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Abstract

There has been an increasing focus on using nanoscale devices for various applications ranging from computer
components to biomechanical sensors. In order to effectively design devices of this size, it is important to
understand the properties of materials at this length scale and their relevant transport equations. At everyday
length scales, heat transport is governed by Fourier’s law, but at the nanoscale, it becomes increasingly
inaccurate. Phonon kinetic theory can be used to develop more accurate governing equations. We present
the moment method, which takes integral moments of the phonon Boltzmann kinetic equation to develop
a set of equations based on macroscopic properties such as energy and heat flux. The advantage of using
this method is that transport properties in nanodevices can be approximated analytically and efficiently. A
number of simplifying assumptions are used in order to linearize the equations. Boundary conditions for the
moment method are derived based on a microscopic model of phonons interacting with a surface by scattering,
reflection or thermalization. Several simple, one dimensional problems are solved using the moment method
equation. The results show the effects of phonon surface interactions and how they affect overal properties of
a nanoscale device. Some of these effects were observed in a recent experiment and are replicated by other
modeling techniques. Although the moment method has described some effects of nanoscale heat transfer,
the model is limited by some of its simplifying assumptions. Several of these simplifying assumptions could

be removed for greater accuracy, but it would introduce non-linearity into the moment method.
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1 Introduction

In the latter half of the twentieth century, there has been an increasing focus on the minituriazation of devices
by scientists and engineers. Microtechnology, followed by nanotechnology has become a major research topic
in universities and in private industry, as people try to make technology cheaper, more efficient, faster,
more accurate, more sensitive and less of a burden on the environment. One of the most striking examples
of miniaturization is the phenomenom known as "Moore’s Law," where the number of transistors in an
integrated circuit doubles every two years [1]. Moore’s Law has been roughly correct since 1965. Aside
from the minituriazation of computers, Micro-Electrical Mechanical Systems (MEMS) is a rapidly growing
area of engineering where new tools are developed for achieving tasks at small scales. Another growing
area is microfluidics, especially in biotechnology, where micro and nano sensors are used to manipulate cells,
bacteria, viruses and DNA [2].

For effective design and fabrication of nanodevices, a quantitative physical understanding is necessary.
Effects that can be ignored at macro scales can dominate at micro and nano scales, and vice versa. As length
scale decreases, the surface properties of a given substance become more important and the bulk properties
become less [3]. As a result, the classical laws of continuum mechanics necessarily break down.

One important area of research in nanotechnology is the study of temperature and heat transport.
Temperature plays an important role in nanotechnology because it can affect virtually any other property,
such as viscosity, electrical conductivity, elasticity, and ductility. Furthermore, small size of a device (resulting
in a tiny thermal mass), combined with high energy sources (such as lasers) has the potential to cause extreme
changes in temperature. Understanding temperature and heat transport at the nanoscale will improve design
and sensitivity of sensors and increase the effectiveness of thermal management of heat sources, such as
transistors on computer chips.

In order to determine and describe the macroscopic properties of nanodevices (i.e. temperature, heat flux,
etc.) and their related thermodynamic processes, a microscopic analysis of materials can be used to develop
relevant constitutive equations. That is, an analysis based on the microscopic interactions and phenomena
of particles (atoms, molecules, photons, phonons, etc.) can be used to determine macroscopic properties of

a nanodevice.



Heat in a solid is caused by microscopic vibrations of particles in a crystal lattice with respect to their mean
position. These vibrations can be quantized into particles known as phonons [4] [5]. Macroscopic properties,
such as heat flux, internal energy, and temperature can be determined by analyzing the microscopic properties
of phonons, such as phonon frequency, and phonon crystal momentum.

Approaches that track all phonons (a branch of molecular dynamics) can be computationally expensive
when there are a large number of particles. Another method, known as Direct Simulation Monte Carlo
(DSMC) is to use the kinetic theory of particles and do a statistical analysis of groups of particles acting
together [6]. This allows for larger domains than molecular dynamics, but still can be computationally
expensive, although there are efforts to make it more efficient [7].

The method presented in this report uses microscopic properties of phonons to develop extended macro-
scopic transport equations. Boundary conditions are derived in the same way by analyzing and approximating
phonon-boundary interactions and devoloping corresponding macroscopic boundary equations. A benefit of
this method is that instead of numerically solving a specific problem, general equations are developed. These
equations can be analyzed and manipulated to gain a better understanding of nanoscale heat transport.
This also leads to increased computational efficiency. In certain geometries, the equations can even be solved
analytically.

The phonon-Boltzmann equation, discovered by Peierls [8], governs the kinetic transport of phonons at
the microscale. Macroscale transport equations were derived by taking integral moments of the phonon-
Boltzmann equation [9] in a similar way to Grad’s macroscopic moment derivation of the original Boltzmann
equation for gas kinetics [10].

This report presents a brief introduction to classical heat conduction and phonons followed by a more
detailed description of the phonon-Boltzmann equation and the macroscopic moment equations. General
boundary conditions in three dimensions are derived from a model of phonon-boundary interactions. Several
simple one dimensional problems are solved analytically and compared to classical Fourier heat transfer and

a simple two dimensional numerical model is developed and presented.



1.1 Classical Heat Conduction

Heat conduction in classical solid bodies follows Fourier’s law

dr

o = —w(T) g~ (L.1)

where ¢ is the heat flux per unit area, the subscript k& denotes the three dimensions, x(7') is the heat
conductivity and T is the temperature. This is a phenomenological equation that requires experimentation
to determine the heat conductivity of the material being analyzed. Fourier’s law leads directly to the heat

equation, which governs the diffusion (i.e. conduction) of energy in a rigid solid

Ju K (T) 0%*u
Ot ¢y (T) p Oxy0xy,

~0, (1.2)

where u is the internal energy, p is the density and ¢, (T') is the specific heat of the material. Although
Fourier’s law often correctly predicts heat flow, at very high temperature gradients, small length scales and

in high purity crystals the equation breaks down for reasons that will be explained in the following sections.

2 Phonons and the Microscale Description of Conduction

In order to understand heat transfer from a non-Fourier perspective, microscopic effects must be taken into
account. To understand the classical law and to develop extended equations, the mechanism of energy
transport needs to be analyzed microscopically.

In a solid, atoms are fixed in a lattice and held in place by the attractive and repulsive electromagnetic
forces. These forces could be the Lennard-Jones potential, ionic bonds, covalent bonds or metalic bonds
[11]. Heat is transferred through a solid by vibrations of atoms around their mean position in the solid’s
lattice where adjacent particles exchange energy. Phonons are a particle representation of these vibrations
[4]. They have energy and momentum, can interact with other particles, such as electrons and photons, and
also interact with material boundaries. Macroscopic properties, such as temperature, heat capacity and heat
flux in solids are obtained by averaging over the microscopic properties of phonons. There are two ways of
describing phonons, from a classical perspective and a quantum perspective. Both are outlined in the next

two sections.
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Figure 2.1: A linear chain of atoms connected by ideal springs

2.1 Classical Phonons

To understand a one-dimensional classical phonon model, consider a linear chain of N particles connected
to each other by ideal springs such as in Figure 2.1. This roughly approximates atoms in a one dimensional
crystal. Although the Lennard-Jones potential is not parabolic, for small displacements from the mean
lattice position, and if effects from non-neighbouring atoms are ignored, it can be approximated as such [12].

Using Hooke’s law, we can derive the equations of motion for the masses in the system:
Mz, = K (xpe1 + Tpo1 — 22,);n=1..N (2.1)

Here M is the mass of one particle, K is the spring constant between the atoms and x,, is the displacement
of the nth particle in the chain from its mean position. Note that there are N coupled equations that need
to be solved. We also assume a periodic boundary condition at the ends of the chain, which is equivalent
to a chain where both ends are linked. This is not a necessary assumption; however, it is a constraint that

simplifies the solution. The periodic assumption results in the boundary condition
TptdN =Tn , dEZL . (2.2)

In order to decouple the equations, we take the discrete Fourier transform in space, which is defined as

2

N
1 oms
Flz,) =X = N E Tpe' N (2.3)
n=1




with inverse!

FHUX)=an= Y Xe Fn (2.4)

The Fourier transform relates the displacement of adjacent particles by exponentials. For example, if we

substitute x4 for z, in equation (2.3) it yields

;27s
n:ﬂez e n:l:le 225 (n+t1) . (2'5)

xn:ﬁ:l =

an
an

Equation (2.5) is simplified using the periodic property of equation (2.2) such that

e 1 o 22
il Z (n£1)

uMz

Therefore the exponential relation of the Fourier transform is

c27s

F(Tpa1) = e N F(zy,) . (2.6)

This property is also the same for the inverse Fourier transform with opposite signs,

F N X)) = eFFF X, . (2.7)

+e v —2)X,, (2.8)
which can be rearranged using Euler’s equation and trigonometry to become

; K
Xs:f4M sin? (i;\f)Xs . (2.9)

This differential equation has the well known form

X, = —w?X, , (2.10)

S

where wg is the angular frequency; in the single atom chain,

ws = 2\/5)5111 (7;\}9)‘ . (2.11)

LTt is convenient to use an odd number of N so that a symmetric summation around 0 can be done, however this is not

strictly necessary.



The solution of equation 2.10 must be an exponential function. First we apply two initial conditions to fully

define the solution:

X, (00 = Xx° (2.12)

where X9 and X0 are the Fourier transforms of the initial conditions.

The solution in Fourier space is
X, (t) = A_ e™st 4 Aremiwst (2.13)

where A_; is a constant related to the initial conditions as

A, :% (Xg . Xg) , (2.14)

Wy
and A is the complex conjugate of A;.
With the full solution in the frequency domain, the solution in the time domain can be found by taking
the inverse discrete Fourier transform by substituting equation (2.13) into equation (2.4). Since the terms
in the equation can be added in any order, it is easier to interpret the equation if the first term is switched

2s7

~ " If this is done, the final form of the equation

- iy
around so that A_g becomes Ay and e*"~ " becomes e™*

18
_N-—1
S=T3
2sm 2sm

on(t) = {Ase-i( frn—wst) L Arel (R "—wSt)} . (2.15)

g=—D—-1

2

Equation (2.15) is the general solution of the single particle linear chain model.

In the chain, there are N particles spaced a apart from each other, so the total length is

L=Na . (2.16)
The wavenumber is defined as
2
ks = % . (2.17)
This simplifies equation (2.15) to
s= N;l
Zl'n(t) _ Z {Ase—i(ksan—wst) + A:ei(ksan—wst)} ) (218)
_N-1

s=—



This general solution is a superposition of plane harmonic wave in complex notation. The two terms represent
forwards and backwards propagating waves with amplitudes A, frequency ws and wavenumber kg. Since

the two terms are complex conjugates of each other, the wave equation always has a purely real answer.

2.1.1 Phase Velocity and Group Velocity

The classical derivation of lattice vibration yields a plane harmonic wave solution; however, it is necessary
to describe phonons as particles. Waves, in general, are everywhere in a domain, while particles are localized
in space. To describe phonons, it is therefore necessary to localize these waves, which was first done by
Peierls in 1929 [8]. Peierls described phonons as "packets" of waves. These packets can be made by summing
together a small number of waves with nearly the same wave number. Summing waves with nearly the same
frequency causes "beating" which creates localized spikes due to constructive and destructive interference.
These localizations are, in the classical frame, the phonons. While a single wave travels with the phase
velocity,

w
vp = — 2.19
p k ( )
the energy or signal of a number of superimposed waves travels with the group velocity,

ow

E (2.20)

Ug:

where k = |k|. Therefore a classical phonon is basically a wave packet that travels at the group velocity.

