as Eq. (2.76) shows, the preceding is not valid and the deviations of states from the
equilibrium change the RTs of the other states. In times when the iterative solution
of the BTE was not available, various approximations were developed to go beyond
SMRT approximation, that is, approximations for F| éf&d ) were developed. In Ref. [57],
different approximations are discussed including the Klemens’ [63], Callaway’s [64]
and Srivastava’s [65-67] model.

2.4 Many-body perturbation theory applied on lat-
tice dynamics

The method of many-body Green’s functions and many-body perturbation theory
are rather convenient methods in solving problems on various systems. In addition
to condensed matter problems [13, 14,40, 62, 68-74], the method is applied in the
relativistic quantum field theory [55, 75-77]. There are several seemingly different
many-body Green’s function formalisms such as the zero temperature, real and imag-
inary time (temperature) Green’s functions. These different techniques are treated
together within the contour formalism discussed for instance in Refs. [14,74]. The
Green’s functions can be used to calculate several different quantities of interest in
many-body systems such as the ensemble average of an arbitrary operator or the
ground and excited states of a system [12,13]. The Green’s functions are named after
the British mathematical physicist George Green.

In the present work, mostly the imaginary time Green’s functions were considered
and in Article IV, the method of many-body Green’s functions is used to derive the
thermodynamical and elastic properties of crystals. In this section, the method is
summarized and few example derivations of the results given in Article IV are shown.
As already mentioned, the imaginary time Green’s functions are related to the real
time Green’s functions. Sometimes the calculations are made by using the imaginary
time Green’s functions and the other Green’s functions can be obtained by changing
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time (or frequency) variables in an appropriate way. In Sec. 2.4.2 the determination
of the retarded real time Green’s function is performed by using the imaginary time
Green’s function formalism in order to obtain the lifetime of a phonon state.

2.4.1 Harmonic ensemble averages

In this section, few results for harmonic ensemble averages are given. These results
are used in the actual calculations represented in Articles I-IV. The results of this
section can be found for example from Refs. [15,46,78,79]. An ensemble average of
an operator O in canonical ensemble, can be written as

(0) =271y (n|e™™Oln), (2.84)

where

Z=> (n BH|n =Tr {e‘ﬁﬁ} ) (2.85)

and |n) is an eigenstate of the Hamiltonian H. The harmonic ensemble average is
denoted as

(0), = 2" X tnle0ln). (2.56)
where the eigenstates and the summations over n can be written as (Sec. 2.2.1)
|n> = |nq1j1 e nqu3n> ) Z Z Z : (2'87)
gy =0 Nap jgn =0

For example, by using the results of Sec. 2.2.1, an ensemble average of fiq; = dgj&qj
can be written as

. 1 _

which is the Bose-Einstein distribution function. By using Eqgs. (2.43) and (2.88), one
can write )
<H0>O =Y hwj(q) (ﬁqj + 2) : (2.89)
]
In a similar way, by using Eqgs. (2.38), (2.39) and the result

(tqjily), = Mgy + 1, (2.90)

one may write for the displacement-displacement and momentum-momentum ensem-
ble averages

(tio (Ik) g (') = 2N<MM 1/22 (klaj) e (v'|aj) i (a)

x O (95 4 1) (2.91)
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h (M, M,)"?

(o (16) Bt (1R))y = 5 S e (klaf) €5 (') ()

x b0 (95 4 7). (2.92)

For a physical interpretation, a special case of Eq. (2.91) is (42 (Ik)),, which is the
mean square displacement of the atom [k from the equilibrium position x (lx) in the
direction «. The harmonic Helmholtz free energy can be expressed as

X X N 3n  ,—1fhw;(q)
F() = —ﬂ_ an() —B In HH — e ~Bha; ()

= B Z { Bhw; (q) + In (1 - e_ﬂh”j(q)ﬂ . (2.93)

The definition of isothermal and adiabatic elastic constants can be made by expanding
the Helmholtz free energy and internal energy to Taylor series in strains n;; and
temperature, that is [45,78, 80]

8F 8F 3 O*F

F= Fy+-=T+ w e/ POV

m o1’ M;I on',, ngl 877;“,6T’ ’

1 5 O*F

+5 Z a5 M Muave 77
2 11,01 ,42,v2,l=1 77111V1 anuwz " rare
ou 59U 3 o2
U= U ’ T
w gl L e 2 Gy

13 2
R S

Ny Mpsv +"'> (2-94)
w1,v1,p2,v2,0=1 877#11/1817#21/2 o o

where the finite strain parameters may be written in terms of the infinitesimal strain
parameters as

1
o= (4 0+ T 299
The coefficients in Eq. 2.94 are
oOF oF T oU ou A
- _ — — = = 2.96
aT ’ a’r]#y O‘/"l/ ’ aT K alr]}lfl/ O-/“/ ’ ( )

where S is the entropy, C, the heat capacity at constant strain (volume), O’T the
isothermal stress and O’A the adiabatic stress. Moreover, the kth-order adlabatlc and
isothermal elastic constants may be written as

k k
i =c! ou = . (2.97)
an,ulVl e anukuk

)
H1V1 MgV anmm .. 'anltk’/k M1V PV
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Now, the free energy Fj can be used to derive other thermodynamical and elastic
properties (within QHA) as it is done in Article IV, for example

B OFy hwy ([ _ 1 _ ~1/2

SO = = <n>\ + > - kB In [n/\ (n/\ + ]-)] ’
T 03 ; T 2 ; ( )

1

Uy = ZhW)\ (m—i— 2) = ZU@ ()\),
A A
oUy 2_

On,O = 87T :kBZ[hw)\ﬁ] Y (TL)\—l—l) :ZCW ()\>7
A A
0?F,
877;u/a77u’z/ = ,u,yu wo = = Z UO IYNVM’V’ ()\) — 7—‘077 ()\) Vv ()\) Yu'v! ()\)] ,
1 8"w
Vv (A) = —— . ) (2.98)

Wi anulm 877,u2V2 o anunvn

where \Sj is the harmonic entropy, Uy is the harmonic internal energy, C, o is the har-
monic heat capacity at constant strain, CZVMV’,O is the second-order isothermal elastic
constant (within QHA) and %1,,1...%,,” (\) is the so-called generalized Griineisen pa-
rameter. In the expression of CW 0 8iven by Eq. (2.98), the static lattice contribution
is neglected. The CTE within the QHA can be written as [78] (subscript 0 neglected)

877#11/1 _ . > 2 99
877-' = Qi = Z H1V1M2V2 ZCU 7N2V2 ) ( ) )
p2,v2=1
T : : T
Here, s, ,, 1,1, 18 the tensor inverse of the tensor ¢, ,, ..., namely
3
T T _
Z 6#1111#21128#21/2#31/3 - 6N1H36V1V3' (2'100)
p2,v2=1
The inversion of s” and ¢’ is discussed, for example, in Ref. [79]. In the

K1V p2V2 M1V p2V2
case of cubic crystal structures, for example, one may write

T T
Ci111 T Cii22

T
s
i (0{111 - Cripuz) (0{111 + 20{122)7
T
31T122 - (122 )
(cfinn — cfi29) (cfinn + 2¢i90)
32T323 = 1/05323' (2.101)

A special case of Eq. (2.99) was used in the numerical calculations conducted in Ar-
ticle I for cubic structures, where only the static lattice contribution to bulk modulus
Br was taken into account, namely

S e (N7 (V). (2.102)
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In Eq. (2.102), ay is the volumetric CTE and By is the isothermal bulk modulus
defined in the case of cubic crystals as [78,79]

1 3
— =3(s{y1 +280190) = 57— 7 2.103
By ( 1111 1122) el +2¢h 0 ( )
Further, v () is the volumetric Griineisen parameter [81]
Vv aw)\
A =———. 2.104
T =-222 (2.104)

Since only the static lattice contribution to By was included, the temperature depen-
dence of Br was neglected in Article I. In Article IV, expressions, for instance, for
the CTE was derived by applying many-body perturbation theory. The CTE have a
connection to lattice thermal conductivity and this is discussed in Article IIT (see also
Sec. 3.2).

2.4.2 Green’s functions and phonon self-energy

The evaluation of the perturbation expansion which is used to derive the results of
Article IV (considered in Sec. 2.4.3) can be made by using some results from the
theory of the many-body Green’s functions [12-14,54,62,68-70, 72-74], namely

Go(MrINT) = (T {Avi (1) Av i (7)}), = Go (ATIN0)
= 0(7) (A (1) A1 (0)) + 60 (=) (Axr (0) Axs (7))
= Ox-af (7) {eh“’”ﬁ,\ + e AT (i 4 1)]
FOranf (—7) [e "Ry + "7 Ay + 1)
Go (A\TINT) = Orxay (2a+1), Oaeay =dA(a+d),

0

Go (AT|A0) = Go (A1) = Z Go (Nwn) elnT.

n=—oo

B 2wy, _ 21
GO <>‘|wn) - Bh[w§+wg]’ Wn = Bh,
1 /8 .
Co(Men) = 3 /0 Go (AT|N0) e~ (2.105)

In Eq. (2.105), 6 (7) is the Heaviside step function, the time ordering 7 {- - - } is defined
by the second row and the operators are in the interaction picture

A

Ay (1) = oA e o, (2.106)
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The method of many-body Green’s functions can be used to derive expressions for
the lifetimes of phonons, as it is done in Ref. [62]. This can be done by evaluation of
the Fourier transform of the interacting one-body Green’s function

GrN) = (T{A\(r) Ay (0)})
S <‘k1!)k <7'{ lﬁ / Y i, (Tk)l Anr (7) Ay (0)}>

k=0

0,c

(2.107)

where the subscript ¢ indicates that only the so-called connected terms in the ex-
pansion are taken into account. A derivation of such perturbation expansion can be
found, for example, from Refs. [13,14]. A similar expansion was also used to derive
the results of Article IV. A derivation of the aforementioned expansion is given in Sec.
2.4.3. The ensemble averages in the perturbation expansion given by Eq. (2.107) can
be simplified by using Wick’s Theorem of the following form [54, 74, 82]

(T{A\ 4w }),, = §<T{AA1AM}>O <T{ 12'n[ AAZ}> . (2.108)
k=2 I#1,k 0.

For instance, one may write for the ensemble average of four operators

(T{An - An),, = (T{AALE) (T {AuAn]),
+ <T{A)‘1AA3}>0 <T{AA2A’\4}>0
+ <T{A’\1121A4}>0 <T {A/\QAAS}% ' (2.109)

Further, one may use the following symmetry properties of the coefficients [the nota-
tion from Eq. (2.60) is used|

V()\1;>\2;...;)\n) = V()\Q;Al;...;)\n):"',
Vﬁmf/m (Al;)\Z;-”;)\n) = mepm ()‘2;)‘1;'--;/\11) =, (2110)
to identify identical terms in the expansion. In some cases, the preceding symmetry

relations may lead to a rather significant reduction of computational requirements. In
Ref. [62], the following terms in the expansion of G (A7|\") were included

G()\T‘)\ ~ _/ dTl H4 Tl)A/\I( )A)‘/’I (O)}>Oc

4o / d7'1/ dry (T {Hs () Hs (m2) Axs (7) Ay 1 (0)})

Y

(2.111)

0,c

where H; and H, are the third and fourth-order Hamiltonian terms given in Eq.
(2.44), respectively. After the substitution of the Hamiltonians and applying Wick’s
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Theorem given by Eq. (2.108), the Fourier transform of Eq. (2.111) can be written as
(here A = qiji, ' — daj»)

G (aiji; @ejolwn) = —128 > V(Qiji; d2j2; Asjs; —dsJs) (2Nqujs + 1)

as,Jj3
x Gy (Q1j1|wn) Go (QQj2|Wn)
2 I A TR Iy
+188% > > V(auji; aode; dit) V (=1t 5%; —dbs)
qd’,51 d5.35
xGo (quji|wn) Go (qzj2|wn) (2ﬁq’2j§ + 1) Go (qyj1 lwn = 0)
+1852 Z Z V(Q1j1§ql1ji§q/2j§)
U

xV (q2j2; —qlﬁis —qlzjé) Go (auji|wn) Go (daj2|wn)

[e.e]