The reason why energy travels with the group velocity and not the phase velocity is explained in Appendix
A.
2.1.2 The Dispersion Relation and the Brioullin Zone

The wavenumber and the frequency of the solution are not independent of one another. Using the definition

of ks and substituting into equation (2.11) gives

w *2\/5 sin ksa
5 M 2

This equation is known as the dispersion relation and is a periodic sine function which is shown in Figure

(2.21)

2.2. Since the relation is periodic with 27“, it is only necessary to know the dispersion relation for & in the
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Figure 2.2: The classical dispersion relation for a linear chain of particles. The Brillouin zone is between the

two dashed lines.

domain (_T“, %) This region is known as the Brioullin zone, and it completely describes the dispersion
relation. If there is ever a wavenumber that is outside of the Brioullin zone, it can be expressed as a

wavenumber in the Brioullin zone added to an integer multiple of 27“,
27
ks=ky+—m, meZ , (2.22)
a

where %’Tm is the reciprocal lattice vector. The Brioullin zone is very important for determining macroscopic

properties because it fully describes all k vectors. Therefore to integrate over all k requires a summation

over the domain of just the Brioullin zone.

2.1.3 Optical Phonons

Optical phonons occur when there is more than one particle in the basis of a unit cell [13]. They are called
optical phonons because they are often created by interaction with photons. A unit cell is the smallest
repeating element in a lattice. That is, a lattice can be constructed simply by placing unit cells side by side

in all directions that the lattice is defined. Therefore non-trivial unit cells occur when there are different
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Figure 2.3: A linear chain with a two atom basis.

particles in a lattice, or in lattices with more than one dimension (where a crystal would have a unit cell
such as body centered cubic, face centered cubic, etc.). In the beginning of section 2.1 the unit cell had only
one particle.

To understand optical phonons consider a linear chain such as at the beginning of section 2.1, except
that now there are two atoms of different types with alternating masses and spring constants between them,
such as in Figure 2.3. Note that the unit cell of the chain must now contain two atoms instead of one. Using

Hooke’s law, we derive the equations of motion for the two masses,

M2yn == Kl(xn+1 - yn) - KQ(yn - Sﬁn) 5

wher z,, and y,, denote the location of particles of type 1 and 2 respectively. Extending our analysis in

section 2.1, we assume a wave solution,

Tn(t) = mgelkan—wt) (2.24)

i(kan—wt)

yn(t) = yoe

This ansatz does not include any summations, because it is a specific solution not a general set of solutions
such as in equation (2.15).

If we substitute equation (2.24) into equation (2.23) and rearrange, it yields

_ K1+ Ky Kie ** 1 K,

M M (“”0> S (“”0) (2.25)
Kiet* LKy _ K1+ Ko Yo Yo
Mo M2

2

In order to find non-trivial solutions to the problem —w? must be an eigenvalue of equation (2.25). By taking



10

2 k

ey
a

4
2z !
a

@y

Figure 2.4: The dispersion relation for acoustic and optical phonons. Acoustic phonons approach zero

frequency as k goes to zero, while optical phonons always have high frequencies, regardless of k.

the determinant of the equation we find that
—(K; + Ky) (M + My)w? + My Mow* + 2K, Ky — 2K Ky coska = 0 (2.26)

The relation between w and k gives rise to optical and acoustic phonons. Optical phonons are waves
that occur when atoms within a unit cell move relative to each other. This means that they must have a
very short wavelength and high frequency. Acoustic phonons are vibrations of the unit cell itself relative to
the other unit cells. Acoustic phonons are phonons where w linearly approaches zero as k goes to zero. The
slope is the speed of sound in the chain. Optical phonons only have high values of w (high frequency) and
strongly interact with the electromagnetic field. Since they always require high energy, they can sometimes
be ignored, especially if the temperature is low. Figure 2.4 shows the dispersion relation over two Brillioun
zones for a typical linear chain with two different masses and spring constants. The upper wave is for optical
phonons and the lower is for acoustic. As can be seen in the graph the optical phonons must have a very

high frequencies even at low wavenumber.
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2.2 Phonons in 3 Dimensions

Phonon theory can be extended to higher dimensions, however this report will not examine this in detail.
For three dimensional phonons consider, instead of a linear chain, a lattice of particles in three dimensions
where all particles that are adjacent to each other are connected by springs. An analysis similar to Section
2.1 can be done, except with three dimensional vectors. As a result the wavenumber, k, becomes the wave
vector, k, and the Brillouin zone also becomes three dimensional and significantly more complex. There are
three polarizations of waves in the solution: two transverse modes and one longitdudinal mode. In transverse
waves lattice particles move perpendicular to the direction of the k vector and in longitududinal waves they
move parallel to k. Note that the one dimensional wave analysis done above is for a longitudinal wave.
Generally, transverse waves have a lower phase velocity than longitudinal waves [14]. It is also possible to
determine the group velocity, using a three dimensional derivation similar to Appendix A. From this it is

possible to show that the group velocity is not necessarily in the same direction as the phase velocity [14].

2.3 Quantum Mechanical Phonons

A quantum analysis of phonons is beyond the scope of this report. However, there are some important
properties from quantum mechanics that allow phonons to be localized as particles instead of waves. A
derivation of phonon quantum behavior can be found in many introductory solid state physics textbooks
such as in Snoke [4].

Consider the linear chain of 2.1. Instead of using Newton’s Laws for the analysis, the Schrodinger equation
(the quantum mechanical equivalent of Newton’s laws) is used. After decoupling the equation in a similar
way to Section 2.1, the equation can be turned into a sum of independent quantum harmonic oscillators.
Solutions to the Schrédinger equation for a harmonic oscillator must have an energy of Aw

In his landmark paper on phonons [8], Rudolf Peierls determined that phonons could be treated as
particles with an energy of iw and a momentum of ik. However, there are some important differences from

regular particles:

e Phonons are created and destroyed, therefore the number of phonons is not conserved.
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e Phonon energy is always conserved in an interaction, but momentum is not always. For this reason,

phonon momentum is sometimes called quasimomentum or crystal momentum [15].

If particles in a crystal acted linearly (i.e. the interatomic potential was quadratic and therefore the
interatomic forces were linear), there would be no phonon-phonon interaction at all, much like classical
waves passing through each other without any disturbance. However Peierls showed that non-harmonic
cubic terms in the interatomic potential allows for creation and destruction of phonons in three phonon
interactions [9]. Either two phonons combine to form one phonon or one phonon decays into two. Since
energy is conserved

ho' + ho' = ho" or ho' = ho' + " . (2.27)

Phonon momentum, however, is not always conserved. It obeys the rule

hk' + k" = hk"”' + hG or hk' = hk"” + hk" + hG . (2.28)

Here G is the reciprocal lattice vector. In the one dimensional case shown in equation (2.22), G would be

27
a

m.

If G is 0, the phonon momentum is conserved, which is equivalent to an interaction where all of the
phonons (on the left and right of the equation) always remain in the Brioullin zone. These processes are
normal or N processes. If G is non-zero, momentum is not conserved, which is equivalent to one or more of the
phonons having a momentum outside of the Brioullin zone and then being projected back into the Brioullin
zone using the reciprocal lattice vector. These interactions are called Umklapp processes or U processes
[15]. Phonon interactions with lattice imperfections and walls generally do not conserve momentum but
do conserve energy. These processes combined with Umklapp processes are together called resistive or R

processes [9].
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3 The Phonon Gas

3.1 The Particle Distribution Function

Using the classical and quantum derivations of phonons allows us to analyze heat conduction by considering
a gas of phonons. This gas has different properties than a real gas, but the same basic approach to the kinetic
theory of gases can be applied to phonons as well. The kinetic theory of phonons begins with defining the

particle properties of a phonon [8], [16]:
e Phonons have an energy of hw and a momentum? of hk;.
e Phonons can be created and destroyed.
e Phonons travel with the group velocity g—,:.

e Phonon interaction involves momentum conserving N processes and non-conserving R processes.

With the properties of the phonons defined, their kinetic equation can be derived. We first define the
particle distribution function f, by defining the number of particles in a the differential volume dx and with

a certain differential wavevector dk to be
dN = f(x, ki, t)dxdk . (3.1)

The six dimensions of space and wavevector combined are called the phase space. It follows that the total
number of particles in a volume, V', is f integrated by x and k,

N = //f(x,ki,t)dxdk , (3.2)
Bz V

where BZ denotes the Brillouin zone of the phonon’s dispersion relation. Removing the spatial integral

results in the number density,

n (2, 1) = /f(a:,k;i,t)dk . (3.3)

2For the rest of this paper, lower case english letters will be used to denote Einstein index notation. Therefore vector k is

equivalent to k;.



14

f is a function that describes how many particles there are for a given wave vector at a given time in a
given space. It is therefore the essential building block for determining macroscopic properties by integrating

over its domain. For example, since the energy of a single particle is hw, the energy density is

e= [ hwfdk . (3.4)
/

Following the same argument, the quasimomentum of the system is

pi = / Bk fdk (3.5)

BZ

3.2 Phonon Entropy and Equilibrium Distribution

Another important macroscopic property we can determine is the entropy of a system. From statistical

thermodynamics, we start from Boltzmann’s formulation of entropy [17]
S=kghQ |, (3.6)

where kp is Boltzmann’s constant and €2 is the number of possible microscopic states that a system can be
in while retaining the same macroscopic properties. From quantum mechanics, theory shows that phonons
are indistinguishable from one another, and they can all exist in the same energy state, so they are bosons

[19]. Tt can be shown by applying equation (3.6) that bosons have an entropy density of

s:—k:B/ (fmg—( + )l <1+§>)dk , (3.7)

where f is the distribution function, kg is the Boltzmann constant and y is the density of states [18]. The
density of states is a property derived from quantum mechanics that is dependent on the Brillouin zone of
a crystal lattice. For a detailed derivation of the density of states see [19].

Since entropy always remains the same or increases during a process in an isolated system, equilibrium
occurs when entropy is at a maximum. Therefore, to find the distribution function in equilibrium, fe,,
equation (3.7) should be maximized under the constraint of given energy. Note that in general derivations
of the Bose distribution (such as for photons), the maximization is also constrained by number conservation,
but this does not apply to phonons as discussed in Section 2.3. We use a Lagrange multiplier, 3, to consider

the energy constraint,
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d):*kB/ (flng(y+f)1n<1+§)>dxdk+5(/hwfdxdkE> . (3.8)
The equilibrium distribution occurs at maximum ¢ and is given by
Y
feq == eﬁﬁw _ 1 b) (39)

which is commonly known as the Bose-Einstein (or simply Bose) distribution [19].
The Lagrange multiplier, 3, follows from the Gibbs equation, which relates entropy to energy, pressure

and volume at equilibrium

TdS = dE + PdV (3.10)

where § = sV. By using equation (3.7) and taking its differential at equilibrium, we obtain

dskB/d<<5hwfeq+yln <1+§>)dk> . (3.11)

We are free to substitue f with equation (3.9) at any point because we are taking the differential at equi-
librium. In the above equation we do it only when it is convenient to cancel out terms. Note that the first

term in the integral is the energy multiplied by 3, that is

ds = kpd(ef) + k:B/d (yln (1 + g)) dk . (3.12)

Using the product rule for differentiation and by substituting the equilibrium distribution into the remaining

f term causes all but one term to cancel and yields
ds = kppde . (3.13)
From the Gibbs equation, we can determine that
b=—— . (3.14)
We can also determine the pressure by multiplying ds by the volume
Vds = V% . (3.15)

Rearranging the equation by bringing the volume into the differential yields

TdS = dE + (Ts — ¢)dV | (3.16)
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Figure 3.1: The energy distribution function of the linear chain of atoms for various temperatures. Real

dispersion is solid and linear dispersion is dashed.

where F/ = eV. Comparing equation 3.16 with equation 3.10 yields the phonon gas pressure

P=Ts—e . (3.17)

3.3 Debye Temperature

The equilibrium properties of a phonon gas can be computed by integrating the equilibrium distribution
function, feq, which was explicitly determined in Section 3.2. For the linear chain of atoms, the dispersion
relation in equation (2.21) is used for w. This dispersion relation makes analytical integration very difficult.