X Z Go (qlljﬂwn’) Go (qgj;wn") Ot - (2.112)

n/ ,n''=—co

In obtaining Eq. (2.112), the following result was used

B .
/ dren™ = B0, (2.113)
0

The aim is to write the expression for G (qij1ja|wn) in such a way that one can sum
certain terms up to infinite order and beyond the approximation given by Eq. (2.111).
In particular, it can be shown that G (q1J1; q2ja|w,) may be written as [62]

G (q1j12lwn) = 6,5 Go (it |wn) + Go (quji|wn) Y X (qujitwn) G (q1j1je|wn) ,
7t
(2.114)
where G (q17172|wn) = G (q171; Q1j2|w,) and the proper phonon self-energy is defined
as

S(auijtlwn) = =128 ) V(—auji; diy; 9sjs; —dsis) (20qy), + 1)
q37j3
+186% 37 >V (—awji; aiiy; dadz) V (auit; —di s —abis)
qy.j7 d5.35
o0
< S Golalitlen) Go (bl b (2:115)

It should be noted that Eq. (2.114) goes beyond the approximation given by Eq.
(2.111), that is, Eq. (2.111) is included in Eq. (2.114) and iteration produces higher-
order terms. For example, one may iterate Eq. (2.114) and write

G (qaujijelwn) = 655,Go (Qujilwn) + Go (Quji|wn) B (dujijelwn) Go (qujz|wn)
+Go (quji|wn) Z by ((hjljﬂwn) Go (quﬂwn)
7

XX (qujijalewn) Go (Qujalwn) + -+ . (2.116)
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If one considers only the diagonal terms in the phonon self-energy, that is ¥ (qi71j1) —
¥ (qjj) = 2(qyj), then Eq. (2.114) may be written as

o0

G(qjj|lwn) = 6;7Go(qjlwn) Y [Go(qjlwn) B (qjlwn)]”

n=0
0,5 Go (qj|wn)
1-— Go (CIJ‘Wn) 2 (Qlen)

2 y 5 -/
= w] é/q) . J;wv(q) . ’ (2117)
Ph w3 (@) + w2 — 2425 (qjlwn)
where the infinite series is convergent for
|Go (qj|wn) E (qjlwn)| < 1. (2.118)

The non-diagonal terms in the phonon self-energy (j; # ji), which were neglected
in Eq. (2.117), are sometimes called polarization mixing terms. The result for the
summation in Eq. (2.115) is given in Appendix A by Eq. (A.31), thus

S(ajf|wn) = —128> V(—aj;qj’sdiji; —aiji) (2nqy, + 1)
qlvjl
5 o . . .
+185 > V(—ajidui; d2d2) V(a5 —qij1; —a2d2)
a3l oy
T_LQQJQ + ﬁq1j1 + 1 _ ﬁ‘hjl + ﬁcujz + 1

wj, (A1) +wj, (Q2) +iwn  —wj, (A1) — wj, (A2) + iy
+ Naiji — Nagjs _ Naiji — Nagjs
—Wj (ql) + Wijg (q2) + wy, Wiy (ql) — Wy, (q2) + wy,
(2.119)

The retarded self-energy provides the phonon lifetime and energy shift and can be
obtained by replacing iw, — w+ 1€, w, € € R and by taking the limit ¢ — 0. Then, by
using

l = o S e

0w —xEie (w—2)p Fimd(w-2), (w—1)p ~ o (w—2)"+ ¢’

(2.120)

one may, in order to divide the self-energy into real and imaginary parts, write Eq.
(2.119) as (7 = j')

I : :
_%EEIEOE(M@\ tie) = A(\w)Fil' (Mw), (2.121)
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where

A (Mw)

12
+ Z V=X =N) 20y + 1)
)\/

1
—1855 > DIV (AN NP
h2 NN
’ﬁ,)\/ + ’ﬁ,)\// —|— 1 _ 771,/\/ —|— ’ﬁ,)\// —l— 1

(w+w,\/ +CU>\//)P (w—w)\/ —u})\u)P

ﬁ)\/ - 'ﬁ/,\// ’]71,)\/ — ﬁ)\//

(w—wy + w,\//)P (W~ wy — (,«J)\N)P
18— SOSTV (= N NP
h? 5
X {(ny +ny +1)d [w—wy — wy]
+ 2(7_1)\/ —szu)(S[w—i—w,\/ —LU)\//]}. (2.122)

I'(Alw)

The retarded Green’s function can be written as

2w, (q) 05y
Bh w?+w?(q)+2w; (q) {A (gjfw) + il (qfw)}

GR (qjj'|lw) ~ (2.123)
The real part of the retarded self-energy A (A|wy), represents the shift of the phonon
eigenvalue wy caused by the third and fourth-order anharmonic Hamiltonian while the
imaginary part I' (Alw,) is proportional to the reciprocal of the lifetime of a phonon
state A [62]. The imaginary part of the retarded self-energy is used in the zeroth-order
solution of the linearized BTE in the ShengBTE program [22].

To summarize, the Green’s functions give information about the states of a many-body
system. For instance, the poles of the non-interacting Green’s function Gy (qj|wn)
are the harmonic phonon eigenvalues wy, while the poles of the interacting Green’s
function are shifted by an amount 2w; (q) {A (qj|w) + I' (qj|w)} and are complex,
in general. By approximating the interacting Green’s function as in Eq. (2.123), some
particular class of interactions are taken into account up to infinite-order as can be
seen from Eq. (2.117). This particular class of interactions is generated by the phonon
self-energy ¥ (qj|w,), which is a special case of Eq. (2.119). If the approximation given
by Eq. (2.123) does not describe the system appropriately, one may have to include
the polarization mixing in order to obtain reliable results.

2.4.3 Evaluation of the perturbation expansion

Here the evaluation of the perturbation expansion used in Article IV is summarized.
The present method is based on the imaginary time Green’s function formalism [40,
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41,54]. The starting point is to find a suitable form for the partition function to be
used in the perturbative calculations and to obtain such a form, one may write

o~ BHy _ o B(HotHint) _ ,—~BHo & (8), IS (B) = e—ﬁﬁmt, (2.124)

since ]:IO and ]—ilmt commute. With this notation, the partition function may be written
as

Z=27,(3(8)), (2.125)
The ensemble average in Eq. (2.125) can be written as [Eq. (2.86)]
(83), = 25" L nle ™5 (B) In). (2.126)
and after differentiation of S (B) with respect to
5550 =~ B (5)89). (2,127

It can be seen from Eq. 2.124 that S (0) = 1. Then, by integration and iteration of
Eq. 2.127, one obtains

~ o0 _1 h IB B R R
S =1-% ( h') /0 o | AT { Bt (71) - Bt (70) } (2.128)
h=1 't
where A ) R o )
S(B) = e PHimt Hipy (7;) = €0 Hypye 100, (2.129)
and the time-ordering means that
T{Hin (11) -+ Hing (1) } = Hing (1) Hine (), 71> .. > 7 (2.130)

The interaction Hamiltonian H;,, (7;) is given by Eq. (2.61), that is H,,=H,+ H,.
Now, by using Eqgs. 2.125 and 2.128, the perturbation expansion for the partition
function can be written as

N O L 8 . .
Z = ZO};) o /0 dry - /0 dr (T { Hint (71) -+ Hina () }), (2.131)
and the Helmhotz free energy may be expressed as
1 1 A .
F:<I>O—Ban0—Eln<8(ﬁ)>0:Fo+FA. (2.132)

where Fy is given by Eq. (2.93) and F, is the last term after the first equality in Eq.
2.132. One can show by using, for instance, combinatorial arguments that only the
connected terms need to be included in the expansion of F4 and one may write [41,54]

Fa=—=(3(9)

h==3 (2.133)

0,c ’
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As in Article IV, all the anharmonic elastic and thermodynamical quantities consid-
ered can be written in terms of the harmonic ensemble average S (f), namely

Us = —55 (30)),,.

~ 1 /4 1 0 /4 1 /- .
Sa = 75(80),, ~ 735 (58, =7 (Ua—Fa),
- 0% .
Can = Ty (3O,
~T 1 8k<§ (ﬁ)>0,0
C =

V1 g ) )
M1V PV 6 au,ulm . 8”/%”1@

Upq vy :07“"7“%1’}9 =0

(S
A _ 9 < (5)>°’c . (2.134)

H1V1 gV 66 auulvl - au,uka

where Uy is the anharmonic part of internal energy, S4 the anharmonic part of entropy,
C 4, the anharmonic part of heat capacity at constant strain, 6511,1‘,. s, 0he kth-order
isothermal and éﬁl’/l"'ﬂkl’k the kth-order adiabatic elastic constants. Thus, one may
calculate all the quantities considered here in terms of the ensemble average taken
over the quantity S (8). This makes the actual calculations rather consistent since
one can consider the elastic and thermal properties of a crystal by means of the same

perturbation expansion. The CTE can be written as [78] [see also Egs. (2.99)-(2.101)]

- 0035 1 & or A T
G == Sund g T > S e (‘775 - 075) ’ (2.135)

which can be evaluated by using the quantities included in Eq. (2.134).

The following steps are made to evaluate the integrals over the ensemble averages as
in Eq. 2.131: the ensemble averages are simplified by using Wick’s Theorem given by
Eq. 2.108, the resulting Green’s functions are written in terms of their Fourier series
given in Eq. 2.105 and finally the integrals are simplified by using Eq. (2.113). The
resulting summations can be calculated by applying the residue theorem as shown
in Appendix A. Terms in the expansion can be represented with algebraic expres-
sions or alternatively by diagrams (see Sec. 3.4). Terms of the perturbation expansion
considered in Article IV were

(88))g s =~ /06 dr (T {H. () + H, (m)}), (2.136)
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<S’(B)> — 1/’3d7'1 | d7'2<T I:Ia(Tl)I:Ll(TQ)}>

0,c,h=2 2

and
(59, 0s = —é /Oﬁdrl OBdTQ OBdTg (T {fa(r) Ha () Ha ()},
1 05 dm 05 dry /05 drs <T{ T, (11) a, (72) H, (73>}>ch
—1 /(;B dTl OB dT2 OB dTg <T{f{s (7—1) f{s (7—2) f{a (7—3)}>07C
—1/05d71 OBdTQ OﬁdTg <T{ﬁ5 (r1) H, (1) H, (7'3)}>0’C
(2.138)

While the first order term, Eq. (2.136), was considered as a whole, only some terms of
Egs. (2.137) and (2.138) were taken into account. Few example calculations for Egs.
(2.137) and (2.138) are established in Appendix C.

2.5 Interatomic force constants and density func-
tional theory

The IFCs have been quite central quantities in the discussion so far, but not much have
been about mentioned how IFCs are actually calculated. In this section, a summary
of the methods applied is given. In Sec. 2.5.1, the quantum many-body problem is
discussed and the adiabatic approximation is considered. The DFT applied in the
present work in order to calculate the IFCs is considered In Sec. 2.5.2.