In order to avoid this, the dispersion relation may be approximated by a linear relation between w and k
w=ck , (3.18)

where c¢ is the speed of sound. For the linear chain of atoms, the speed of sound is the group velocity at the

. dw K
C_%%E_GHM . (3.19)

limit as k goes to zero,
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Figure 3.2: The relative error between real dispersion and linear dispersion with an infinite Brillioun zone

as a function of temperature.

To non-dimensionalize the temperature in the Bose distribution, we first define the Debye temperature as

28]
h K
Tp = —4/— . 2
D=k M (3.20)
We then define 1" as
. T
T= E (3.21)
so that
Yy
exXp [?:| -1

The linear dispersion relation’s accuracy can be compared to non linear dispersion using the energy distribu-
tion function (i.e. Aiwfe,). The energy distribution function is shown in Figure 3.1 for a variety of T ranging
from 0.1 to 20. The linear dispersion approximation of the energy distribution function is shown as dashed
lines. The graph was normalized by dividing the energy distribution function by the Debye temperature.
By inspecting the graph, the distribution for linear dispersion seems to closely approximates the actual
dispersion relation with the largest errors at 7" equals 0.7.

Another difficulty in performing analytical integrations of the distribution function is the finite size of the

Brillioun zone. Bose distribution integrals are much simpler to integrate from negative to positive inifinity
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as opposed to between two finite points. However notice that if the Debye temperature is much less than
unity in Figure 3.1, the function drops to approximately zero before it reaches the Brillioun zone boundary.
Therefore, for low temperatures, the Brillioun zone can be expanded to positive and negative infinity without

any ramifications, for example energy density can be approximated as
o A
e:/hwfdkz/ hwfdk for T« 1 . (3.23)
—00
BZ

A plot showing the relative error between linear dispersion integrated over an infinite Brillioun zone and
one dimensional real dispersion is shown in Figure 3.2. The plot shows a less than ten percent error for
a Debye temperature up to about 1.2. After 1.2, the error gets progressively larger to the point that the
approximation is useless. The reason the error gets so large is because at higher T, the linear dispersion
approximation is non-zero outside the Brillioun zone.

The Debye temperature is a useful value that can be used to determine how accurate the linear phonon
dispersion approximation is and how far theory can be pushed with these approximations. Unfortunately, for
many materials the Debye temperature is well below room temperature so these approximations can cause
significant errors. The table below shows the Debye temperature for some materials that are encountered in
nano-devices [5]. It is important to note that copper, silver and gold are not usually in single crystal form

so the assumptions in this work may not necessarily apply to them.

Element | Debye Temperature (K)
Carbon 2230
Silicon 645
Copper 343
Silver 225
Gold 165

One possible way to extend the model further is to sacrifice the simplicity of infinite Brillioun zones and
use finite ones instead while still keeping linear dispersion. Figure 3.3 shows the relative error between real
dispersion and linear dispersion integrated over a finite Brillioun zone. The error goes up to twelve percent

at Debye temperatures below unity and then approaches zero as the Debye temperature gets larger. The
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Figure 3.3: The relative error between real dispersion and linear dispersion in a finite Brillioun zone for the

linear chain of atoms.

reason for this is that the Bose distribution approaches a flat line as 7" approaches infinity, much like the

linear dispersion approximation.

3.4 Phonon Energy Distribution

The equilibrium energy distribution of three dimensional phonons can be determined by integrating equation

(3.4) in three dimensions. As explained briefly in Section 2.2, the distribution function must now be integrated

over the wavevector k. For simplicity, we define k to be the magnitude of k and ki, ko and k3 are the

components of k. With the linear dispersion approximation, w = ck, this yields

e—// he fdk = /// k,zgkzi dk .

Converting to spherical coordinates and integrating over the solid angle gives

e=47r/,ffik2dk .
e

kT — ]

To move all of the constants outside the integral, we do the coordinate transformation

hek

C T kT

(3.24)

(3.25)

(3.26)
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to get
_AmkiT o (5.27)
Twe V) e ™ '
0
which yields
drky T4
=3 5 - (3.28)

This relation shows that the energy of a solid in equilibrium is a quartic function of temperature and is also

dependent on the speed of sound in the solid.

3.5 Wave modes and the Debye velocity

The linear chain model presented above only has one dimension, and therefore only one type of wave. In
three dimensions, there are three different types of waves. Consider the linear chain in Figure 2.1 except that
now the particles can move in three dimensions. The particles can move to the left and right, such as in the
pure one dimensional case, but they can also move up and down as well as in and out of the page. Notice
that up and down is equivalent to in and out by the symmetry of the system. The side to side motion is
known as a longitudinal wave, while the other two types of motion are transverse waves. Therefore there are
two transverse and one longitudinal mode for any linear chain. Now suppose that instead of a linear chain
there was actually a three dimensional lattice of particles®. This lattice could be described by three linearly
independent basis vectors. Fach basis vector would each have one longitudinal and two transverse waves
associated with it, making nine waves. This means there are six independent dispersion relations (since the
two transverse waves would have the same properties) to fully describe a wave in a three dimensional lattice.

The linear dispersion approximation can be used to simplify w, but there would still be three independent
velocities, ¢, ¢, and ¢; where ¢ and [ represent the transverse and longitudinal modes respectively. The
transverse modes have the same velocity, so although they are treated separatly for most of this section, in

general ¢;, = cg,. This leads to three separate distribution functions that are superimposed on each other.

3In three dimensions, the Brillouin Zone may be quite complex and anisotropic. One way to simplify a three dimensional

Brillouin Zone is to assume it is a sphere with the same volume as the actual Brillouin Zone.
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In equilibrium with linear dispersion they are

_ ] 3.29
fu hctlk} 1 (329)

x>

exp ﬁ—CL} -1

As a result, the total distribution function is

f=lfu+fut+th . (3.30)

In order to simplify the description of the phonon gas, we will not distinguish between phonons of different
modes. For the following model we replace each mode’s velocity with the Debye velocity, cp, such that in
equilibrium [28]

3
= Fut fot fi= —p e (3.31)
exp [Eﬁ} -1

The Debye velocity should be chosen such that the energy of the three modes is the same as the simplified

case. An expression for the Debye velocity is found by determining the energy distribution
e=ey +e, e, (3.32)

and using the energy expression in equation (3.28),

T4 T4 T4 T4
30107 = a— + a—= + a— . (333)
D 11 to 1

This yields an expression for the Debye velocity in terms of the transverse and longitudinal velocities:

1 1 1 1 2 1
%:E+@+3_C?’:3_C§+3_C?- (3.34)
The Debye Velocity is an elegant simplification of a three dimensional lattice, however we should summa-
rize the approximations that it requires and their cumulative effects. First of all, the Debye velocity requires
linear dispersion and that the Brillioun zone can be extended to infinity. This is only a good approximation
when the temperature of the domain is much lower than the Debye temperature. The second approximation

is that the velocities in the different lattice directions are all the same. This makes the model purely isotropic

and has the effect of making the Brillioun zone spherical. Any anisotropic studies would have to somehow
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take these different velocities into account. Finally the Debye velocity does not distinguish between the

modes of the vibrations.

4 The Boltzmann Equation and Moment Method

4.1 The Phonon-Boltzmann Equation

Since phonons can be described as particles, complete with a stochastic distribution function, we can now
describe phonon processes through the change of the distribution function over time. Changes to f are
caused by transport of phonons and phonon collisions (R and N processes). Hence it is possible to write a
phonon-Boltzmann equation

of  ow Of

U2 _sy) (1)

where f is the particle distribution function and S(f) is the collision term. The equation was first written
by Peierls [8]. The collision term is a non-linear integral over the distribution function and requires quantum
theory for it to be explicitly described. The transport term describes free flight of phonons with the group
velocity, g—,;*;. The group velocity of the phonons can be approximated by the Debye velocity.

The collision term can be broken into two parts, one representing normal processes and the other repre-

senting resistive processes,

S(f) = Sn (f)+Sr(/f) (4.2)

By inspection, it is apparent that the collision term must go to zero at equilibrium. This is simply because
in equilibrium there can be no temporal variations in f and there can be no transport of f either, that is the
two terms on the left of the equation must vanish. Furthermore, the collision term must also bring f towards
equilibrium. Finally, since we know that in equilibrium f is the Bose distribution we have that S (fpose)

must be zero.

4.2 Macroscopic Moment Equations (Conservation laws)

The phonon Boltzmann equation can be solved using direct numerical simulation or by direct simulation

Monte Carlo (DSMC) [6] and [7]. These produce accurate results (dispersion relations, Brillouin zones and
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other properties can be implemented explicitly) but they carry a very high computational cost. Another
method is to approximate the Boltzmann equation by develpping macroscopic equations by integration. We

assume linear dispersion and use the 3-D Debye velocity which we now denote as the vector
c =cn; (4.3)
where ny is the phonon direction, and c is the Debye speed. Furthermore we can represent the vector k; as
ki =kn; | (4.4)
For the energy balance equation, we multiply phonon Boltzmann equation by Aw and integrate,
of

of
89@-

hudlk — / S(f)hwdk . (4.5)

The first term is simple because t is independent of k,

of 0 _ Oe
Ehwdk =5 /hwfdk =9 - (4.6)
The second term can be simplified by substituting ck for w,
of B of
/cZ 92, fuwdk = /cZ o2, hekdk . (4.7)

Furthermore, ¢ and the x derivative can be moved out of the integral because they are independent of k.

Thus equation (4.7) becomes

of 5 0
/ C; oz, hekdk = ¢ oz,

/ hkn;fdk = ¢ aaA / hk; fdk = ¢2 apf . (4.8)
T; T

Finally, the collision term must also be integrated. Since the collision term consists only of N and R
processes, which both conserve energy, the integration of the collision term must be zero. Therefore the

energy conservation equation is

de 5, 0p;
ot < o,

=0. (4.9)
The same process can be used for the momentum conservation equation. The phonon-Boltzmann equa-

tion is multiplied by hk; and integrated,

of
= Tkl + / ¢

of
821}1'

hkjdk = / S(f)hk;dk . (4.10)
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The first term is the momentum rate of change,

of _ Op,
ot hkjdk = 5 (4.11)
The second term can be rearranged such that
af 0 kik; _ ONj;
ci o, hkjdk = oz, /hc B fdk=c o7, (4.12)

Here, N;; has been defined as a rank two tensor that is analgous to the stress tensor in continuum fluid
mechanics. On careful inspection, it is helpful to decouple the stress tensor from energy by splitting it into

its trace and trace-free parts (a trace-free matrix is indicated by angled brackets around its indices),

1 1 kkkk 1 (&
Nij = gNk-k(sij + N(iﬂ = 5 /ﬁdek(Sij + N(ij> = % / hwfdkéij + N(ij> = géij + N(ij> . (4.13)

The integration of the collision term will be 0 for N processes because they conserve momentum, but there
will be a non-zero contribution from the R processes. We define S as the collision term for only R processes,
which gives

/ S(f)hhsdk = / Sn(f)hkidk = P, (4.14)
Where P; is the integrated collision term in the momentum equation. Finally, the momentum equation is

ot 300, om0 (4.15)

The momentum equation, like the energy equation, has a term that includes a higher order moment, N (;;y.
Another equation can be made for N;; that will similarly have a higher order moment, M (;;y; and so on.
In theory, an infinite set of moment equations can be generated which would fully describe the distribution
function. In other words, the hierarchy of inifinitely many moment balance equations is equivalent to the
Boltzmann equation. In practice, it is necessary to consider only a finite number of moments, which leads
to the so-called closure problem: For example, consider only the moments e and p; for which the moment
equations are the balances of energy (equation 4.9) and momentum (equation 4.15). These contain the
additional quantities N(;;, and P;, and thus are not a closed system of equations for e and p;. The closure
problem is to find constitutive relations for N;; and P; (or higher order moments if you want more equations)

as functions of the lower order moments e, p;, etc. (and possibly their derivatives).
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4.3 Approximating the Collision Term - The Callaway Model

The highly non-linear collision term in kinetic theory is extremely difficult to handle in computational
models or anlytical treatment, so an approximation is often used. In gas kinetics, one of the most well
known approximations is the Bhatnagar-Gross-Krook or BGK model [20]. An equivalent model for phonons
was introduced by Callaway five years later [21]. First, the Callaway model separates the collision term into

two contributions for normal collisions and resistive collisions, respectively, as explained in Section 2.3
S=Sv+5r . (4.16)

For both normal and resistive collisions, Callaway uses an approach similar to the BGK model where S is
determined by the deviation of f from a respective local equilibrium distribution fy or fg,

1 1
R 0 ey A€ A LN (4.17)

5=- 7r (k)

Here, 7y, g is the frequency of NV or R collisions between phonons which depends on wave vector. In the
Callaway model, the absolute value of S, g is large when the actual distribution function, f, is far from the
local equilibrium distribution function fy,g.

We determine the local equilibrium distribution fr from maximizing entropy under the constraint of
prescribed local energy; recall that resistive interactions conserve energy but not momentum. Therefore, the

distribution is determined using the same process as in Section 3.2 and the function for entropy must be

qS:—kB/ (flng—( —|—f)1n(1+§)>dk—i—ﬁ(/hwfdk—E) . (4.18)

This equation is similar to equation (3.8) except that it is for a local distribution so there is no integration

maximized,

over x and it is in three dimensions instead of one. The equation yields the Bose distribution at maximum

entropy,

- Y
T eBriw — 1

fr (4.19)

The Langrange multiplier, 8y, is determined by recalling that, since energy is conserved in R-processes, the

integration of the resistive collision term in the energy equation must be 0 (see equation (4.9)),

/mstk/%(ffR)dko . (4.20)
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Equation (4.20) is another non-linear integration since, in general, Tg is a function of k. The gray matter
approximation greatly simplifies the equation by assuming that 7g is constant. This allows it to be removed

from the equation and the integration becomes the difference in energy between f and fg,

hwfdk = | hwfrdk . (4.21)
fwrac=

Therefore fg is actually a function dependent on f. It can be described as the target distribution function
for R processes. That is, any R process brings f closer to fr; however, after each resistive interaction, fr
itself is changed (since it is a function of f), until both f and fr both reach global equilibrium and Sg
becomes zero.

The same process is used to determine fy, except that energy and momentum are conserved in normal
processes, so that fy follows from maximizing entropy under the constraints of prescribed local energy
and momentum. The momentum constraint adds three additional Lagrange multipliers «;, one for each

dimension, so that now one needs to maximize

<;5k3/<f1n§(y+f)1n<1+£>)dk+ﬁ</hwfdke>+’yi</hkifdkpi) L (4.22)

Maximization yields the drifting Bose distribution,

Y
In= eBnhotyhk; 1 - (423)

The Lagrange multipliers are found by using the constraints that f and fy must conserve energy and

momentum during N processes,

)
I

hwfdk = | hwfydk (4.24)
f porac=

P / ik fdk — / ik fvdk |

The Callaway model for grey matter can then be incorporated into the macroscopic moment equations.
For the energy equation, we already know the collision term is zero. For the momentum equation, we

determine P; by integrating the R and N collision terms,

B

/SR(f)kajdk + /SN(f)hkjdk = *i / (f — fr) hik;dk +0 (4.25)

1 1 1
- /fﬁkjdk + — /fRﬁkjdk = ——Di . (4.26)
TR TR TR
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Note that the collision term for the normal processes conserves momentum, so it must be zero by the same
argument used in the energy equation. The integration over fr is also zero because it is the Bose distribution,

which is isotropic.

4.4 Closure for Local Equilibrium and Fourier’s law

A simple closure method can be used to produce Fourier’s law of heat conduction. To do this, we take the

first four moment equations for energy and momentum,

Oe 20pi

ot =0 (4.27)
apj 1 Oe 8]\7(”‘) _ 1
ot " 30z; 0w 1R (4.28)

We then need a constitutive equation for the stress tensor, N ;. Fourier’s law requires a continuum

assumption which means that the local distribution must be the Bose distribution, which gives

N gy = / ﬁ—k<’:j = fpdk =0, (4.29)

where k.;k;~is the trace free part of the tensor k;k;. The integral is zero because the bose distribution is
fully isotropic, and it is multiplied by the fully anisotropic trace free tensor. Rearranging equation (4.28) for

a steady process and multiplying by ¢? yields Fourier’s law,

9 TrE® Oe TRC? oT or
_ -k 7
(‘9:@

Cpi = *T 85[31 = *Tpmatcva_xi - (430)

Where ¢?p; is the heat flux per unit area, g. This derivation of Fourier’s law shows that the microscopic
R collision frequency is related to the heat conductivity, &, the density, p,,,; and the specific heat, ¢, of a

material,
3K

2
C*PmatCo

TR= (4.31)

This is a powerful relation because now the R process frequency can be easily measured using a basic

macroscopic experiment.

4.5 The Generalized Moment Equations

By inspection of equations 4.27 and 4.28, it is apparent that each equation contains a moment and a flux (a

higher order moment). As a result an infinite number of moment equations can be generated each containing
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a moment and the flux of a higher order moment. The more moment equations used in a calculation would

produce a more accurate calculation of f [9]. We define the general moment density, Wiy .in)s

1 n—1
u<zlln> = {,h/ (%) k<i1ki2'-'kin>fdk7'--}7 n e 1,2,3, ey (432)

and the general flux, fi, ik

1\"

It can be shown [9] that the flux relates to the moment densities by the formula

n
2n +1

Jlirin)k = U< <iy.in_1>0in >k T Uiy ink) - (4.34)

This relationship combined with applying the approach shown in Section 4.2 to arbitrary moments yields

the general balance equation

Oug, . i, Oftiy..ink
<5t L e <5xk L (4.35)
The flux can be removed using equation 4.34,
Oy . in) n Qucciy i, > O, ik
— o L =Py iy - 4.36
ot + “on +1 O, te oxy, (1:n) (4.36)

Thus an infinitely large set of moment equations can be generated by using this generic balance equation.
For practical computing, this must be limited, but a higher order set of equations gives a better accuracy at
the expense of more equations. A future research topic would be to determine how many moment equations
are needed for an accurate solution to a given problem. The number of equations needed should be related

to the Knudsen number of the problem, with higher Knudsen numbers needing more moment equations [29].

4.6 Grad’s Closure Method

For a practical computation, only a finite number of moment equations can be used. In the highest equation
that is used, there is always a flux that is a higher order moment. This results in an ill posed problem
because there is one more variable than the number of equations.

In order to deal with this moment, we use Grad’s moment method [10] adapted to phonon kinetic theory

[9]. The premise of Grad’s moment method is to construct the distribution function, f, so that it is a
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function of the moments (with the exception of the highest one), i.e. f = f (k,u@l), ...u<i1___in>). This way,

the highest moment, u, ), can be determined by integrating f and it becomes a function of the lower

0141
order moments. This reduces the number of variables to the number of equations and allows the system to
be solved.

To construct f, we consider the entropy of the system in a similar way to equation (3.8), except this time

we define our entropy so that all moments are used [16],

¢:7k3/ (flng —(y+ )l <1+£))dxdk

N n—1
+8 (/ o f ddk — E) +y {A<il,,,in> (h (%) ki kg b fdadk — u@-l__,in)) } . (4.37)

n=1
where A, ;. is the general Lagrange multiplier.

Maximizing equation (4.37) and using equation (3.14) to substitute § for kBLT yields

= Y
B op []?;?F * ny:l {A“l"'iﬂh (%)TF1 ki, k‘iQ...kin>H -1 ) (4.38)

We assume that the distribution function is only a small distance from local equilibrium, which allows f to

be linearized by taking a multidimensional first order Taylor series in all moments [9] (except for the zeroeth

moment, energy),

kBT 8fBose al 1 et
f = fBose + F ok (Z A<111n>h E k<i1ki2"'kin> . (439)

n=1

The Lagrange multipliers are determined in terms of their corresponding moment equations by substituting
equation (4.39) into equation (4.32). Note that due to the linear construction of this closure method, the
lagrange multipliers are only dependent on their corresponding moments and not on any others, which is a
major benefit of Grad’s closure method at the cost of only being able to model small deviations from the

Bose distribution. The final distribution function has the generalized form

15 25 +1
kBT OfBose i jl;Io( i+ 1) Aht keiyo ki, >

he Ok (& 16l y(nkpT) T kL

f(k7T7 ui17u(’i1’i2)7 "'7u(i1...iN>) = fBose+

(4.40)

We can now explicitly determine the higher order moment v, y by using equation (4.40) in the moment

011
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equation
1 n—1
u<i1.__iN+1> = h/ (E) k<i1ki2---kin>f(vaaui17U(i1i2>7---;U(il...in>)dk . (4.41)

We use the property that over all space (i.e. negative to positive infinity) the integral of a product of two

trace free tensors is non-zero if and only if the tensors are of the same length, therefore

U y = 0 . (4.42)

11 AN+1

This reduces the number of state variables to the number of equations and closes the system.
Equation (4.40) can also be used to simplify the Callaway model for high moments. Applying the Callaway

model to Py, . ;. yields

1 1 n—1 1 1 n—1
Py iy = e h (E) k<ikiy. ki, > (f = fr) dk—E/SN(f)ﬁ (E) k<ikiy.. ki, (f — fn) dk
1 1 1 1\"*
= 75'&(111”)*;'&(“1”) — E /ho (g) k<i1 kig---kin>dk . (443)

Note that the fr term will always be zero since it is a Bose distribution which is fully isotropic. Since the
moments are trace free, the integral is zero over an isotropic domain. fy is the drifting Bose distribution

and requires further expansion

1 1 n—1 1 y 1 n—1

This term introduces a non-linearity into the equation, however, by linearizing fy in the same way we
linearize the Grad distribution, equation (4.38) reduces the term to zero for all moments of higher order than

pi, leading to our linearized form of the Callaway model

1 1 1
P(z'l...in> = 7%“’(@'1---%)7;“(“---%) = *;U(il...im ,form >1, (4.45)

where % is the combined collision frequency of N and R processes. This results in the general balance

equation

Ouy; i n aU<<i 1> ouy; ink 1
@51*75 fn) g 8; - LA %lx;: ) — Uy iy form > 1. (4.46)

For n = N, the equation simplifies to

Qi ..in) N OQucciy.i, o> 1
zétuv +02N+1 8;;11; 1 :*;U@‘l...iz\r) . (4.47)
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Wall Has Surface

— Wall Normal v,
Temperature Tg

Incident Phonon
With Distribution f(T,k)

Incoming Heat Flux

Thermalized Phonon
With Distribution fgoee(Ts,K)

Incident Phonon
With Distribution f(T,k)

Reflected Phonon With
Distribution f(T, k;- 2kjv;v)

Incident Phonon
With Distribution f(T,k)

Scattered Phonon
With Distribution f(T k)

Figure 5.1: The microscopic model used for the phonon interaction with the boundary

5 Boundary Condition for the Phonon Moment Equations

5.1 Microscopic Model of Phonon-Surface Interactions

Boundary conditions are required to determine particular solutions of the moment equations. Just like the
moment equations, the boundary conditions are derived from microscopic analysis of the phonon Boltzmann
equation. In order to create a sufficient number of boundary conditions, we propose a simple model of
phonon interactions with a surface at the microscopic level and then integrate over it to create macroscopic
conditions for each state variable.