2.5.1 General notes and adiabatic approximation

In a non-relativistic case, a state which describes a quantum mechanical system can
be obtained by solving the Schrodinger equation [51]

mgt 0) = A |¥) = E|0), (2.139)

where H is the Hamiltonian of the system and the same equation holds for a partic-
ular representation chosen. For example, the present many-body system is the lattice
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comprising n electrons and k nuclei for which the wave function in the position rep-
resentation may be written as W (ry,...,r,,Rq,...,Rg). The ket |¥) or the wave
function obtained by solving Eq. (2.139) can be used to calculate the expected value
of an observable O. In the case of electrons, for instance, the kets and wave functions
are anti-symmetrized such that the anti-symmetrized m-body wave function can be
written as [compare to Egs. (2.31) and (2.32)]

O _aw . & = L N qyNew g
A B S S‘_\/EZ( e p (2.140)

where N (o,,) is the number of inversions in the permutation o,,. Due to the complexity
of Eq. (2.139) in the case of many-body systems, some approximate methods are
needed to solve the Schrodinger equation. In one of the simplest approximations,
called the Hartree-Fock approximation, one assumes that the Hamiltonian does not
contain two-body interactions, except in some average sense [see Eq. (2.158)], and
that the wave function can be written as [12]

v

i1im S Wy -0, (2.141)

The right hand side of Eq. (2.141) is sometimes called the Slater determinant. To make
a comparison, in the case of discrete basis, a general m-body state can be written as
(Sec. 2.2.1, anti-symmetrization neglected)
)= 30 Wi, o)) @ @ fef)) (2.142)
11 tm 611 ezm .
i1ymrim

and in the special case of Eq. (2.141), this state becomes

)~ 3 i U fel) @@ fel)) (2.143)

i1y

If a quantum state can be written in the form given by Eq. (2.143) [or Eq. (2.141)],
it is said to be separable, otherwise it is said to be entangled [83]. Therefore, the
Hartree-Fock approximation assumes that the states are separable, which is not the
case in general. Sometimes the Hartree-Fock approximation does not describe the
system appropriately due to simplifications made and more rigorous methods are
needed. However, when calculating better approximations for the wave function, the
computational cost increases rather rapidly as a function of system size and some
alternative methods may be needed in order to describe the many-body quantum
systems. In addition to the calculation of the many-body wave function, there are
several alternative ways to calculate observable quantities for a many-body quantum
systems. One approach is to use the many-body Green’s function method [13, 14,40,
62,68-74,84] discussed in the lattice dynamical context in Sec. 2.4. Another and rather
extensively used method in the computational study of many-body quantum systems
is the DFT [85-88], which is applied also in the present work [17] (see Sec. 2.5.2).
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Before even choosing the approximate method in order to solve the Schrédinger equa-
tion, the wave function is usually simplified by some other means. In the case of crystal
lattices, for example, due to the rather large mass difference between electrons and
nuclei, the wave function can be written within the so-called adiabatic approximation
as follows [15,42, 48]

v, (r,R) = ¥, (L E) ~ X (u) 0, (L E) , (2.144)

where ) 3 .
r=ry,....,r,, R=R;,....,R;, u=uy,...,u;. (2.145)

In Egs. (2.144) and (2.145), the tilde placed on the R = x+u indicates that the nuclei
coordinates are treated as parameters and the subscript n refers to some particular
electronic state. Further, {u;} are the displacements of the nuclei from their equilib-
rium positions {x;}. A special case of the adiabatic approximation is the harmonic
approximation [15,42] in which

U, (1, R) ~ ¥, (r,R) ~ ¢ (w) 6, (1, ). (2.146)

where the electronic wave function depends only on the parametric equilibrium posi-
tions x instead of the instantaneous positions R of the nuclei. Within the adiabatic
approximation, the Schrodinger equation for electrons with fixed R can be written as

Hodr (1, R) = Eagln (1, R),  Hog = He + Hep + Hon, (2.147)

where H, is the electron-clectron interaction Hamiltonian with the kinetic energy of
electrons included, ﬁen is the electron-nuclei interaction Hamiltonian and f[m is the
nuclei-nuclei interaction Hamiltonian. Within this approximation, the nuclei are fixed
to their instantaneous positions and the kinetic energy of the nuclei vanishes. Thus,
the second-order partial derivatives of F,; with respect to the nuclei coordinates,
evaluated at the equilibrium positions, can be used to calculate the second-order
IFCs included in the harmonic Hamiltonian Hy [Eq. (2.6)]. To obtain the second-
order derivatives the Hellmann-Feynman theorem [47] may be used with the DFT and
DFPT [17]. Since the adiabatic approximation is valid for the instantaneous positions
R of the nuclei, one may use finite differences to calculate estimates for the higher-
order IFCs as well. The validity of the adiabatic approximation is considered in Refs.
[15,42] and it is usually expected to hold in the case of insulators and semiconductors.

2.5.2 Density functional theory

The DFT allows the calculation of various observables of a system without the knowl-
edge of the many-body wave function, which usually makes the numerical computa-
tions more feasible. Let the Hamiltonian of the system be H=T+V+W, where T
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is the kinetic energy of electrons, V is the external potential and W is the electron-
electron interaction potential. The external potential in the present case could be the
interaction between the fixed nuclei and electrons. The Schrédinger equation can be
written as

(T+V+W) ) =EW), (2.148)

and it can be shown that the external potential may be written in the form
ﬁ’::j/drﬁ(r)v(r). (2.149)

In Eq. (2.149), i (r) is the electron density operator. The form of the operator given
by Eq. (2.149) is quite general because, when one (assumed to be diagonal) and
two-body interactions are included an arbitrary operator (in non-relativistic quantum
mechanics) can be written in terms of the creation and annihilation operators as

[14,51]

0= /dr01 ()t (r) ¥ (x) + ;/dr/dr’OQ (r, ) Of (r) ot () (') (x), (2.150)

where 97 (r) 4 (r) = 7 (r). The operators ¢’ (r) and ¢ (r) satisfy the commutation
(anti-commutation) relations in the case of bosons (fermions), namely

[0 @), ()], =d(r—1). (2.151)

For instance, in the case of fermions, Eq. (2.150) can be written in terms of densities
as follows

0= [ dro (r)ﬁ(r)—; [ dros (r,r)ﬁ(r)—l—; [ [ dv'o, (e 2 ()2 (). (2152

Now, the Hohenberg-Kohn theorem [89] states that there is a bijective map (function)
between potentials and ground state wave functions and a bijective map between the
ground state wave functions and ground state electron densities. A ground state |t)g) is
defined to be a state with the lowest energy. Since a bijective map is also invertible, the
ground state wave function can be calculated, in principle, by using the ground state
density et cetera. The ground state expected value of an observable can be written as
O = (1hy|Othe) and in particular for energy

Ey=F+ /drn ()5 (r), F= ol + W) . (2.153)

Here, F is the Hohenberg-Kohn functional and ¢ (r) is a fixed external potential at r.
Since the so-called Rayleigh-Ritz variational principle states that the expected value of
the energy is greater or equal to the ground state energy E, o, namely (¢|E,|¢) > E, ,
one may use the calculus of variations to obtain an expression for the energy. The
ground state energy can be found when

0E; oF

on (r) =he on (r)

—k-9(r), keR (2.154)
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However, the form of the functional F' is not known and in the practical implementa-
tions it is approximated in various ways.

The actual implementations of the DFT are sometimes, as in the present work, based
on the Kohn-Sham scheme [90]. Within the Kohn-Sham scheme, the electron density
of the interacting system can be calculated by using the eigenstates of the Hamiltonian
H, = T—l—VS, where the external potential V, is assumed to be known. The Schrodinger
equation for this Hamiltonian, H, |¥,) = E,|¥,), can be written separately for each
eigenstate, that is

h2

[— VI + vy (r)] on (ro) = €0, (ro). (2.155)
2me

The approximate ground state wave function can be represented as a Slater determi-

nant of the eigenfunctions ¢, (ro) and the electron density at r may be written in

terms of the single particle wave functions

n(r) =33 |o, (ro)]?. (2.156)

The wave functions {p, (ro)} are sometimes called the Kohn-Sham orbitals. The
interactions are included by defining the Hohenberg-Kohn functional as a sum of
kinetic energy of the non-interacting system Ts, Hartree energy FEj and exchange-
correlation energy F,., namely

F=T,+ E), + E,.. (2.157)

The kinetic energy can be calculated from the expected value T, = (U, |T|¥,) and the
Hartree energy is given by [compare to Eq. (2.152)]

Ey = ;/dr/dr'w (r,r)n(r)n(r), (2.158)

while the form of the exchange-correlation energy is unknown in general and various
approximations are needed. After using Eq. (2.157) in Eq. (2.154), one may write
(k=0)

Vs (r) = 0(r) + vy (r) + vz (1), (2.159)
where
oT; _ B _ r'w (r, ) n(r'), v (r) = OEs
v (D) =gy )= 5 — [arwex)n (), o) 571(?)2.160)

Now, the expression for v (r) given by Eq. (2.160) can be used in Eq. (2.155) and
provided the expression for the exchange-correlation energy and potential is known,
the electron density can be solved. In Article I, the local density approximation
(LDA) [85-87,90-92] for the exchange-correlation energy was used, while a gener-
alized gradient approximation (GGA) [93-96] was used in Articles II and III. In the
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local spin density approximation (LSDA), the exchange-correlation energy is assumed
to be of the following form

ELSDA / dreye [y () np (1)) 1 (r), (2.161)

where €. [n (r),ns (r)] is the exchange-correlation energy at r of the homogenous
electron gas. Given Egs. (2.152), (2.157), (2.158) and (2.161), the present approach
gives a rather general form for the Hohenberg-Kohn functional apart from the ap-
proximation made for the exchange-correlation energy €. [n, (r),ns (r)]. As the name
implies, the system from which e,.[n, (r),n; (r)] is obtained is a box of interact-
ing electrons with constant density. In GGAs, one assumes that there are density
variations in the system of interacting electrons, the exchange-correlation energy is
expanded in the density variations and eventually in density gradients and one obtains
approximations of different order. GGAs are usually expected to be more suitable for
describing systems with stronger electron density variations. Thus, in order to cal-
culate observables within DFT, it is not necessary to calculate the many-body wave
function, which leads to the reduction of the computational cost.

After the approximation for the E,. is given, the Kohn-Sham equations can be solved
as follows. An initial guess for the electron density is given, the potential v (r) is
calculated and after that the Kohn-Sham equation is solved to obtain the wave func-
tions {¢, (ro)} and the electron density through Eq. (2.156). The obtained electron
density is used to calculate the potential v, (r) and the described procedure is con-
tinued to self-consistency, which is achieved for example, when the energy difference
of subsequent iterations is smaller than the predetermined cut-off value. To obtain
the initial guess for the electron density it is useful to have some initial form for the
wave functions {¢, (ro)}. In the present work, plane wave basis sets were used to
describe the wave functions. In numerical calculations, some finite set of basis func-
tions is used. The number of basis functions is sometimes determined by establishing
several calculations with a different number of basis functions and by making a com-
promise between the accuracy and computational cost. The so-called pseudopotential
method [97-100] can be used to further decrease the computational cost by neglecting
the explicit effect of the electrons which are relatively close to the nuclei. That is, only
the valence electrons are described by the wave functions and the effect of the rest
of the electrons are included in the pseudopotentials, which are effective potentials
induced by the nuclei and inner electrons. Based on the quantities obtained from DFT
calculations, such as the energy of the system, the second and higher-order IFCs can
be calculated by applying DFPT [17,101-104].



3 Results and discussion

3.1 Phonon spectrum

In the present work, the phonon spectrum of seven different silicon clathrate frame-
works (I, IT, IV, V, VII, VIII, H, Article I), two different Zintl clathrates ([SijgP4|Cly,
Nay[AlySiyg], Article III), and the silicon diamond structure (d-Si, Articles I and 1)
was studied. It is known [16,17], that the DFT and DFPT methods provide rela-
tively accurate results for the harmonic phonon eigenvalues. The experimental and
computational results for d-Si were compared in Articles I-II and the maximum dif-
ference between the experimental and the computed phonon eigenvalues were 7%-11%
depending on the plane-wave basis sets, pseudopotentials and exchange-correlation en-
ergy functionals used in the calculations. In Article I, all calculations were conducted
by using the LDA to describe the exchange-correlation energy, while in Articles IT and
ITI the GGA was used instead. In the actual measurements of the phonon eigenstates,
the anharmonicity of the crystal lattice is included and the resulting states observed
do not have well determined harmonic energy. Further, as shown in Sec. 2.4.2, the
anharmonic I[FCs cause temperature dependent shifts on the harmonic phonon eigen-
values. This effect was neglected in the present work.

All silicon clathrate frameworks considered in Article I, except the framework VII,
were found to have a rather similar phonon spectrum from which similar thermal
properties, such as the heat capacity and CTE follow. Few distinctive features arose,
however. For instance, the silicon clathrate framework V was found to possess two
phonon band gaps, while the other silicon clathrate frameworks, excluding VII, were
found to have only one phonon band gap. As an example, the phonon dispersion
relations along high symmetry paths in the first Brillouin zone for the silicon clathrates
VII are shown in Fig. 3.1. In obtaining the results depicted in Fig. 3.1, the same
pseudopotential and plane-wave basis set was used as in Articles II and 11T (GGA
applied with the same computational details), while the applied k and q samplings
were the same as in Article I. The results obtained with GGA and LDA approaches
are otherwise quite similar except for the lowest energy optical modes. In Article I,
the lowest energy optical modes for VII were found to have values near 10 cm™! when
q — 0, while the minimum values for these modes obtained with the method used in
Articles IT and IIT are approximately 60 cm~t. The preceding can be verified from Fig.
3.1. The CTE values calculated with the GGA and LDA methods are compared in
Sec. 3.2. Even though the lowest optical modes of VII have smaller values in the long
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Figure 3.1: Phonon dispersion relations along high symmetry paths in the first Brillouin zone for
the silicon clathrate framework VII calculated with the method used in Articles IT and III.

wave length limit than obtained for the other cubic silicon clathrate frameworks, there
is no visible flattening of the acoustic modes. In the actual measurements, the strict
values of energy shown in dispersion curves are absent. Instead, some distribution of
energy values is found and if the anharmonic interactions are sufficiently weak the
distribution can be of the Lorentzian form, the width of the Lorentzian being related
to the lifetime (or zeroth-order RT) of a particular state [62]. The aforementioned
distribution is temperature dependent.