We assume that there are three possible interactions the phonon can have with the wall as shown in
Figure 5.1. The general idea behind this assumption is that the possible interactions that a phonon can have
with the wall can be modeled both in a general and mathematically simple way. By varying the amounts of
phonons that interact in each of the three ways, actual phonon interactions can be modelled well.

The first process, thermalization, is when a phonon hits the wall and then comes to equilibrium with the
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wall before being scattered into the bulk phonon gas. All of the phonons that have thermalized would form
a Bose distribution centered on the surface temperature, Ts. It is important to note that thermalization can
also create and destroy phonons, since the number of phonons do not need to be conserved. This also allows
an energy flux through the surface.

The second type of interaction occurs when a phonon simply bounces off the surface while retaining its
energy but changing direction. We split this into two types: isotropic scattering and specular reflection.
These two types of reflections are a simple way to approximate directional scattering, where the direction of
the scattered phonon is related to its incident angle.

We define f as the distribution function of the particles that have interacted with the wall but have not yet
interacted with the rest of the bulk phonon gas, f. f must then be some function of the incident distribution
function before it interacts with the wall (the bulk phonon gas) and some coefficients that account for how
many phonons thermalize, scatter and reflect. We define o as the total fraction of phonons that are not
thermalized and 3 as the fraction of phonons that are. Of the o phonons that are reflected and scattered we
define 7 as the fraction that are scattered, and therefore (1 — «) are reflected. This yields the function

f = BfBose (Ts, k) +~yaf (ki — 2kpviv;) owv + g / c(—ngvg) f (ki) dQ (5.1)

kiv; <0

where T is the surface temperature, c is the speed of the phonon, ny is the direction of the k vector, vy
is the wall normal and p is a constant related to o and v such that the number of particles reflected and
scattered (but not thermalized) are conserved. The first term of the equation is the thermalization term,
followed by the reflection term and then the isotropic scattering term.

Note that the argument k; — 2kgvir; simply switches the sign of any component in the direction of
the wall normal. For example if the wall normal was (0,0, 1) and k; was (1,2,3) then the argument would
be (1,2,—3). The scattering term has a half space integral which represents phonons coming towards the
surface. This is because the f can only be related to phonons that actually strike the surface, so they must

be moving towards the surface beforehand.
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5.1.1 p Relation to a and 7~

p is related to a and « by using the fact that the number of phonons that are reflected and scattered are
conserved. We equate the number of phonons about to strike the surface that will not reflect and scatter
with the number of phonons that have just left the surface that were reflected or scattered. Therefore the

conservation of particles can be written as a flux entering and exiting the surface,
— / acngvif (k) dQ = / yaengvy f (ki — 2kgviy;) dQ+ / C’I’Lkl/kg / c(—nyvy) f(k)dY | dQ .

c
nprE<0 npvE>0 ngvg >0 npvE<0

(5.2)
An important simplification involves breaking f up into its even and odd parts with respect to ngvy,

such that

vaen (kz - Qkkykyi) = vaen (kl) and (533’)

foda (ki = 2kgvivi) = —foda (ki) . (5.3b)

When multiplied by niv, and integrated over all space, the even and odd functions have the following

property4
/ Wk foven (ki) = 0 and (5.42)
NV
1 1
/nka-fodd(ki)dQ = 3 / nk”k‘fodd(ki)dQ:§ / Vi fodd (ki) dQ (5.4b)
NEVk npvE>0 nEvE <0

where f denotes an integral bound over all values of ngvy.
nEplik

Breaking equation (5.2) into even and odd parts yields

- /Oécnkaded(ki)dQ* /aankaEven(ki)dQ:

nEvE<0 nEvE <0

yacengvi foad (ki — 2kkviy;) dQ + / yoaengVi fEven (ki — 2kgviv;) dQ

nivi >0 ngv>0

+ / anVk%) /c(—nkuk)ded(ké)dQ’ dQ+ / cnkyké /c(—nﬁguk)vaen(kg)dQ’ aQ .

nivE>0 kVE<0 ngvi >0 kVE<O0

(5.5)

41t is important to realize that since ngvy, is itself an odd function nyvy fEven is an odd function and nyvy foqq is an even

function.
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Using the properties of equation (5.4) we simplify equation (5.5) to,

1
- §/ankaOdd(ki)dQ+ / cnpVi fEven (ki) A2 | =

NElk nEvE <0

1
- §/an1/k:f0dd(ki)d9+ / eniViefpven (i) df2 ) —

NEVk npvE <0

1
P 5 / ankaOdd (k:z) d) + / an-kaEven (k:z) a2 . (5.6)

NV nErE <0

The integral terms are now all the same, so they can be factored out, yielding the identity

p= @ . (5.7)

5.1.2 [ Relation to «

The relation between 5 and « is determined by considering the case when the boundary is in equilibrium
with the bulk phonon gas (i.e. T = Ts). We evaluate 8 by replacing all distribution functions in equation
(5.1) with Bose distributions centered on T,

fBose (T37 k) = BfBose (T37 k) + ’YafBose (T37 k) + %) / C(*nkyk)fBose (Tsv k) 2 ’ (58)
kiv; <0

which when combined with equation (5.7) reduces to
f=1-a . (5.9)

Equations (5.7) and (5.9) reduce the four parameters to two independent ones. With this information, it is

now possible to fully define the distribution function f.

5.2 Explicit Form of the Linearized Distribution Function for f

The Grad closure method for the moment equations yields a linearized distribution function that is con-
structed from the state variables, namely f = f(T,u;, ..., ... i,)) in equation (4.40). Therefore an explicit
form of f can be determined by integrating the scattering term

pﬁfscatter = g / c(—ngv) f (ki) dSY . (5.10)

kivi<0
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We start by substituting in equation (4.40) and make some trivial simplifications

pﬂ_fscattm“ -

o B+,
kBTafgose Z 7=0 c’h . ) k<i1---kin> dQ (5'11)

n

—p / NElVi fBose

U
he Ok 16n! N
nErE <0 n=1 Y (WkBT)
For simplification we define a term, J,
n
15 J] (25 +1)
j=0
and the term H
5h4
_ ¢ . (5.13)
167y (kpT)
We replace k; with its magnitude, k, and direction vector, n;, where in polar coordinates
n; = {sinf cos ¢, sinfsin ¢, cosd } . (5.14)

Since the integral is only over direction, we can remove all isotropic functions (such as fpese ) from the
integral and move k outside the integral as well.

r kBT afBose > -1
PT fscatter = —PfBose / npVd§ + pwﬁwk Z HJ, (7) / Uiy i) iy i) EVEASY |

n=1

nEvE<0 ngvE<0

(5.15)

where n;, . 4.y is simply the trace free part of n; n;,..n;,. The factor _71 is inserted to simplify future

n

constants. Another important simplification is that n;, . ;,) which we will call the trace free direction tensor

can actually be simplified to n;,n;,...n;, , which we will denote n;, . ; , because of the property

Uiy i) Vi1 in) = Wlin.oin) iy i (5.16)

which is true for any product of trace free tensors.

We can now focus on a general pattern for determining the scattering term integral over the direction
tensor. This can be simplified by splitting up the direction tensor into its normal (to the wall) and tangential
parts. With the wall normal already defined as v;, we simplify our problem by assuming v; points in the z
direction,

v; ={0,0,1} . (5.17)
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This allows us to define the normal scaler as
v =mn;v; =cosf . (5.18)
We also define the tangential vector as a two dimensional vector, which is denoted with a capitalized subscript
T4 = {sinfcos ¢,sinfsinp} . (5.19)

Finally this allows us to break up the scalar product w;, .. j,)ni,. 4, into tangential and normal parts of

n

U (,..i,)- For simplicity, w;, . 4,y is broken up into several submatrices by using a mixture of capitalized

subscipts and v subscripts. In the rank 2 case

U(AB)  U(vA)
U(ij) =
UiAv)  Uww)
such that u 4py is the fully normal part of u;;, and would hence be a two by two tensor. The other parts
of u(,jy are g4,y and u, 4y which are the tangential normal and normal tangential parts respectively (and
each two dimensional vectors). The last component is the fully normal part wu,,, which would be a scalar.
This can be generalized to higher rank tensors such that u 4p,) is the "tangential tangential normal" part

of ujr), etc. Note that the trace free brackets indicate that u is trace free in all three indices. It is not trace

free in two indices. For example
ugaay # 0but (5.20a)
Ay Fupyy = 0. (5.20b)
Using these definitions and the symmetry of u and n,
W(ij)Nij = WAB)TATB + 2U(a)TAV + Ui PV (5.21)

This can be generalized for any order of u with the equation

n—r

n
u<ilmin>nil,__in = ZX:‘Lu<Al---Arv1---Vn—r>TAl"'TATV . (5.22)
r=0

where x]' are the components of Pascal’s triangle,

(5.23)
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The integral in equation (5.15) can now be analyzed. Since w4, ... 4, v,. y and x;' are both independent

Vn—r

of direction, they can be moved outside the integral, which leaves

-1 - n -1 n—r
<7> / u<i1___in>n<ilmin>nkuk.d(2 = ZXTU(AL»-ATUL»-VTHH (7) /TAl-nTATV +1dQ . (5.24)

nEvE<0 r=0 v<0

Note that ngvy is simply v and was incorporated into the equation above. We compute this new integral by
using the property that the normal tensor is symmetric in all indices, which means that the integral must

be a scalar multiplied by a fully symmetric set of two dimensional Kronecker delta functions

-1 . ordra,..Ay T even
— [ TaTA " TTTAO = A (5.25)
T

v<0 0 , r odd

where d¢4,...4,} is the sum of all combinations of Kronecker deltas in a fully symmetric tensor. For example

0(aB} daB (5.26)

d(aBcpy = 0aBdcp+dacdpp +0apdBC

In equation (5.26) if any two indices are switched the answer remains the same, so they are fully symmetric.
For any d(4,...4,}, there are (r — 1)!! terms. Note that r is always even. Indeed, o} must be zero if r is odd
because there would be an integration of an odd number of sine or cosine functions over the domain 27 in
the ¢ direction.

o can be determined by taking the full trace (i.e. contracting all 2-D indices) of both sides of equation
(5.25). We determine the full trace of a set of fully symmetric delta functions by first taking the trace over

two indices and determining

O{Ay . Ar 1 AYOA 1A, =01A A, 1A,y = (T —=24+044)0ga,.. 4, 0} =T0A,. A s} > (5.27)

since the trace of a two dimensional delta function is 2. By continously applying equation (5.27) until all
indices are contracted we find that

full trace (6{A1...Ar}) =rll (5.28)
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where !! denotes the double factorial, defined by

IT 2: , T even
i=1
N
il = (2i—1) ,rodd (5.29)
i=1
1 0

The full trace of the other side is computed by first determining 747 4,
7ATA = sin? @ cos? ¢ + sin? sin? ¢ = sin? 6 . (5.30)
Thus the full trace is simply sin” 6. ¢? is determined by solving the full trace of equation (5.25)

mr!l

U:L = cos 6<0 ) (531)

0 , r odd

-1 / sin” @ cos™ "t 0dQ) | r even

which can be simplified to

ot = ri(1+)! : (5.32)

A solution for o7 allows equation (5.24) to be solved

n n
~1 .