The silicon clathrate framework VIII (Sigg) is taken to be as the representative of the
silicon clathrate frameworks. The phonon dispersion relations for Sisz, [SijgP4]Cly and
Nay[Al4Siyg] are shown in Fig. 3.2. As discussed in Article III, the acoustic modes of
the clathrate Nay[Al4Sijg] have rather different dispersion than obtained for Siy; and
[Si19P4]Cly. In comparison to [SijgP4]Cly, it seems that the highest and lowest energy
phonon states of Nay[Al4Sijg] have smaller values. Since the wave vector dependence
is the same in both cases, it is useful to consider the dynamical matrix at q = 0, thus
from Eq. (2.22) it follows that

lli 'k ’)
Do (kK'10) = Z =Y Do (0r; '), (3.1)
r VM Z

or
Dow (kK'10) = D (¢6'|0), c=ak, < =dK. (3.2)

The corresponding eigenvalues can be obtained from Eq. (2.23). One way to estimate
the phonon eigenvalues is the method of Gerschgorin circles [105] applied on D (¢¢’|0).
The method of Gerschgorin circles states that the eigenvalues w? of D (s¢’'|0) are
contained in the following union

ro Urg U---Urg,, , (3.3)
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Figure 3.2: Phonon dispersion relations along high symmetry paths in the first Brillouin zone for
Siagz, [SizgP4]Cly and Nay[Al4Sijg]. Copyright © 2016, American Physical Society.
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where

3n
W= D(sl0)| <r, o= > D(<]0). (3.4)
¢'=1,6%£¢’

Since the eigenvalues of the dynamical matrix are real, the Gerschgorin circles are in
fact intervals on the real axis. First, all the diagonal elements D (¢¢|0) in the case of
the clathrate [SijgP,]Cly are higher than obtained for Nay[Al4Sijg]. The ratio of the
diagonal elements is within the interval [1.21,1.49]. Further, the length of the intervals,
re, are larger for the clathrate [SijgP4)Cly and the ratio is within the interval [1.16, 2.50]
the largest values being obtained for the guest atoms Na/Cl. Both of these observations
favor the smaller phonon eigenvalues to be obtained for the clathrate Nay[Al;Sijg]. In
particular, the lengths r., centered at D (¢4¢,|0) are so small that there is no overlap
between the diagonal elements D (¢fc¢|0) and the intervals r.,. Here, the subscripts
g and f refer to the guest (Na/Cl) and framework atoms (P/Al/Si), respectively.
However, the overlap of these intervals is obtained since the lengths r¢, centered at
D (srsr|0) overlap with the diagonal elements D (g464|0). The results thus indicate,
that in order to minimize the energy of the lowest phonon states it is favorable to
minimize the diagonal elements D (¢¢|0) and perhaps the length of the intervals r. as
well.

It was found in Article III, that the difference in the second-order IFCs in the
clathrates [SijoP4]Cly and Nay[AlsSijg] leads to a more local characteristics of the

acoustic modes in Nay[Al4Sijg]. The localization was measured with the participation
ratio (PR) defined as [106-109]

ROy = [ fe (5[0 M,

= Nox e RN (35)

In Eq. (3.5), IV, is the number of atoms within the unit cell. The more local character
the phonon state possesses, the value of PR ()\) approaches N, '. The opposite is
indicated by the PR (\) values near to unity. Similar deductions can be made from
the quantities |e (k|\)|* by using a physical interpretation given in Sec. 2.2.3. Measured
with these quantities, a state A with a more local character have the |e (k|\)|* value
near to unity for some k. It is expected that in the localized mode, an atom x vibrates
in isolation such that the displacement of other atoms decays faster than exponentially
as a function of distance from the atom . If the probability |e (k|A\)|* that an atom
[k vibrates in the phonon mode A is unity, the probability for the other atoms to
vibrate in the phonon mode A is zero (Sec. 2.2.3), which would make this mode rather
localized. The PR values for Sigg, [SijoP4]Cly and Nay[Al4Sije] together with the atom
projected density of states p, (w) = 1/N Y, |e (k|\)| 6 (w — wy) are shown in Fig.
3.3. As already mentioned, the clathrate Nay[Al4Sijg| has acoustic modes with more
local characteristics and as the p, (w) values indicate, the probability that the guest
atoms Cl/Na contribute to the low energy acoustic modes is higher than for the other
atoms in these structures. Sometimes these kind of phonon modes, observed at the low
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Figure 3.3: The atom projected density of states p, (w) and participation ratio for each structure.
(a) Sias, (b) [Si1gP4]Cly and (c) Nag[Al4Sitg]. The participation ratio values for the acoustic modes
are drawn in red. Copyright © 2016, American Physical Society.
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frequencies in Nay[Al;Siig], are called resonance modes [110]. It is usually expected
that the atoms which mainly contribute to these modes are either heavier or coupled
rather weakly to the lattice when compared with the other atoms in the structure [110]
and it appears that the latter condition may hold in the present case. There seems to
be a connection between the lower phonon energies and local characteristics of these
phonon states. Further studies are needed to find possible reasons for this behavior.

3.2 Thermal expansion

The CTE of the silicon clathrate frameworks I, IT, IV, V, VII, VIII, and H was studied
in Article I. In particular, the differing NTE of the framework VII was considered.
The calculated linear and volumetric CTEs as a function of temperature for d-Si and
seven different silicon clathrate frameworks is depicted in Fig. 3.4. For d-Si, also the
experimental values obtained in Ref. [111] are shown. The values shown in Fig. 3.4
were calculated by using Eq. (2.102) and o = ay /3 (valid for cubic structures).
The calculated CTE values for d-Si are lower than the experimental ones at all tem-
peratures considered. One reason, which may lower the calculated CTE is that the
temperature dependence of the bulk modulus By and thus the elastic constants is ne-
glected. Experiments have shown that for d-Si, all the second-order elastic constants
and bulk modulus have decreasing values as a function of temperature. At 300 K, for
instance, the experimental bulk modulus value is approximately 97.8 GPa [112,113].
On the other hand at 100 K, the experimental bulk modulus is about 99.2 GPa [112].
The computed value for the bulk modulus used in the calculation of the CTE was
96.5 GPa in the case of d-Si, which is the static lattice contribution at 0 K. The
calculated value is already lower than the experimental one, but larger CTE values
are obtained provided the calculated bulk modulus has similar dependence on the
temperature as obtained by experiments. In some cases, the anharmonic IFCs may
have some measurable significance in calculating the temperature dependence of the
bulk modulus, since the anharmonic IFCs contribute to the elastic constants as the
results of Ref. [54] and Article IV show, for example.

All the studied silicon clathrate frameworks, except VII, were found to have a rather
similar CTE as a function of temperature, as can be verified from Fig. 3.4. A tem-
perature range where the NTE occurred was found to be approximately 100 K wide
in these cases, while in the case of VII, the NTE temperature range was about 300 K
wide. The results shown in Fig. 3.4 are similar to those obtained in Ref. [39] by using
GGA. In order to compare the CTE for VII obtained by using the LDA and GGA, the
calculation of CTE with the same plane wave pseudopotentials used in Articles II and
ITI was established. Further, instead of using the finite difference method to calcu-
late the Griineisen parameters, a perturbative approach to calculate the parameters
was used [see Eq. (3.6)]. This approach is implemented in the ShengBTE program
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Figure 3.4: Top: Linear CTE for the studied cubic structures. The experimental values for d-Si are
indicated with circles [111]. Bottom: Volumetric CTE for the studied hexagonal structures, d-Si is
included as a reference. Copyright (©) 2014, American Physical Society.
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package. By using the preceding method, the NTE temperature range was found to
be about 255 K wide, which is less than obtained with LDA used in Article I. The
minimum value of the CTE was found to be approximately the same and it occurred
at ~95 K.

Since the Griineisen parameters in the present approach were taken to be independent
of temperature, only temperature dependent quantity in the calculation of the CTE
was the heat capacity ¢, (\). Further, when Eq. (2.102) is considered, the only quantity
which makes the CTE contribution of a particular state negative is the Griineisen
parameter vy (A). The Griineisen parameter values were found to have a rather different
kind of distribution in the case of the silicon clathrate framework VII, than in the other
cases and this is the quantity which can be used to explain some of the differences in
CTE between VII and the other structures. The Griineisen parameters is related to
the third-order IFCs through the relation [54]

3n -/ ). .
(V) = =3 12V, (022) V‘(O] A=A QVWI;:)\, )\)’
et Wozr W A
In Eq. (3.6), the coefficients V' (A; X'; A”) and V), (A; X') are given by Egs. (2.45) and
(2.58), respectively. Furthermore, in the case of cubic crystals, one may write v (A) =
Yuu (A) /3. In the open source program package ShengBTE (version 1.0.2), only the
second term in Eq. (3.6) is taken into account, the other being non-zero in general
for crystals where the position of every atom is not determined by the symmetry [54].
From Eq. (2.58) it follows that one may write for the coefficients

h
V## (/\; —)\) = E Z Z Z (I)aa/# (Oli; l’fi’; l//FJ”)
K U k! ol U k!
* /
o (K|A) e (k ])\)6
M, M,

(3.6)

—laxUg (1KY (3.7)

The atomic masses M, are the same in all cases and makes no difference between
the silicon clathrate frameworks. Further, since the silicon clathrate frameworks VII
and VIIT have body-centered cubic Bravais lattices, the exponential factors e~*a*()
are the same in both cases and cannot be used to explain the differences in the
Griineisen parameter distributions in these structures (VIII has similar distribution
than the other studied structures excluding VII). As the acoustic modes at relatively
small wave vector values in VII are not particularly flat in comparison to the other
structures, the factor 1/wy in Eq. (3.7) cannot be used either to explain the difference.
What is left to explain the difference in the Griineisen parameter distributions is the
following factor

Poary (0k; UK 1K) eq (KIN) €2 (K|N) 2, (17K") (3.8)

For phonon states with more local character, the eigenvectors components e, (k|\) are
expected to have larger values when compared with the states with less local character.
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Figure 3.5: The participation ratio for the silicon clathrate framework VII. The values for the
acoustic modes are drawn in red.

As stated in Sec. 2.2.3, e (k|\) can be considered as the probability amplitude that
the atom [ = 0, k vibrates in the phonon mode A. In Fig. 3.5, the PR as a function
of frequency is depicted for VII in order to compare the localization and thus the
possible effect of the eigenvector components on Eq. (3.8) in VII and VIII. The smallest
PR value for the acoustic modes is about 0.62 which indicates that the modes are
relatively delocalized, which is a similar result as obtained for VIII (see Fig. 3.3).
Therefore it seems that the differing Griineisen parameter distribution for the acoustic
modes in the case of VII is probably due to the differing third-order IFCs through the
factor oy (0k; UK 1"K") 2, (I"K"). With the preceding in mind, it appears that the
third-order IFCs may have a relatively large role in explaining the anomalous NTE
behaviour of the structure VII.