D XA A ) (7> /TAl---TATV" A = XA A )Ty - (5.33)
r=0 v<0 r=0

We contract the fully symmetric delta function with w4, 4,v,...,,_,) using the properties that there are

(r — D! terms in the delta function and that u is fully symmetric

U(Ay . Aoy —r) O(Ar.Ay) = Z7'U<A1A1A2A2...Ag Az ul...un,r> (5.34)

e S . . PO . .
where Z, = (r — 1)!l. Since u is trace free in all directions in three dimensions u<A1A1A2A2...A§A%ul...un,r>

can be simplified by equating its trace in any direction to zero. For example for u;;, we know that

ij

Uiisy = 0= uany + Uy = vaa) = —Uwyy - (5.35)

This is true for any two indices so that in general

[NR}

u<A1A1A2A2...A€A% V1---Vn—r> = (_1) u(l’l»..l/n> . (536)
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It is important to remember that w,, ) is a scalar and is the fully normal component of u, ;). The
result from equations (5.36) and (5.33) can be combined with equation (5.15) to determine an explicit form

fOI‘ fscatteT

1 kT OfBose , - z
fscatter = fBose + ka; (HJn ZO ((—1)2 foeruO,lm,,n))) . (5.37)
For consistency we define
Fopecutar = [ (ki — 2kpvivy) (5.38)
and
fihermatized = [Bose (Ts, k) (5.39)
Finally we can express f as
F = Bfihermatized + o fspecular + pT focatter - (5.40)

Using the relations determined from section 5.1 this can be further simplified to

fT = (1 - 05) fthm’malized + Of’yfspecular + (1 - ’7) fscatteT . (541)

5.3 Phonon Energy Flux Through a Boundary

The microscopic model can now be used to make macroscopic boundary conditions for the state variables
of the system of moment equations. We first consider energy flux, since it must be conserved across the

boundary,

gohonen — / hweng f dk . (5.42)

The energy flux inside the boundary must be continuous with an external flux to prevent the surface from
changing properties,

q]ixtyk' _ qghononyk ) (543)

To evaluate the external flux we evaluate the phonon’s energy flux at the surface. We do this by breaking
up the full integral into two half space integrals. One half space accounts for phonons travelling towards the

wall and the other accounts for phonons travelling away from the wall. Incoming phonons have distribution
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f and outgoing phonons have distribution f,

/ hwengvy, f dk + / hwengvy f dk = ¢Evy . (5.44)
nEvE <0

nrvi >0

We then multiply equation (5.42) by v, subtract it from equation (5.44) and simplify to obtain

/ hwengvy f dk = / hwengvg fdk (5.45)
ngvE >0

nrvE>0

which is the energy boundary condition for a surface, where the temperature of the surface T is controlled.

5.4 General Boundary Conditions for the Moment Equations

General boundary conditions must be formed so that for an arbitrary number of moment equations there are
an appropriate number of boundary conditions. The general boundary conditions can be formed by equating
the moments of f with the moments of f. We do this by assuming that once a phonon has just touched the
wall it has the distribution f but once it moves a distance Ax into the domain its moment’s fluxes are equal
to the fluxes of f. We then take the limit as Az goes to zero. This condition assures that the fluxes of f and
f are the same at the wall but it does not require that the actual distributions must be equal. Essentially
there is a microscopic discontinuity but all macroscopic fluxes are continuous. This boundary condition can

be written as

/ kn@l_”in)cninﬂfdk = / kng, . ayeni,,, fdk o, (5.46)
nivE >0

nrve>0

where the integrals are computed at the boundary.

5.4.1 Reduction of the General Boundary Conditions

Equation (5.46) makes one boundary condition for each moment equation for each surface in the domain. This
overconstrains the system of equations by making about twice as many boundary conditions as necessary.
This is because the general moment equations only have first order derivatives in x which means only
one constant of integration is created, however equation (5.46) creates two boundary conditions for each

dimension of x.
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The problem of too many boundary conditions can be reduced using an argument first put forward by
Grad in gas kinetics [10], [23]. Grad first considered a special case where at a surface there was only specular
reflection and the distribution in the bulk was in a local equilibrium. In this case it means 8 and p are both
zero, « is one and f is a Bose distribution. This reduces the distribution function for phonons that have just

interacted with the wall to

f = f (kz — 2kkl/kyi) . (547)

The boundary condition is therefore
/ Uiy i)V S (ki — 2kpvgr;) dk = / Uiy iy CeVief (ki)dk . (5.48)

ngvi >0 nivE>0
By substitution, this simplifies to
/ Uiy iy eV f (ki)dk = 0 if ug, . i, ycnpyy is even in ngvy, and(5.49a)
/ Wiy iy eV [f (Bi) — f (ki = 2kgvpry)] = 0 if g, g ycngvy is odd in ngyy,.
npvE >0

Grad argued that if f was even in the ngvy direction which implies that f(k;) = f(k; — 2kgvgy;), the
boundary conditions with even u;, . ; ycngvy are reduced to an identity and therefore provide no information
about f. Grad argued further that if the boundary condition gave no information in the special case, then it

could not be used in the general case either, so he rejected all boundary conditions with even w;, . ;,)cngvg.

5.4.2 Explicit Breakdown of the General Boundary Conditions

The boundary conditions can be further simplified in order to generate an explicit form without any integrals
by using the Grad closure distribution function from equation (4.40). We first simplify equation (5.46) by
cancelling out any part of u;, . ;) that is independent of k as well as the constant, c, resulting in

/ k((iyoin) Mimss Vs f dk = / K (1 iy i) Mipss Vinsr f AR (5.50)

nEvE >0 npvi>0

where the integral must be odd in ngv (which implies even w;, . ;,)). This is more easily seen if the tensor
equation is broken into tangential and normal parts using the definition of 74 and v from equations (5.18)

and (5.19) and bring nyvy into the brackets

/k(TBl__,BS)um*S“fdk:/k(TBl__,BS)Vm’s“fdk forodd m—s+1 . (5.51)

v>0 v>0
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Note the use of m instead of n and B instead of A. This is simply because n and A will be used shortly to
denote other indices.
The right hand side of the equation is the simpler one, so it will be simplified first. We expand the

integral by substituting in the distribution function, f from equation (4.40)

/ k(7. p) v+ f dk = / k(75 5.) V™ frose dK

v>0 v>0

T ose
+/k2 (T, V™ st1kBT 3fB (ZHJ»,LU, (igorrin) Vi -+ nzn>> dk . (5.52)

he
v>0

Using a similar argument as outlined in section 5.2 the scalar product w,. i,)n<i,---ni,> can be broken

down into a sum of tangential and normal parts

/k(TBl..,BS)Vm_stdk:/k?(TBI,,.BS)Vm_SHfBosedk

v>0 v>0

m—s k Taf ose p——
+/k2 (TBl...BS)V +1 gc B (ZH,] ZX Apvrovm_ )T Ay TAY )dk . (5.53)

v>0 n=1

The integral can be split into parts dependent on k and parts dependent on the solid angle, €2, where dk is

k2dkdS2
/k(TBl'“BS)Vmis+1fdk:/k3fBosedk / (TBl...BS)VmierldQ
v>0 0 50
T ose 7
/k4ksc afgk dk / (’I'B1 ym—s+1 (ZH] ZX”‘ Ay )T A; - TATVn 7‘) Q. (554)
0 v>0 n=1

The integration over k is fairly straightfoward,

/k(TBl...BS) " er1fdk—15 (kgT) /(TBl...BS)Vm_stQ

v>0 v>0

At (kpT\’ J— -
+H< he ) /(7'31 ZH] ZX,« Arvr.evn_ ) TAp - TAV dQ) . (5.55)

50 n=1

The first term’s integration over € is the same as the integration in equation (5.25) with the the boundary
v > 0 rather than v < 0. This change in bound gives the same answer except that all terms are positive.
We define & as

n

r=lovl - (5.56)
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The second term of equation (5.55) also reduces to a similar integral when the 74’s and 7p’s are combined

and the sums and integrals are rearranged

ksT\* ..
/k<731_,3> s+1fdk—15( - ) £70(,..8.,)

v>0

k T - n-+m
+15 (f?a) ZZHJn Ay Aoy 00 Ay A BB - (55T)

n=1r=0

The left hand side of the equation (5.50) can be determined in a similar way. It is first broken down into its

individual terms according to Section 5.2.

/ k (TBI---BS) Vmisjqfdk = (1 - a) / k (TBI'--BS) VmiSlethhermalizeddk‘i‘

v>0 v>0
yo / k(rB,..B,) Vm_s+lfspecula7' dk +a(l—7) / k(7B,..B.) Vm_s+1fscatter dk . (5.58)
v>0 v>0

For simplicity, each term in the above equation will be determined separately, starting with f hermatizeds

(1 - a) / k (TBl...BS) VmiSJrlf_thermalizeddk -
v>0

(1 - a) / k (TBI"-BS) VmiSJrlfBose (Ts, k) dk = (1 — Ol)

v>0

T kpTs m
= () esimns - 630

The specular reflection term can be solved by using a substitution z; = {k., —k, },

Yo / k (TBI"-BS) Vm_s+1f_specular dk =
v>0

o%e! / E(tp,. B )™ T (ki — 2kpvpy;) dk = —ya / z (1, ) V" T f (z)dx . (5.60)
v>0 v<0

The negative sign is a result of the fact that m — s + 1 is always odd. The result is an integration just like

the right hand side of equation (5.50) except over v < 0,

kgT
Yo / k(TBl...B) me S+1f.specula7 dk = ya 15( s ) sa{Bl...BS}

v>0

kgT
+7041—5 (ﬁ) ZZHJan Ay Aoy om0 Ay A BBy - (5.61)
n=1r=0
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™ which is important for simplification later on

Since m — s is always even, o will always be equal to &",

kgT m
Yo / k(TBl...B) m—atl f.speculcw dk = ya 15( 7113 ) &, 6{31...35}

v>0
k Xn : < LArvr n—r) { 1...A.B; Bs} . ( . 2)
,’) hc TLZ TZO AT 7+-S Ay v v é A ‘v) “

Although fscarter is a complicated term, it is simple to integrate because it is independent of

g ksT\*
a(lff)/)/k(TBL--Bs)Vm +1fscatterdka(17)ﬁ<%) 3 6{31---35}

v>0
4t N
+Oé(1—’7)1—5( hc) ZZ In ( Xfoerul...yn) £'0¢p,..B,y - (5.63)

Combining all terms results in the generalized boundary condition
kgT

7T4 kBT m 7T kT m 7T4 ! m
(1a)E< > £0(B, .. B}+7a15 ( e ) 3 5{31...Bs}+a(17)ﬁ< o ) £0(B,...B.}

hc
kgT = e
( N > § ZH‘]TL v 71.5 U(A;. -Arvl---’jnfr>5{A1---ArBl---Bs}

+a—

15 he o
4t (kpT\” [ .
+Oz(1*’)/)f ( ;;C > (ZZH‘]" )2 XR 07 2y, ,,n>> £5'0¢B,..B,}
n=1r=0
™ (kgT\* . EpT\° oa &
_< sc > 525{31 .Bs }+ 15 < o > Z HJ, ’ILX7 :Lj-_;nu<A1..Ar'ul...un,r>6{A1...ATBl...BS} (564)
n=1r=0
Finally, this equation can be simplified by collecting like terms and cancelling common multiples
4 4 cth z
(1-a) (T =T") +al—1 >4ﬁyk4 ZZ( )P 2ty vy ) | €008,y
n=1r=0
47Tyk4 ZZJM@ (vao i = &) way . Avor v 0Ar A8y By =0 . (5.65)
n=1r=0

Although the general boundary condition seems quite cumbersome, in its current presentation it is an

explicit equation without any integration that provides sufficient boundary conditions for an arbitrary number

of moments in three dimensions.
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6 Summary of Equations Used For Further Analysis

6.1 Summary of Assumptions

For the most part, the theory presented previously has been fairly general in nature. However, a number of
assumptions were necessary to arrive to the general equations that have been presented, and it is important
that those assumptions are clear before interpreting results.

The first assumption is that phonons have a linear dispersion (i.e. w = ck) and an infinite Brillioun
zone. This is assumption is used to linearize the left hand side of the phonon Boltzmann equation and was
shown to have little relative error if the temperature of the material in question was less than or equal to
approximately 0.6 of the material’s Debye temperature.

The next assumption was the gray matter Callaway model. This assumption is necessary for linearizing
the right hand side of the phonon Boltzmann equation and assumes that phonons have the same collision
frequency regardless of wavenumber. Since this research is a first step, the gray matter assumption was used
because of its simplicity, however it is recommended that wavenumber dependent collisions be examined in
the future.

Finally, the microscopic boundary conditions were developed simply by thinking about what a phonon
could possibly do when it interacted with a boundary and how that could be modeled in both a general and
mathematically simple way, with the end goal of providing fitting coefficients that could be used to match
experimental results and hopefully become predictive.

The bulk equations used in this report are derived from Grad’s closure method, using the Callaway model
for the collision term. We start with equation (4.36), the general balance equation. The first two moments

(energy and momentum) have already been derived in Section 4.4:

de  ,0p;

- S
ot o,
dp; 10 ON (;; 1
O Loe | ONgy _ 1
ot 30x; Ox; TR
With the general equation for all higher order moments
O, . n Oucciyin_y>  Oug, ik 1
=in tes Bk — g iy n=1,.., N 6.1
ot JrCQn—i—l oz, ~ te Oy, 7 Uineingy T e (6.1)
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where w, ik = 0.

6.2 Dimensionless Form
6.2.1 Bulk Equations

A dimensionless form of the equations requires few steps because the moments, u;,. ;) all have the same
dimension as p;. The only variable with a different dimension is the energy e. For ease of notation, we define
E as

E (6.2)

Il
alo

While 7 has already been defined as the average time between two phonon collisions, we define the mean free

path X as the average distance a particle travels between collisions. A is related to 7 by the Debye velocity, ¢

A=cr . (6.3)

Dimensionless length is defined using a characteristic length scale L,

x
h= 6.4
2= (6.4)
Dimensionless time is also defined using L and the speed of sound,
.~ tc
t=— 6.5
. (65)

All of the moments have the same unit and every term in the moment equations have one moment in
them, so the equations could be made dimensionless using any constant without having any ramifications,
however it is useful to relate the moments to temperauture, especially since temperature is in the boundary
conditions. Therefore using the T relation to e from equation (3.28) and remembering that Ui, ...i,) has the
dimensions of € results in a useful dimensionless form

. Arykt TH\
Wiiyoin) = Wiiy..ip) ( 13 = C—Z ) (6.6)

where T, is a relevant temperature in the model, such as a surface temperature or possibly the Debye

temperature. This equation applies for p; and E as well.
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Finally, we define the Knudsen number, Kn

Kn

>~

g . (6.7)

Equation 4.46 is made non-dimensional by dividing by ¢, multiplying by L and by non-dimensionalizing

the moments using equation 6.6. Using the above definition results in the following system of equations

OF  0p;
—+— =0 6.8
ot (91'1' ( )
8]3j 1 0F 8N<ij> 1 .
~ 5 a~ + “a~r = 7—pj
ot 3 8ZL‘j 0z, Knpg
Oty 1 Qlecivinc> | Oty L iy iy n=1,.,N |
ot 2n +1 0%;, > 0y, Kn "
where Kng = CTLR and 4, . ixk = 0. Finally, it is useful to present the equations in a general 3-D matrix

form where the vector® i, represents all of the moments such that

{E’ Piy figijy ...,a@l,,,m}a : (6.9)
The entire system of moment equations can thus be represented in the matrix form

Ol Oug Oug Ot - .
W+Aa5 9 +Ba5 35 +Ca5 bE = —P,pls . (6.10)

The expanded equations in three dimensions up to @z (i.e. 25 independent moments in 3-D) are presented

in Appendix B.

6.2.2 Boundary Conditions

The general boundary condition shown in equation (5.65) can also be simplified using the same process. We
start by dividing equation (5.65) by T,

T T4 A X .
o (B T) #0033 (0 )] €0,

n=1r=0

4h3
47ryk4 T Z ZJMQ (vaol i = & wgay Aoy v ) 0(Ay . ABy By =0 . (6.11)
=1r=0

5Since latin letters have been typically used as indices for spatial vectors and tensors, we use greek indices to represent

vectors representing the combined moments.
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. . . . . . . . 453 . N
The equation is now dimensionless and is simplified by replacing W%Téw Ao Avor ey WIbH A, A0,

e Un—r)
according to equation (6.6) and T4 with T4,
N n
[(1 —a) (Tg1 - T4> tal-7> > ( )? XfafZTﬁ<yl...un>>] £5'0(By...BY

n=1r=0

N n

Z Z wXy (Yoot = E ) Gy Aoy om0 { Ay A By By =0 . (6.12)

n=1r=0

Although equation (6.12) is a valid dimensionless form of the boundary condition, 7" is not a moment variable.

To simplify the equation, it is convenient to replace T4 with E. Using equation (6.6) as a guide,

3t 3t B3ct \ T .
T = E = ( ) TLE . 6.13
4rkhy drkly \ArkLy 0 (6.13)

Rearanging and cancelling terms yeilds

T ., -
T4:T =F . (6.14)

Substituting into equation (6.12) results in the final dimensionless form
. ) N n
[(1—0[) (ES—E) +a 1— ZZ( X70' "z, u< ) ))] 5?5{31...35}
n=1r=
N

where F is the dimensionless surface energy.

’ILX'{’ ’yaaﬁj:;n - 5:‘:":;774) a(Al...AT’Ul...VTLfT)(s{Al...ATBl...BS} = 0 ’ (6'15)

\M:

The expanded form of the general boundary condition is quite complex. The boundary conditions for a

two dimensional system of equations up to u;;x; in Cartesian coordinates are presented in Appendix C.

7 Discussion and Results

7.1 1-D Heat Conduction Between Parallel Plates

For a few specific geometries, analytic results can be obtained for a closed (i.e. finite) set of moment equations.
A simple 1 dimensional problem that can be solved analytically is heat conduction between parallel surfaces,
illustrated in Figure 7.1. A flux is introduced to a solid by establishing differing temperatures (or energies) at
the two surfaces. The problem is steady state and only dependent on one direction (x in this case) because
the solid is semi-infinite in the y and z directions. The problem is solved below for the 9, 16 and 25 moment

cases and compared to Fourier’s law in dimensionless form using the process described in Section 6.2.
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Px—>

Figure 7.1: Heat conduction between parallel plates.

7.1.1 The 9 Moment Solution

Despite the large number of equations in the moment method, the properties of this problem allow for many
of them to be ignored or greatly simplified. In order to compare the moment method to Fourier’s law only
two properties are needed, E (which is proportional to internal energy), and p, (which is proportional to
heat flux). The simplified set of equations (derived from Appendix B) with all y, z, ¢, and higher moment

terms removed are

Opq
0%
10E  ONiup 1
lob N 1
309z o2 Kng! (7.1a)
4 Op, 1 .
—s _ N,
15 0i Kn' (*)

(7.1b)
Solving for p,. yields
Pe=0C1 (7.2a)

where C is a constant of integration. This can be substituted into equation (7.1a)

10E  ONiyy 1 1
—-—— + = Pz = —
3 0z or Kng Kng
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Equation (7.1b) is used to solve for —81\§;I>

)

_KinN o T 1508 (742)
8];7)(;@ = 0. (7.4b)
Substituting into equation (7.3) and solving for E yields
Pee 3 izt O (7.5)
Knpg

where Cs is another constant of integration.
At this point, the solution is exactly the same as Fourier’s law, however the boundary conditions are
different. Equation C.1 is used to determine both constants of integration by applying it at either wall. For

this geometry in the 9 moment case it reads

(140 -

E = 721/xpxra) + E (76)

where E, is the boundary energy and v, is the wall normal, which in this case is 1 at = 0 and —1 at
x = L. Equation (7.6) is known as a jump condition because Eis equal to E, plus an extra term (the typical
boundary condition for Fourier’s law is the no slip condition, F = ES).

Applying this boundary condition to equation (7.5) gives the full solution to the problem

3 (EH - EL) 1-a) 2By Knp

E=—
3_3atdkng(lta) | 3-3atdKnp(l1a)

(7.7)

Figure 7.2 shows a plot of E as a function of & for several different Knudsen numbers with Ey = 1.1 at
#=0and F;, =1 at # = 1. The results show a linear profile, like Fourier’s law, except for jumps at the
boundaries, which increase as Knudsen number increases.

The temperature jump can also be affected by changing the proportion of phonons that simply bounce
off the surface (@) and the number of phonons that thermalize at the surface (1 — «). Figure 7.3 shows
the same plot except the Knudsen number remains at 0.1 and « is varied from 0 to 1. As « increases, the
temperature jump also increases. Note that for @ = 1, all phonons are reflected at the surface. Therefore
no energy exchange occurs and the surface is adiabatic. Accordingly, there is no temperature profile in the

crystal and no heat transfer through it.
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Figure 7.2: Heat conduction between two parallel surfaces for varying Knudsen number using the 9 moment

equations.
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Figure 7.3: Heat conduction between parallel surfaces for varying values of a using the 9 moment equations

with Kn =0.1.
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7.1.2 The 16 and 25 Moment Solution

The problem can be solved with more moment equations by using the same process as the 9 moment solution

except more equations are needed. For the 16 moment case, in this geometry, the equations are

861’; = 0 (7.8a)
30: T as  Koph (7.8b)
= ) — ____N 7.8
15 0% 0 Kn' (@@ (7.8¢)
9 ON(za) 1 -

The first two equations are the same as the 9 moment case but higher moment equations need to be

solved. For instance, in the 16 moment case, M (zxz) 1S NON-zZeT0, S0 NOW equation (7.8c) simplifies to

— =——N, . 7.9
oz Kn @@ (7.9)

The M (zzz) term requires equation (7.8d), which is simplified to

9 8N<M> 1 -
oz T T35 a2 (7.10b)

With further back substitution, a general solution for F can be found

- 3 1 3 1 3
F=——— h{—— inh (| —— . A1
Tnn Cix + Cy + C5cos (Kn \/%x) + Cy4 sin (Kn \/%x) (7.11)

where Cy, Csy, C3, C4 are constants of integration which are determined using equations (C.1) and (C.3).
The linear system for the constants was solved using Mathematica; the resulting lengthy expressions will not
be shown. Curves were produced directly in Mathematica.

The 25 moment system can be solved in a similar fashion. The simplified equations for this geometry are
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P
= 0 7.12

5% (7.12a)

10F 8N<m> 1
1 I Y 7.12b
30z | 01 Kng' (7.12b)
v 7 - M. 7.12d
of 3 o: | op Kn' (@) (7.12d)

Using the same process of substitution as the 9 and 16 moment equations results in

A 3 1 23 . 1 23
E= —K—nRC’w + Cy 4+ C5 cosh (K—nw / 4—5x> + Cysinh (K_n 4—51‘) ) (7.13)

where the constants of integration are solved once again using equations (C.1) and (C.3).

To compare the results of the 9, 16 and 25 moment equations, Figure 7.4 shows a plot of E as a function
of distance Z for each moment equation with E g =11at 2 =0 and EL =1at £ = 1. In all cases, the
results show a profile that looks quite linear. There is some curvature in the 16 and 25 moment solutions

because of the hyperbolic sine functions, however their effect is negligible.

7.1.3 Discussion

The geometry of heat conductivity between parallel surfaces allows for a simple problem that can be solved
and analyzed by the moment method and compared to Fourier’s law. This can be used to get a basic
understanding of what effects can occur when phonon rarefaction causes the continuum assumption to break
down. Clearly, the dominant effect in this case is the temperature jump (although the equations solve for
E, this is proportional to temperature). Another interesting result is that the 9 moment solution is almost
exactly the same as the 25 moment solution for Knudsen numbers in the range that these equations could
work for (since the equations are linearized by a small Knudsen number approximation, it does not make
sense to extend the solutions to cases where Knudsen number is greater than 1).