In particular, it seems that the anharmonicity in the silicon clathrate framework VII
and in the clathrate Nay[Al,Sijg] arise mostly for different reasons. In the case of
Nay[Al4Siyg) (Article III), rather large absolute values of v (\) were found. However,
the Griineisen parameters for acoustic modes were found to be positive, while in
the case of VII most of the corresponding values were negative. The preceding indi-
cates that the CTE for Nay[Al;Siyg] is relatively large when compared with Siyz and
[Si19P4]Cly, but positive. Further, it was found that the anharmonicity in Nas[Al4Sijo]
is mostly due to differing harmonic quantities. The anharmonicity in VII, on the other
hand, appears to be mostly due to the third-order IFCs. Thus, further comparative
study of these structures may give answers to questions such as: why the anharmonic-
ity observed in Nay[Al4Sijg] does not lead to NTE, what is the role of NTE on the
lattice thermal conductivity or how to maximize the third-order IFCs and at the same
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Figure 3.6: The calculated lattice thermal conductivity of the clathrate structures II and VIII (Sia3).
Copyright (©) 2016, American Physical Society.

time the effect of harmonic quantities on the anharmonicity.

3.3 Lattice thermal conductivity

The lattice thermal conductivity of the silicon clathrate frameworks II and VIII was
studied in Article II. The validity of the method was tested by comparing the cal-
culated lattice thermal conductivity of d-Si with experimental results [114] within
the temperature range 5-300 K. The lattice thermal conductivity values obtained for
d-Si were in agreement with the earlier computational results [60, 115]. Within the
temperature range 100-300 K the maximum difference between the experimental and
computational results is 4%-13% (the largest difference is at 125 K). A possible reason
for these rather large differences at lower temperatures is, for example, the descrip-
tion of isotopic scattering, since the expressions used are expected to be valid only
for relatively weak perturbations and long wavelengths [61]. It was also justified in
Article II that the difference at temperatures below 100 K may not be solely explained
by the absence of boundary scattering in the model used, since the crystal size in the
experiments was about 2 mm. The calculated lattice thermal conductivity values of
the clathrate structures II and VIII (Sigz) are depicted in Fig. 3.6. At 300 K, the
lattice thermal conductivities were approximately 52 and 43 W/(m K) for the silicon
clathrate frameworks II and VIII, respectively. It was concluded that the difference
may be partly due to the differing coefficients V' (A; X'; ). Further, the lattice ther-
mal conductivity of the silicon clathrate framework II was found to be about twenty
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Figure 3.7: The calculated lattice thermal conductivity values for the structures Sisz (VIII),
[Si1oP4]Cly and Nay[AlySiig]. Copyright © 2016, American Physical Society.

times higher than measured previously for polycrystalline samples at 300 K [116].
For a better comparison, the lattice thermal conductivity values measured for single
crystals are needed.

The calculated lattice thermal conductivity values obtained in Article III are shown
in Fig. 3.7. At 300 K, the calculated lattice thermal conductivities obtained for Sipg
(VIII), [Si1gP4]Cly and Nay[Al4Sije] are approximately 43 W/(m K), 25 W/(m K) and
2 W/(m K), respectively. It was found that the clathrate Nay[Al;Siie] possesses lower
lattice thermal conductivity due to smaller RTs and phonon group velocities. The
RTs were found to be smaller due to larger three-phonon phase space and differing
second-order IFCs, which change the phonon spectrum such that the anharmonicity
increases. The third-order IFCs were found to have a rather similar distribution in all
structures considered in Article III.

The lattice thermal conductivity of the semiconducting clathrates has been investi-
gated quite intensively in recent years [39,108,109,116-134]. Several different mecha-
nisms have been proposed to explain the reduced lattice thermal conductivity values
in these clathrates and lattice thermal conductivity values as low as ~ 1 W/m K at
150 K have been obtained experimentally for some silicon clathrates [1,123], by using
a single crystal samples. Some experimental and computational studies have given
different explanations for the reasons behind the reduction of the lattice thermal con-
ductivity in semiconducting clathrates [108,109]. For instance, in Ref. [109] for the
clathrate BagGai5Gesg the reduction was suggested to arise mainly from rather short
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RTs, while in Ref. [108] it was summarized that the reduction of the lattice thermal
conductivity of the BagSiss clathrate is mostly due to the harmonic phonon spectrum
(not dominated by the scattering processes). As already mentioned, when compared
with [Si;oP4]Cly, it seems that in the case of Nay[Al;Siig], the reduction in the lattice
thermal conductivity appears to be mainly due to the shorter RTs, which in turn
are shorter mostly due to the different harmonic phonon spectrum. Eventually, the
differing harmonic phonon spectrum of these structures arise due to the mass reduced
second-order IFCs. It also seems that similar mechanisms cause a rather low lattice
thermal conductivity of BaCosSbis and YbFesSbo skutterudites [135, 136]

There are several shortcomings in the method used to calculate the lattice thermal
conductivity and some of these issues were discussed in Article II. One issue is the
same as encountered in amorphous solids [137, 138], namely, when the mean free
path (MFP) of a phonon mfp(\) = 7(\)|v(A)| becomes shorter than the shortest
distance between the atoms comprising the crystal. Since the aforementioned harmonic
phonons do not exist a contradiction is encountered. In Article IT it was discovered that
in the case of the silicon clathrate framework VIII at 300 K, the percentage of q-points
violating the criterion mfp(A) < a (a is the lattice constant of the primitive unit
cell) is about 2% for acoustical modes and 2%-96% for optical modes. Thus, strictly
speaking, some of the phonon states are not well defined in the present perturbative
approach. In other words, the states violating the criterion are not stationary, but
are instead time dependent. The effect of the preceding may be identified when more
rigorous methods are used to describe these systems in more detail.

It has been shown that the form of the energy flux used [Eq. (2.73)] is a special case
of a more general energy flux, which may be written as [56]

y = ‘1/2 ]\(/Z[H)H ‘1/ > [ﬁ(zn)—ﬁ(zw)];i[‘32]3:),1%]_

I,k Lkl Kk
1 /3 1 IA)Q (l’%) 2
— — — |—=  H )
+Vz,,§,4[X(M) x (I'k")] zh[ T 20 E (3.9)
where
Z Z Dog (ks U'K') G (1) 15 (k') + H,. (3.10)
lnocl KB

In Eq. (3.10), the first term on the right hand side is the potential energy part of
the harmonic Hamiltonian Hy and H, is given by Eq. (2.44). The first term on the
right hand side of Eq. (3.9) is the lattice Hamiltonian H = Hy+ H, times the velocity
p (Ik) /M, of an atom [k and it is usually expected to be rather small in crystals [137],
but to our acknowledge, there is no known proof that this is true for arbitrary crystals.
The relative contribution of the second and third term on the right hand side of Eq.
(3.9) is determined by the following terms x (Ik) — x (I's’) and @ (Ix) — @ (I's’). If the
relative displacements of the atoms [k and 'k’ is relatively large, the second term may
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have some significance, but it is usually expected to be rather small in crystals [56].
On the other hand, atoms vibrating in the so-called resonance modes are expected
to have relatively large mean square displacements [110] and therefore in crystals in
which such resonance modes exist, the second term may have some larger significance.

The energy flux used in the present work [Eq. (2.73)] can be obtained from Eq. (3.9)
by using the following steps. First, the energy flux given by Eq. (3.9) is approximated

- ST 1 . 1 152(["1) 2
J Ny > [X(l/ﬁ)—x(lm)]mlm,['{ao]_. (3.11)

!/ /
Lk, K

Then, H, is neglected in the expression given by Eq. (3.10) giving

A 1

1
J ~ =
vV,

; / (x (Ik) — x (I'k")] = F’;&f) : ﬁpol , (3.12)

where I:Ipo denotes the potential energy part of the harmonic Hamiltonian. After using
the expansions given by Eqs. (2.34) and (2.35), by applying the commutation relations
for the creation and annihilation operators and imposing some further simplifications
on the resulting expression (discussed in Ref. [56]) one obtains the energy flux J given
by Eq. (2.73). Thus, the energy flux used to calculate the lattice thermal conductivity
in the present work is a special case of the last term on the right hand side of Eq.
(3.9) and there are more general harmonic energy fluxes than used here. Moreover,
if the anharmonicity of a crystal is sufficiently strong, the anharmonic energy fluxes
may have some significance in the calculation of lattice thermal conductivity. In the
case of some particular triangular lattices, the lowest-order anharmonic energy fluxes
have been shown to make even larger contribution to the lattice thermal conductivity
than the harmonic ones [139]. To the author’s knowledge, there is no ab initio lat-
tice thermal conductivity computations applied on real materials so far by using the
anharmonic heat fluxes. Since the harmonic heat flux already contains such contribu-
tions that are not taken into account in the present approaches, these contributions
should not be discarded in general, unless it can be shown that such contributions
are in practice insignificant. The preceding, however, can be rather difficult to verify
without explicit computations due to the complexity of the systems.

The present method also neglects the effect of thermal expansion, which makes the
[FCs temperature dependent. Ab initio calculations of the lattice thermal conduc-
tivity have already been established for PbTe and the results show that in some
materials the effect of thermal expansion on the lattice thermal conductivity may be
rather significant [31]. There is also some development in the computational methods
that allow the calculation of anharmonic properties beyond the present perturbative
approach [19]. Application of such methods on the lattice thermal conductivity calcu-
lations of semiconducting clathrates, for example, may provide some further insights



52 Results and discussion

about the lattice thermal conductivity in these materials and can be used to test the
validity of the present results.

One further issue causing some numerical inaccuracy is the way by which the Sheng-
BTE program package treats the third-order IFCs. The second-order IFCs in the
QE program package are obtained by Fourier transforming the dynamical matrix
D, (kr'|q) by using arbitrary q meshes. However, q meshes used are usually smaller
than (10, 10, 10), say, for materials with unit cells larger than that of d-Si (two atoms
per primitive unit cell). After the calculation with (ny, ng,n3) mesh is completed, the
QE program package uses Fourier interpolation to obtain the dynamical matrix in a
mesh (n), nb, n}), which is denser than the original one. One obtains the second-order
IFCs by (discrete) Fourier transform within a cell, which consists of n} x n} x nj
unit cells [18]. In Ref. [19], the third-order IFCs have been treated in a similar way.
In ShengBTE, a different approach is used in order to calculate the third-order IFCs
(the program thirdorder.py included in the ShengBTE distribution [21]): ShengBTE
creates a super cell (my, my, m3) and then forms displacement patterns for single point
DFT calculations from which all the different third-order IFCs up to some cut off value
are calculated by using finite differences and by taking the symmetry into account.
In the calculation of the RTs, for example, the third-order Hamiltonian [Eqs. (2.44)
and (2.44)] is used and what is needed is the Fourier transform of the third-order
[FCs. The issue is that the ShengBTE program uses the third-order IFCs obtained
within a super cell (my, mg, m3) with arbitrary q meshes. The preceding procedure is
different from that used with the second-order IFCs implemented in the QE and this
causes some errors in the calculations. In the case of the clathrates, it was not possible
to test the convergence with respect to the super cell size due to the computational
requirements.

3.4 Elastic and thermal properties

In Article IV, the elastic and thermal properties of crystals with arbitrary symmetry
were considered by using many-body perturbation theory. There have been several
works discussing these properties by applying different techniques [15,41,45,54,68,69,
140-145], but to the author’s knowledge no such a systematic approach established
in Article IV exist. For instance, generic expressions for kth-order elastic constants
were derived up to third-order [h = 3, Eq. (2.128)] and to various orders in IFCs. The
adiabatic and isothermal stress with the second-order isothermal elastic constants are
essential when the CTE is calculated by using Eq. (2.135), for example. The higher-
order elastic constants, on the other hand, can be useful in the study of physical
acoustics and non-linear elasticity of crystals [146,147]. Present computational meth-
ods allow the calculation of the elastic constants for arbitrary crystals and elastic
constants up to fourth-order have been computed for some crystalline materials [148].
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Figure 3.8: The first order diagrams considered in Article IV.

However, the computations as established in Refs. [148-150], for example, take only
the so-called static terms into account and thus neglect the effect of the vibrations
of the lattice (phonons), which may have some importance in some cases. Both of
these effects are taken into account when the perturbative approach applied in Ar-
ticle IV is used. In the situation when the anharmonic forces are sufficiently strong,
the perturbation theory with a few lowest-order terms, used in the present approach,
may not describe the system in sufficient detail and more rigorous methods are prob-
ably needed. An example of such method is the self-consistent theory for phonons
described, for instance, in Refs. [71,151-153].

All diagrams considered in Article IV are depicted in Figs. 3.8-3.10. Some of the dia-
grams shown in Figs. 3.8-3.10 have been given earlier by using diagrams or algebraic
expressions. The third and higher-order elastic constants have not been considered in
such a systematic manner before by applying the present approach. For example, in
Ref. [142], only the static contribution to the third-order elastic constant was con-
sidered, while in Ref. [54] only one contribution to the isothermal third-order elastic
constant was taken into account and was represented as a diagram. All diagrams
represented in Ref. [41] (diagrams related to elastic constants or stresses) were also
shown in Ref. [54]. In Ref. [54], two algebraic expressions corresponding to stress con-
tributions were given. The stress diagrams considered in Ref. [54] were a special case
of Fig. 3.8, special cases of diagrams h), k) and m) in Fig. 3.9 and one third-order
diagram. Furthermore, in Ref. [54], three different algebraic expressions were given for
the second-order isothermal elastic constants, while diagrams included were special
cases of Fig. 3.8, special cases of diagrams e), f), h), i), j), 1), m) and n) shown in Fig.
3.9 and special cases of diagrams e), f), g) and m) shown in Fig. 3.10.

To get some understanding how the diagrams shown in Figs. 3.8-3.10 arise, few ex-
amples are considered. To first-order (h = 1), the isothermal elastic constants may be
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Figure 3.9: Some second-order diagrams considered in Article IV.
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written as [Eqs. (2.128), (2.133) and (2.134)]

o / i Y Y Ve () (T{An () A, (),

,C
n=2m/' )\"

n—1

= ZZ Viwon (M) TT ()

n=2m’ ), k=1Nk=odd

X Z GO ()\1|(Un1) 6)\1—/\2 e Z GO (An—1|wnn71) 5/\n_1(—>\n)

n1=-—00 Np—1=—00

n—1

= > > Vumvm( n/2; /\n/z) I *

n=2m’ )\ /2 k=1Ak=odd

[e.9]

X Z Go (Mlwny) -+ Y Go(/\n/glwnn/2), (3.13)

n1=—00 Ny 2 =—00

where m’ € IN and Wick’s Theorem is used. Further, the notation introduced in
Secs. 2.2.2 and 2.4.2 is used. The lowest-order case (n = 0) is Vj,,5,./m! and the
corresponding diagram is a special case of the second diagram in Fig. 3.8, that is a
dot and a fan of dashed lines. The number of dashed lines in the fan depends on the
order of the elastic constants considered, the lowest-order case (m = 1) being the
isothermal stress. The next case is n = 2, which can be written as

oo

Z Vumym A=A D> Go(Mwy) = ZVMme (A; =) (m+;>. (3.14)

n=—oo

The corresponding diagram is a dot connected with a fan of dashed lines and cir-
cle which intersects the dot. Each circle in Fig. 3.8 represents a Green’s function
>0 o Go(Mwy). The number of outgoing lines from a dot gives the number of

phonon labels included in the coefficients Vj, 5, (S\n> or V (5\”) The vertices de-
scribing the coefficients V' (5\”) are otherwise the same as the vertices describing the
strained coefficients V5. (S\n>, except that in the former case, there is no fan of
dashed lines. The lines between two vertices arise from the terms like

o0

Z GO ()‘1|wn1) 6)\1*/\27 (315)

ni=—0o0

where A1 and Ay belong to different coefficients such that after the summation over
Mg, say, two different coefficients share the same label A\;. Another example is diagram
n) of Fig. 3.9, the algebraic expression for this diagram can be written as (m+m’ = [,
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which is the order of the elastic constant)

GX Y i YN X Y Y, () Vig i, ()

Al,)\zmm’ 1 ,U‘mﬂjm,u /,l/ ,n’ 1)\’

SN (w)%(w)%(w)" 5x2, ()

X/ dTl/ dty Z Go (Ai|wn,) e twny (n=m2) Gy (A2|wn,) € ieony (1 =72)

n1,nM2=—00

2n’'—3

x JI * Z Go(Nylwny) -+ >0 Go (Ny 1wy, ) - (3.16)
k=1ANk=o0odd n3z=—0o0 Mg,/ _1=—00

The summations in Eq. (3.16) can be simplified by using the method described in
Appendix A. When the summations over the labels A}, Aj, \j, \g, . .. are established,
it can be seen that the coefficients share the labels Ai, Ao, that is, the coefficients
after the summations can be written as Vj, 5, (A1; A2) V%/D'n/ (G P PHPVEES VN
The Green’s functions on the third line of Eq. (3.16) connect the vertices and are
therefore represented by the semicircle shaped lines in diagram n) of Fig. 3.9. Few
example calculations corresponding to the second and third-order diagrams are given
in Appendix C.

As stated in Article IV, the perturbation expansion for arbitrary macroscopic param-
eters is similar in all such cases provided the coefficients have the same symmetry
properties and the number of parameters is the same. For instance, if the parameters
are electric field components, the expansion allows the calculation of the pyroelectric
coefficient from the derivatives of free energy [79]. Furthermore, if the macroscopic
parameters in the expansion [Eq. (2.55)] are the infinitesimal strain parameters and
electric field components, one may obtain, for example, the components of the piezo-
electric tensor from the mixed derivatives of free energy [79]. The lowest-order terms
of expansions where the macroscopic parameters are infinitesimal strains and electric
field components are considered in Refs. [15] and [41] and the latter work is based on
the Green’s function technique. With the preceding discussion in mind, all the dia-
grams shown in Figs. 3.8-3.10 are valid for arbitrary macroscopic parameters in Eq.
(2.55) difference being in the coefficients gy, .., (superscripts omitted). This can
be indicated by changing the symbols in the diagrams which refer to the parameters
used.

The CTE can be calculated by using Eq. (2.135). Thus, the diagrams of Figs. 3.8-
3.10 which contribute to the CTE are those having one or two strained vertices. For
example, the first-order contributions needed to calculate the CTE can be written as
(results of Article IV)

,Uka 1 Z Z V#kl/k ( n/2; _>‘7L/2) f( ) ( n/2) + /;Vﬁkﬂk’ (3-17)

! n= 2m)\n/2
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oD — 0T = —8h 3 3 Vi (Aajai —Aag2) €2 (M) - (3.18)

n=2m 5‘1’1,/2

In Egs. (3.17) and (3.18), m = 1,2, ... and the notation introduced in Appendix B is
used for £ (5\”/2) and 2 (5\”/2). From Egs. (3.17) and (3.18) it follows that only

T(1)

the compliance tensor 55,5, has the so-called static term V, 5, , while in the expression

for Jl‘flfl) — Jﬂl) this term is absent. In order to calculate the lowest-order non-static
contributions to s%(}) the fourth-order IFCs are needed while the lowest-order

H1VIp2V2)
contribution to a:j‘y(l) — aﬂl) requires third-order IFCs. Few second-order contributions
to o/i? — 0¥, derived in Article IV, are shown in Appendix B. In the calculations
of the present work (Article I), only the static contribution to the second-order elastic

constants and the lowest-order term (n = 2) of Eq. (3.18) were taken into account.

Symmetry restrictions simplify the calculation of the CTE and for cubic crystals, for
example, Eq. (2.135) can be written as

1 o4 —of
a,, = ——tE B (3.19)
T el + 2chy,

To obtain the elastic constants cgwk, defined in terms of finite strain parameters,
from the elastic constants ¢g,,, which are defined in terms of infinitesimal strain
parameters, transformation equations must be used. The aforementioned equations
are considered in Refs. [15,78] and the transformation equation for the second-order
elastic constants was given in Article IV. Since for cubic crystals I}, +2¢7 5, > 0 [79],
the NTE occurs in cubic crystals only if afu — U;{u < 0. Thus, only the non-static
terms cause the NTE. As can be seen from Egs. (3.17) and (3.18), to first-order, the
magnitude of the CTE is proportional to V,,, (;\n/g; _;\n/2) [ Vi (5\”/2; —;\n/g). That
is, the magnitude of the CTE is proportional to the ratio of the IFCs of odd and
even-order.

The explicit algebraic expressions derived in Article IV can be used to calculate the
CTE such that the method goes beyond the QHA and more rigorous results can be
obtained. By applying such methods, one may obtain some further understanding
about the NTE phenomenon.



4 Conclusions

The thermal conductivity and thermal properties of silicon clathrates were studied.
In Article I, the silicon clathrate framework VII was found to have NTE temperature
range up to 255 K. The reason for this rather anomalous NTE behavior seems to
be a relatively strong anharmonicity through the third-order IFCs. Since some of
the reasons behind the NTE phenomena are unknown, further and more detailed
study of the materials such as the silicon clathrate framework VII may give some
useful information about the NTE in general. More detailed calculations of the CTE
including higher-order perturbative terms, given for example in Article IV, may be
used to test the validity of the present results.

The lattice thermal conductivity of two different silicon clathrate frameworks and
two different semiconducting (or Zintl) clathrates was calculated by using an iterative
solution of the linearized BTE and ab initio lattice dynamics. The validity of the
method was tested by comparing computational results with the experimental ones in
the case of d-Si. At 300 K, the obtained lattice thermal conductivities were 52 W /(m
K), 43 W/(m K), 25 W/(m K) and 2 W/(m K) for the clathrates II, VIII (Sia3),
[Si19P4]Cly and Nag[AlySijgl, respectively. The one-order of magnitude lower lattice
thermal conductivity of the clathrate Nay[Al;Sii9] seems to be due to increased anhar-
monicity and smaller phonon group velocities which in turn appear to result mostly
from rather different harmonic phonon spectrum. The results indicate that in some
cases, the harmonic quantities can make relatively large differences in the anharmonic-
ity of two similar crystal structures, even when the anharmonic IFCs appear to be
rather similar. The possible shortcomings of the present method used to calculate the
lattice thermal conductivity were discussed and further studies of these materials with
more rigorous methods are needed to assess the validity of the present results. The
results of the present work may give some insight on what properties are needed in
the development of new crystalline materials with relatively low lattice thermal con-
ductivity, which in turn is expected to increase the thermoelectric efficiency through
the thermoelectric figure of merit Z7.

Derivation of the expressions for different elastic and thermal quantities was estab-
lished by using the method of many-body Green’s functions and many-body pertur-
bation theory. A physical interpretation of the phonon eigenvectors from a quantum
mechanical point of view was also discussed. The expressions obtained extend the
existing results and allow the calculation of the adiabatic and isothermal kth-order
elastic constants whenever the needed IFCs are available. The results can be also

59



60 Conclusions

used to calculate the anharmonic thermal properties of a crystal such as the inter-
nal energy, Helmholtz free energy, heat capacity at constant strain (volume), heat
capacity at constant stress (pressure), entropy and CTE. In particular, the derived
expressions may be used to give some further insights about the NTE phenomenon.
Further, the derived expressions can be used for systems, which are not described
appropriately by the QHA. However, when the anharmonicity is sufficiently strong,
few lowest-order terms in the expansion, considered in this thesis, may not describe
the system appropriately and more rigorous methods are needed.

The quest for more efficient thermoelectric materials is a relatively complicated one.
In addition to the properties considered in this thesis, one has to describe the elec-
tronic transport problem in order to describe quantities such as the thermoelectric
efficiency. The description of the electronic transport problem, in turn, is a rather
challenging task since couplings like the electron-phonon interactions must usually be
included. Further, all the quantities needed to calculate the thermoelectric efficiency
are somehow dependent on each other. For instance, the electronic structure partly
determines the values of the IFCs and thus the harmonic phonon spectrum and anhar-
monic [FCs. The harmonic and anharmonic IFCs, in turn, determine the CTE which
shows how the crystal expands or contracts as a function of temperature. While the
crystal expands or contracts, the electronic structure changes determining again the
phonon spectrum, phonon-phonon interactions, electron-phonon interactions and so
on, which leads to the chance in the values of lattice thermal conductivity, electronic
part of thermal conductivity et cetera. At the present, to the author’s knowledge,
there is no such method, which takes all the aforementioned properties into account.
Thus, there are many open questions related to the lattice thermal conductivity and
thermoelectricity and it is thus probably useful to continue the development of theo-
retical, computational and experimental techniques to achieve deeper understanding,
which may lead to the actual applications in a more extensive manner. While pursuing
this understanding, some unpredictable findings may occur as the history of science
has shown.



A Solutions for integrals

Some rather complicated integrals appear when the perturbation series of Article IV
is evaluated (Sec. 2.4.3). By using the Fourier transforms of Green’s functions, these
integrals are transformed into infinite series. In this Appendix, a method, which can
be used to simplify these series is described. The method is based on the residue
theorem.

A.1 Generic method

The residue theorem states that [154]
7(Cdzg(2> = 9mi(aoy + by eyt e-). (A1)

where ¢ (2) is an analytic function within a simple closed curve C' except at singular-
ities a, b, c, ..., with residues a_; +b_1 + c_1. Let g(z) = f(2) m(2), then, one may
write the residue theorem as

?{Cdzf (z)m (z) = 2mi [sum of res. of f(z)m(z) at the poles of f(z) and m (2)].
(A.2)
(A.2)

The contour C' and the function m (z) is chosen in such that the integral in Eq.
vanishes and in this case one obtains

f: f(n) = —[sum of res. of f(z)m (z) at the poles of f(2)]. (A.3)

Let
m(z) = meotmz, (A.4)

then, it can be shown that if [154]
|f(z)]§|]\|4k, k>1AMEeR, (A.5)
z

then

]2 dzf (2)m (2) =0, (A.6)
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as one considers a limit where the contour C encircles all the poles of the function
m (z) (the number of simple poles is infinite). Since m (z) has simple poles at z = n =
0,+1,#£2,..., one obtains the following residues for these poles

lim (2 — n)ym(z) f(z) = m lim (z—=n)cotmzf(z) = f(n). (A7)

Since there is an infinite number of these poles, one may write Eq. (A.2) as [noting

also Eq. (A.6)]
Y f(n)==> Res[f(z)mcotmz, py), (A.8)

where the right hand side is the sum of residues of f(z)m(z) at the poles {p,} of
f(2).

A.2 Example calculations

As an example, the following calculation is established. From Eq. (2.120)

1 2w, 2mn

Go(Nwn) = —————=, wp=——. A9
oAwn) = Zr s @0 R (4.9)
et 12 12
W) W)
Go (A|wp, —_—t = A.10
f( ) 0( ’CL) ) ﬁhw)\—l—uﬂ /Bh (27rn)2 ( )
Bh
1 2(,0)\
f(z) =Go(Mwn,n — z) = 72. (A.11)
ﬂh (27rz)
Bh
The poles of f(z) are at (poles are simple)
h
D = :l:zwA5— (A.12)
27
One may calculate the residues at these simple poles as follows
, . Bh 1 2wy 1 Bhwy
Wzﬁkﬁlkg (z — WG cot (7z) 5FLW =-3 coth 5 | (A.13)
™ ﬁh
. . Bh 1 2(,0)\ 1 ﬁha})\
WZ_)l_lirg% (2 + Wrg cot (mz) 571W =3 coth 5 |- (A.14)

Thus, from Egs. (A.8), (A.13) and (A.14), it follows that

S /(n) = coth (62%) - (A.15)

n=—oo
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One may write
Bhwy _ _ 1
coth ( 9 = 2”)\ + 1, ny = m, (A16)
and thus
0o 0o 0o 1 2&))\ -
Another example to be considered is
> Go(Mwn) Go (N |wnr) dmininr = Y Go (Mwn) Go (N |w, — w)  (A18)
where
1 2&))\ 1 2&])\/
Go (Mwyn) Go (Nw, — wp,) = — — . A.19
o () Go (Vfou —s0m) = 5o 57y g2 (A.19)
From Eq. (A.8)
> f(n) ==Y Res|f(z)mcotmz,pml, (A.20)
where
f (n) = GO (Mwn) GO ()‘/’wn - Wm) ) (A'Ql)
f(z) = GoMNwn,n— 2)Go(N|wn — wm,n — 2)
1 2&))\ 1 2(,1}/\/
= — 5= 5. (A.22)
g () P (3 o)
The poles of f(z) are at
(.. Bh  Bh | Bh |
Pm = {j:zw,\%, —H% (Wy — iwWn,) , (B (Wy + twn) ¢ - (A.23)
The residues at these poles can be written as
R ) 1 Y coth (/Bh;k) A 94
t e .
s f(Z)’iTCO s +ZOJ/\27T_ 5h (—UJ)\ + Wy — iwm) (CL))\ + wy —|—iwm)’ ( )
1 1 wy coth (Bla
Res | f (z) mcot 7z, —z'cu,\2h =—— ’ ( 2 ) (A.25)
T

ﬁh (CU)\ + wy — zwm) (—Ld)\ + wy + Z(.dm)7

2

1 wy, coth (ﬂﬁ% _ M)

Res | f (z) mcotz, +i2— (W —iwm)| =
m

" Bh (w4 Wy — iwi) (wx — wyr + W)

(A.26)
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. Bh ‘ 1 wy coth (mw” + 7iﬂh§”’")
t 7z —i— (W )= —— S
es | f(z)mcotmz, o (wy + iw )] B (o — onr — ioom) (@ + oxr + o9m)
(A.27)
In Egs. (A.26) and (A.27)
coth (67@;’\/ + @675;%) = coth (5?») : (A.28)

By using Eq. (A.28) and decomposition to partial fractions, one may write Eqs. (A.24)-
1 coth (%) + coth (

(A.27) as
BTWA)
_ N 2
2 fn) = 2571[ r + Wy + i

coh (22 —co (52) ot (22 4 co (5]

Wy — Wy + Wy, —wWy — Wy + W

coth (25x) — coth (Bhea
+ (%) , (% )] . (A.29)
—W) + Wy + W,
One may write
Bhwy _ _ 1
Coth ( 2 = 2’)7,)\ ‘l— 1, ny = m, (A30)
and thus
Z f (n) = Z CTYO <)‘|wn> GO ()‘/‘wn - wm)
. ]_|: ’FZX—’—’FZ)\—F]_ . 77L)\+’Fl>\/—|—1
n 6h Wy + wy —i—iwm —W) — Wy —i—iwm
n S S Sk — (A.31)
—Wy Fwy F Wy, wy — Wy Wy,
Next summation to be considered is
Y f(n Z Res [f (z) mcot 2, pm) (A.32)
where
f(n) =Go(Nwy) Go (X |wn), (A.33)
and thus
f(2) = Go Mwn,n — 2) Gy (N |wn,n — 2)
1 2&))\ ]_ 2(,(})\1
— 5 =7 5 (A.34)
e () s ()
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The poles of f (z) are at (poles are simple)

. Bh h
Pm = {iWA57T7 +iw)y 57} : (A.35)

The residues at these simple poles are

r . Bhwa
. Bh 1 wy coth (T)
Res _f (z) meotmz, +zw>\%_ =~ — (A.36)
r 7 Bhwa
. fBh 1 wy coth (T)
Res _f (z) meotmz, —zw,\g = ~an — (A.37)
1 w coth (2
Res lf( ) meot wz, —}—zw)\ —| = ! ( 22 ), (A.38)
CL))\ - CL))\/
1w coth (B
Res [f (z) meot mz, —iwy — ] ! ( 22 ) (A.39)
W)\ - W)\/
Thus, from Eq. (A.32) and from Eqgs. (A.36)-(A. 39) it follows that
oo 9 wy coth (6 “A’) — wy coth (ﬂf%) A0
2 =5 P | (A40)
One may write
coth <5ZWA> = 2ny + 1, (A.41)
and thus
n=-—0o 5 w?x - w)\’ .
In the limit wy — wy
. o 2 . Wi (Qﬁ)\/ —+ ]_) — Wy (QﬁA + ]_)
/ — -
w>\h—>mww n:z_:oo GO ()\lwn) GO <)\ |wn) N ﬁﬁ "J/\h—r’gA' wi - w?\,
— 2 (A (i + 1)+ AT 2 (A.43)

Bhw
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B Contributions to CTE

The following notations are sometimes used in this Appendix and in this thesis in

_ n—1 . - 1 B 1 B 1
= L (e g) (morg) o (mrg)

general

7Y
=
~
>
3
~
o
~——
Il

k=1Ak=odd
B n—1 ’VL/2 TL/2 1
€ () = [ k27w (i +1) ] (M + 2) . (B
k=1Ak= odd i=1 I=1Al#i
_ n—1 n/2 n/2 1
£®) (/\n/z) = [T %|272Y winy iy, +1) (A +1) ] (nAl + 2)

k=1Ak= odd i=1 I=1Ali
n/2 n/2

+ QZW,\iﬁ,\i (77&)\1. + 1) H w,\lﬁ,\l (T_L)\l + 1) s (BZ)
i=1 I=1AI#i

ﬁ)\ (ﬁ)\/ —|‘ fl/\// —|‘ 1) - ’r_L/\/’fL)\//
—CUA—‘—CU/\/—FQ_})\//
ny+ 1) (ny + 1) (na + 1) — nynovnowe
+(A ) (ny +1) (i +1) Ay (B.3)
Wy + Wy + wyr

GO NN N = l?)

QOJ)\/ﬁ)\/ (ﬁ/\/ + 1) (ﬁ)\// — ﬁA) . (,d)\fb\ (ﬁA + 1) (ﬁ)\/ + ﬁ)\// + 1)

GEA (NN = l

—Wx Wy Wy —Wx Wy T+ Wy
+ w,\ﬁ,\ (fb\ + 1) ﬁ)\/ﬁ)\// _ (U)\ﬁ)\ (ﬁ)\ + 1) (fl}y + 1) (ﬁ)\// + 1)
Wy + Wy + wyr Wy + Wy + wyr '

(B.4)
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The second-order contribution to the quantity can be approximated as

(,U)\/’FL)\/ (ﬁx + 1)

a;‘;” — a}fV(?) ~ _125%:%31/,“, NV (=X N;=)) o
V(=N N\
=728 Vi (=N ) (XX =X
A )\/ )\N w}\/

X

o B 1 B B ~ 1
WATL ) (n)\ + ].) (TL)\// + 2> —+ Wxr T\ (7%\” + ]_) (TL)\ + 2)]
436530 % Ve (NN XV (=4 =X =A) GEP (A N5 A7)

AN N
—19283 3 "> Vi (MX)V (=X =N, N =X
AN N
w)\w)\//ﬁ)\// (ﬁ/\// + 1) (771,)\/ + %) + (,,(_))\/’ITI,/\/ (77),)\/ + 1) (ﬁ)\// + %)
X
wi —w wi — w3,

(B.5)

The second-order terms contribute to the NTE if /4% — (%) < 0.



C Evaluation of perturbation
expansion

In this Appendix, few evaluations of the perturbation expansion used in Article IV
are shown.

C.1 Second-order examples

First example is taken to be [see Eq. (2.137)]

<g(6)>0,c,h=27ss l/ﬁah—1 /BdT2 I:I (1) FI (7—2)}>Oc
= *ZZZ ZZZZZ /;ZZ

nO/\ml Hm Um n/ 0,\/ m/=1 v,
N
Viin (M) Vi ot (M) G Wt o1,

x /OB dr /05 dr (T {45, (m) Ay, (m)}), . (€

where the notation given by Eq. (2.60) is used and furthermore

A

fl;\n (1) = Ay, (1) - Ay, (1) (C.2)

The special cases of Eq. (C.1) considered in this section are

< >h 2,1 < >Och 2,88,n=1,n' odd:<g(6>>0ch 255n odd,n’=1
DPIFD NI IDIED IS IO D

A1 m=1 'Hml/mn =1 N )\/2/1 '_’,17’,

XVimtm (A1) W Vi (in/ 1) Uy v

/ dr / dra (T {An, () Ay, (72)}>070, (C.3)
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and

A

SO hirsesasarnn = 5O
- 3XEE L lryyy- PP ,,zz

~
(@}

(B )>h:2,2

0,c,h=2 ss,n:even,n’:2

1 AQ m= 1 sz Um n/=1 )\
leum,/m ()\1 )\2) uuml,mVu 0 - ()\/17 cee /\/2n’) ’ZLN;n,V;n,
/ dTl/ dTQ A>\1 T A)\Q (7’1) A)‘zn’ (7’2 } 0. . (C4)

By using Wick’s Theorem [Eq. (2.108)], the ensemble averages in Eqgs. (C.3) and (C.4)
can be written as

(T{An e Ay, )})
= @0 = D)(T {Ax () Ay (m)}) (T {Ay, () Ay, (m)})

2n/—1

= I KT ) A ()},

<{ ; (r2) A (>} A(T{Ay, Ay, )},

= 5>\1(*>‘/1)5/\'2(*’\§)5)‘21(*)‘3)“.6>‘/2n/—2(_/\/2”' ) 1Lt

—1) k=1Ak=odd
xGo (M| M) (20, +1) (20x, +1) -+ (20, +1), (C.5)

and

<T{A7\2 (1) AX/Qn/ (T2)}>0,c
= 20 <T{A)\1 (71) Axl (Tz)}>o <T{AA2 (1) AA& (r2) -+~ Ay, , (72)}>07c

2n'—3

= 99/ . 1;[_ ddk <T {fb\l (7‘1) "21)"1 (7‘2)}>0 <T {A)\Q (7'1) 121)\/2 (7’2)}>0
(T { Ay () Ay () }), - (T{A,, | () Ay, (m)}),

= 200, (L)) Sy () Dy (o) Dy, () I

" k=1Ak=odd
XGO ()\17’1|)\17’2) Go ()\27’1|>\27’2) <2ﬁ>\é + 1) (275)\/5 + 1) R <2ﬁ>‘/2n/_1 + 1) )
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In Egs. (C.5) and (C.6) n’ = 1,2,.... By using the results given by Egs. (C.5) and
(C.6), Egs. (C.3) and (C.4) can be written as

(80, = *ZZ SYYYY P> EDBY

m!l
Alml Hml’mnll)\, 2/1 m _,/l_//
2n/—1
/. .\ — —
Vi M) Vi o (N5 Mo t) Tl [T K
k=1Nk=odd

B 8
X/O dTl/O d7'25>\1(_A’l)éké(—k’g)éAﬁ;(_Ag’)) .“(5>‘/2n/ 2( /\l2n’71)

XGQ ()\17'1|)\1T2) (275)\/ + 1) (QT_L)\/ + 1) cee (271)\/271//72 + 1)
= *%321 ZZZ > Z ,.ZZ
1 m= Am Um n' 1)\/ ‘*/,;7’,
Xvﬁml_/m ()\1) Vﬂ/ o > (—/\1, /\/1, /\ ceey )\;L 1 )\,n/ 1) uumumuu ,1/ ,
2n —1
X k‘/ dTl/ dTQGO )\17’1|)\17’2)
k= l/\k odd
x (27x +1) (273, +1) - (20y,  +1), (C.7)
and
(S0),_,, = *ZZ > YYY Y Z i ZZ
’ N g m=1 'umunn'lx LN
_ 2n'—3
$Viim A A2) Vi o (M) Tt o T K
"™ k=1Ak=odd

B B
< Jy A2, o) ) B ()
XGO ()\17'1|>\1T2) GO ()\27’1’)\27’2)
x (27, +1) (275,\/ +1) - (20, +1)

= *ZZZ EDI)IDID DI IS ,,ZZ

A1 A2 m=1 ’umvmn =1 Ay A A;,lml "’,D’,

. . AN /. ./ . /
X Vi (M3 02) Vi o (= A0 =225 Ny = X555 My 15 =Moo )

B B
Xl_l’ﬂm”ma#:n/l’:n/ /[) dTl/O dTQQTL/GO ()\17'1|)\17'2) G() ()\27‘1|>\27‘2)

X 2ﬁ3 k(2nx, +1) (27x +1) - (20, +1). (C.8)

k=1Ak=odd
The integral in Eq. (C.7) is of the form

B B
/ dr / dr'Go (M| A7) (C.9)
0 0
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One may write Eq. (C.9) in terms of the Fourier transform of the Green’s function
(Sec. 2.4)

/ dT/ dr’ Go (A|wy, ) e@mn =)

n1 —00
oo

- / drein™ / dr'e=iom Go (Alwny ) (C.10)

nl—foo

and then by using Eq. (2.113), Eq. (C.10) becomes

/dT/ a7 S Go(Nwm,) ™) = 3Gy (A0). (C.11)

ni=—o0

Since Gy (A|0) = 2/ (Bhw,), Eq. (C.11) can be written as

/ dT/ dr'Go (A\T|AT") = ;f (C.12)
Y

The integral in Eq. (C.8) is more complicated, one may write
B B
/ dr / dr'Gy (MT|AT) Go (NT|NT') . (C.13)
0 0
One may write Eq. (C.13) in terms of the Fourier transforms

/dT/ ar Go (N|wn,) Go (N|wh, ) e (7= gienz (r=7")

ni, nz —0o0

= Z Go (Alwn,) Go (N |wn,) / d7‘€z wny s )7 / dr'e™" (wna+wny )7’ ,

ny,n2=—00

(C.14)

and then, by using Eq. (2.113) and the result given by Eq. (A.42) for the summation,
Eq. (C.14) may be written as

2 wy(2ny +1) —wy 20y + 1)

Go (Nwn) Go (N |wy, C.15
3 G G (V) = 2 ) (©15)
Thus, Eq. (C.15) and hence the integral in Eq. (C.13) can be written as
B B 2 2ny + 1) — wy (2n 1
/ dT/ dr'Go (AT|AT') Go (N'TINT) = 28wy 20y + 2) w;\ (212 + ) (C.16)
0 0 h wy — Wy
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By using these results for the integrals, Eqgs. (C.7) and (C.8) can be written as

<g(6)>h:2,1 - *ZZ ZZZ Z Z ZZ

m"

A1 m=1 -Mmymn/ 1)\, /Vl
Vi o, —)\1;)\,1;—>\’1...,)\’n,_lj_)\%_l
Xvﬁmpm (A1> m’ m ( )uymymu,u /V |
Wiy
2n'—1

’ 1 1 1
n'—1 _ _ -

' (“Ark[odd k) 2 (g ) (ot g) (g +3)

(C.17)

and

/\
>

Sy = *ZZZ ZZZ Z 2 ,,ZZ

A1 ,\le Am Um n/ 2)\/ m,,,/

Xvﬂmﬂm ()\1; )\2) Vﬁ;n/p;n, (—Al; —)\2§ )\/1§ _)\/1§ cees )\;ﬂ—ﬁ _)\;l/—l)

- 1 = 1 I
Wiy (n)\Q + 5) — Wi, (n,\l + 5) 2n’—3
/

m! 2 2 H k

WX, T Wi, k=1Ak=0dd
BN N | 1
X (n 2 ) (n,\fl + 2) <n,\/2 - 2) (n)\ Lt 2> . (C.18)

These terms are represented by diagrams 1) and n) of Fig. 3.9. The contribution to
elastic constants, for example, can be obtained by using Eq. (2.134). Eight additional
second-order terms were represented in Article IV. All these terms were obtained by
similar calculations that were shown here.

X Upp v Wpt! v

C.2 Third-order examples

In this section, some special cases of the following contribution are considered [see Eq.

(2.138)]

(5(8) Ocm:—f/ dﬁ/ dTQ/ dry (T {0, (m) H, () A () }), . (C.19)

,C
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The first special case of Eq. (C.19) is taken to be

(50) s = (503)

+<S )
OcssAn 2n'=1,n"=3 (ﬂ) 0,c,ssA,n=1,n'=2,n""=3

= =22 OB HIDY ,lZZZ

Xy m=1 'umum A m/=1 "/,17’,/\”
/ "
X Vi iom (Az) Vﬂjﬂ,:?;n, (ADV (/\3) “uml/m“u;l,v;n,

X /0[3 dmy /OB dry /OB drs <T{A5\2 (1) Axl (72) AS\g (7'3)}>0

,C

(C.20)
By using Wick’s Theorem [Eq. (2.108)], Eq. (C.20) can be written as
(503 = L2 'zz; 21 w1 222
o (N2) Vi, (X’) %me“u'm,v:n,
3 . .
/ n [ d / [<T{A (m) Ay ()}),
AT { A () Ay ()}), (T {Ag () Ay () ),
+<T{A)\1 T1 7'3)}>0 <T{A)\2 (Tl)A)\N (7’3)}>0
x (T{Ax () Ayy (m)}) | (C.21)
Furthermore
CIO)EE) 3) 35 S0 35 3 SEI) 3 35 35 3

A1 Azml Am Um m/=1 "/,Dq’n,/\”)\”

Xvﬁmﬁm ()\1, )\2) Vﬁ/ 7, (—/\1> V( )\2, )\,2,, /\/2,) ﬂ#ml’mﬂul -
B B B
X (QT_LA// —|' 1 / dTl/ dTg/ dTgGO )\17’1|>\17’2) GQ ()\2’7'1|)\27'3)

—6>.> >, — YYY Y ,.ZZ

A Az m=1 'umum N, m=1" e

XVﬁmf/m ()\1, )\2) Vﬂim,’p':n/ ()\/1) vV (—/\1, )\27 )\/1) ﬂ”mymﬁu:nlyin/

B8 B8 B8
« /0 7, /0 7 /0 dGo (M| A7) Go (NaTi[Aas) Go (N, | NoTs) -
(C.22)

The second integral in Eq. (C.22) is of the form

B8 B8 B
/0 dﬁ/o de/O dr3Go (M71|A173) Go (AaTe| AaT3) Go (A3Ta|A3T3) | (C.23)
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and in terms of the Fourier transforms (Sec 2.4)

/dﬁ/ dTQ/ drs Go (M|wp,)

ni,ne, n3 —00

X Go (Aa|wn, ) Go (As|wy, ) €¥0m1 (M=) giong (T2=7s) pitong (r2=73) (C.24)
By using Eq. (2.113), Eq. (C.24) becomes

o0

BGo (M]0) S Go (Malwny) Go (Nslwn,) - (C.25)

np=—oo

Here Gy (A|0) = 2/ (wyBh). The result for the summation in Eq. (C.25) is given by
Eq. (A.42), thus, Eq. (C.23) can be written as

86 W, (ﬁ)\g + %) — W), (ﬁ)\Q + %)

2 2 _ 2
h2wy, wy, — Wi,

6 GO )\1|0 Z GO )‘2|wn1>G0 (>‘3‘wn1) =

(C.26)
After the simplification of the first integral and by using Eq. (C.26) for the second
integral, Eq. (C.22) can be written as

(30, = “FIEZLTY Y ,,zzzz

ssa,l
A1 A2 m= Am Um m/ 1 m/ 17/, /\// )\//
m
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R SIS S SIS ,,zz

A1 A2 m=1 ',LLmeXml ,1/,
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W)\IW)\Q

lejmpm (Al’ A2) V/»_lellj,:n/ ()\1> ullm’/mu/»‘m/”m/
" V(=A1; —Ag; = N)) Way (ﬁh + %) — Wi (,ﬁ’)\g + %)

2 2
W)\’l WAQ _CU)\I

(C.27)

Terms included in Eq. (C.27) are special cases of diagrams d) and e) of Fig. 3.10. In
Article IV, general form for the algebraic expressions corresponding to these diagrams
was given.

The last term to be considered is the algebraic expression for diagram m) of Fig. 3.10,
namely

(3(8))

<§ <5)>0 c, ssA ;n=n'=22n"">4

SRR DRI R BRI IIN IS

A1 A2 m=1 '#meX Xy, m/=1 ,1//)\

ssa,2

an!!

Xvﬁmﬂm ()\17 )\2) Vi/ 7/ <>\,17 )\, ) V ()\gn”> u#ml/muﬂ/ /l// ’

/dﬁ/ dTg/ d7'3 )Ax( )AX’ (7'3)}>ch,

n'=273,.... (C.28)
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By using Wick’s Theorem

(T {45, () Ay, (r2) As () })

0,c
- 871” ZTﬁl k 6 / 6 " 5 / " 5 " " 6 " my *° 6 " "
k=1Ak=odd )\1<_)\1) )\2(_)\1) AQ(_)\Q) /\3 (_)\4) )\5 (_AG) )‘2 1" 1( )\Qn”)
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By using the result given in Eq. (C.29), Eq. (C.28) can be written as

A
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and furthermore

A
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The integrals in Eq. (C.31) are rather complicated, but can be simplified with the
same method as before. Let
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, (C.32)
(w)\Q - w/\1) (w)q + w/\z) (wx\l + WA’Q)
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then, after the calculation, Eq. (C.31) becomes

A 166
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(C.33)

As before, the contribution to elastic constants, for example, can be obtained by using
Eq. (2.134).
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