The property that could be particularly useful in design work would be an equivalent heat conductivity

for a material dependent on the Knudsen number of the system. Since heat flux (which is proportional to
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Figure 7.4: Heat conduction between parallel surfaces for various systems of equations. In all cases Kn = 0.2,

Kng =04, a =0.5.

p) is not necessarily proportional to the local temperature gradient in the moment method, we define heat

conductivity over a finite distance
AT

Since p; is proportional to ¢; an equivalent heat conductivity can be measured

K _ p

R Fourier PFourier

(7.15)

Figure 7.5 shows that the equivalent heat conductivity for the moment method drops as Knudsen number
gets larger. This means that for a nano-device, with similar geometry to the parallel surface problem would
transfer less heat than expected by Fourier’s law for a given temperature or be hotter than expected for a
given heat flux. It should be noted that Figure 7.5 assumes the same proportion of resistive and normal
phonon process (i.e. the ratio of Kn to Kng remains constant) as Kn increases (which essentially signifies
a decreasing length scale). This may not be the case in typical experiment because resistive process include

phonon interaction with grain boundaries, which could become less significant at smaller length scales.
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Figure 7.5: Equivalent heat conductivity compared to Fourier’s law as a function of Knudsen number for the

9, 16 and 25 moment equations. In this case Kngp = 2Kn, a = 0.5 and v = 0.5.
7.2 1-D Poiseuille Flow

Another geometric configuration with an analytic solution is a constant energy gradient in one direction in a
semi-infinite solid. This is roughly analagous to Poiseuille flow in fluid mechanics. In Figure 7.6 the direction

of the gradient is in the x direction and the y direction has a thickness of 2L. We assume that the only

x dependent property is the gradient of temperature such that dE i5 3 constant. Since the z dimension is

T

infinite, no properties are dependent on it. Furthermore, the process is steady state.

7.2.1 General Solution

We begin with a reduced form of equation (6.10), where ¢t and z derivatives are elimanted,

Dy

4155

—— = —P,plg . 7.16
BHUa
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Figure 7.6: Poiseuille Flow

The only equation with an x dependent term is the moment p,. Using the expanded moment equations in

Appendix B as a starting reference and removing all terms without y dependency except for ”Cll—f gives

i = . 1
34z 4 Kng'® (7.17)
We define p,, as
dE
~m == Am K s - 7.18
Pz =Po+ Knp— (7.18)
Since ‘é—g is constant
e _ 0P _
ozt oz '

Furthermore, inspection of equation (B.1) with all non y dependencies removed leads to a trivial equation

Oy _
TR (7.19)

To simplify our equations we redefine our variables such that

T = { P gigys oo iy iy} - (7.20)
Equation (7.16) can be simplified to
- Diig 3
Buos——= = —P,ptug . 7.21
apy plg (7.21)

Redefining p, to p, made the system of equations only dependent on y. Pag is now an invertible matrix



because energy balance was removed from the system of equations

1
Kngr 0
~ 0 _1
Paﬁ Kn
0 0
Therefore u, can be isolated
-~ 0
~ -1 8
U Pa'y B%B 8_3;

o7

(7.22)

(7.23)

This system of differential equations can be solved by diagonalizing the Pi;lBk.j matrix using its eigenvectors,

Qi and corresponding eigenvalues in the diagonal matrix A;;. We define A;; as

_ A0
0 A2
Aop =
0 0
Using the substitution
o = QapWp

leads to the equation

15 ow
We = _Qaalpa'le’YHQNBa—; =-A

This equation is solved using the hyperbolic sine functions

8w5
af ay

1 1
we = C} cosh (/\—ay) + C2 sinh (A—ay> ,

where C1+2 are constants of integration. i, can now be determined by inverting equation (7.24).

7.2.2 The 9 Moment Solution

The boundary conditions can be applied to both walls to determine the constants of integration.

(7.24)

(7.25)

(7.26)

The

process can be simplified by only solving for the variables that are useful for discussion®. In this case, the

6In general, all moments need to be solved simultaneously, however for the geometry of this problem, some of the equations

decouple themselves, so they can be ignored.
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most interesting variable is the momentum, because it is proportional to the heat flux. It is essential that the
right number of boundary conditions are used, or the system will become overdefined. For the nine moment

case, we use equation (C.2). Since M(;jxy = 0 in the nine moment case, this equation is simplified to

. 8N<1y>(1 + Oé’}/)
= o E TN 2
b "y 3(1 —av) (7.27)

where n,, is the wall normal direction. This boundary condition is then applied at both walls. Assuming an
origin in the middle of the flow, this could be applied at p,(1) where n, = —1 and at p,(—1) where n, = 1.

For the 9 moment case, the solution for p, is

A KnR(?E 5
Pe = ——3— 7~ + K cosh (”KnKnRy) ) (7.28)

Kl - 5 6[? 8(14+av) / 5
3cosh (\/K'nKnR) + Knﬂ;q 3\/5(1_1»\{) sinh ( K'nKnR)

The solution for p, is composed of two terms. The first term is what is predicted by Fourier’s law. The

where

(7.29)

second term is a hyperbolic cosine function that creates what is known as a Knudsen layer. The Knudsen
layer is essentially a form of boundary layer caused by phonon "drag" on a boundary. This drag is caused
by the scattering of phonons when they interact with the surface.

Figure 7.7 shows the profile for p, for various Knudsen numbers. As the Knudsen number approaches
zero, P, approches plug flow at 1, which is what is predicted by Fourier’s law. As Knudsen number increases,
phonon scattering at the boundary becomes significant, increasing the Knudsen layer and therefore reducing
pz- Knudsen layers exist in all heat flow systems, however they only become significant as the Knudsen
number increases.

The boundary conditions used in this solution can be tuned depending on the proportion of phonons that
specularly reflect, v, and isotropically scatter, 1 — . Figure 7.8 shows p, profiles for Kn = 0.2 with varying
~. The figure shows the reduced drag from the boundary as specular reflection increases. In fact, with pure
specular reflection (v = 1), the Knudsen layer disappears and plug flow is achieved. It is important to realize
that this is not the mechanism that predicts Fourier heat transfer on the macro scale. Plug flow can be

achieved with ~ less than one as long as the Knudsen number is very small, as is shown in Figure 7.7.
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Figure 7.7: Poiseuille flow profile of p, for the 9 moment case with varying Kn where Kng = Kn, a = 1,
~v = 0.5. As Kn approaches zero, the 9 moment case approaches the same profile predicted by Fourier’s

law. At higher Kn, boundary effects reduce p, .
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Figure 7.8: Poiseuille flow for the 9 moment equations with Kn = 0.2, Kng = 0.4 and varying . Note that
as -y increases, the boundary effect diminishes until plug flow is achieved, due to the boundary not inhibiting

momentum when there is pure specular reflection.
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7.2.3 The 16 and 25 Moment Solutions

For the 16 moment case, the solution for p, is

Kng OF
b= —BnrIE | p <\/ 35 ) , (7.30)

3 oz 8Kn2 + TKnKng®
where
K. — %—fKnR
N I cooh ([ (/seerstires )
75(1+ary) sinh —3
35 35 8Kn<+7TKnKn
3\/8Kn2 + 7TKnKng 8Kn?2+7KnKng cosh ( 8Kn2+7K'nKnR> + 35(1—ay) =

(7.31)
The solution for the 16 moment case makes an adjustment to the Knudsen layer when compared with the 9
moment solution.

The 25 moment solution adds a second Knudsen layer

X Knp OE 210
Py = ——=——>— + K cosh Y
3 Ox 49Kn? + 21KnKnp — \/TKn? (343Kn% — 6KnKng + 63Kn%)

+ K5 cosh <\/ 210 y) , (7.32)
49Kn? +21KnKng + /TKn? (343Kn2 — 6KnKnpg + 63Kn?%)
where the constants of integration, K; and K5 are too lengthy to present; however, they have a similar form
to the constant in the 9 and 16 moment cases. Although higher moment equations have not been solved
explicitly, it is clear from the general solution to equation (7.16) that more moments lead to more Knudsen
layers.

Figure 7.9 compares the 9, 16, and 25 moment equations for Kn = 0.3, Kng = 0.6, « = 1 and vy = 0.5.
With these parameters it is clear that the 25 moment equation has significantly more drag than the 16 and
9 moment equations. However, at lower Knudsen numbers, there is not as much difference between 9, 16
and 25 moments (see Figure 7.10). Comparing solutions from the different moment equations is a way of
determining convergence. Solutions from higher and higher moment equations can be compared until the
difference between two sets is within and acceptable error. It would then be unnecessary to solve larger
moment systems for that particular Knudsen number in that particular system.

Phonon momentum is not a typical quantity desired by design engineers, however heat conductivity is.

Since p; is proportional to ¢; and equivalent heat conductivity can be determined by integrating p; over
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Figure 7.9: Phonon momentum p,, as a function of y in a Poiseuille flow situation where Kn = 0.3, Kng = 0.6,
a =1, v = 0.5. Fourier’s law would give a flat "plug" flow. Boundary drag which reduces total heat flux

occurs in the moment equations. Higher moment equations display greater dependency on boundary effects.

an area and comparing it to the heat flux that would be predicted by Fourier’s law. This comparison can
be used to create a bulk heat conductivity for the entire system that could be compared to the material’s
heat conductivity in the macro-scale. Figure 7.10 compares the equivalent heat conductivity as a function

of Knudsen number for the 9, 16 and 25 moment equations.

7.3 1-D Heat Conduction with Periodic Initial Conditions

Another simple geometric configuration that can be solved analytically is a one dimensional body with
periodic initial conditions such as in Figure 7.11. This was conducted experimentally by Johnson et al [24] by
interfering two lasers and exposing a wafer to the diffraction pattern specifically because it is a configuration
that is possible to analyze both theoretically and experimentally. In the experiment, a sinusoidal energy
pattern was initialized in a thin silicon wafer at room temperature and the thermal decay was measured to
determine a wave-length dependent damping coefficient. The damping behaviour as a function of the laser
diffraction grating’s wavelength can be determined from the moment equations, and then be compared to

Fourier’s law and the experimental results. The periodic nature of the problem eliminates the boundary
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conditions, allowing study of bulk behaviour.

The thin wafer was required by the experiment so that the sinusoidal pattern would be homogenous
throughout the entire specimen. Results from Section 7.2 indicate this causes a reduction in heat flow.
Incorporating this effect into this model would require a two dimensional solution, which is ignored for this

simple analysis.

7.3.1 Fourier’s Law Solution

The dispersion relation for Fourier’s law can be determined starting with the heat equation in one dimension

de Kk 0%
————=0 . 7.33
ot ¢, 02 ( )
Since the problem is periodic, the wave ansatz is used
e=epexp [—i (Kz —wt)] , (7.34)

where K = 27“ is the wave vector of the diffraction pattern and w is the frequency. The frequency response is
split into two parts. The real part of w is the phase velocity of the wave and the imaginary part is the wave
damping. By substituting the ansatz into the differential equation, the dispersion relation is determined to
be quadratic in K

iw=—K? . (7.35)

7.3.2 The 9 Moment Solution

The experimental results were compared to the analytical solution for the 9 moment method using x as the
relevant direction. In order to compare it to the experiment, the dimensional form of the equations are used.

The necessary equations are

9e | 29pa

It +c B = 0 (7.363,)
Op, 10e ON (0 B 1
E + 5% C—ax = fTRpx (7.36D)
ON (0 4 Op, 1



We define the vector u,, as

e
Uq (2,t) = Do ,
Naa)
the matrix A,p as i
0 & 0
Aws=|1 0 ¢
0 %c 0
and the matrix P,g as : _
0 0 O
Pap=10 £ 0
0o o 4
which simplifies equation 7.36 to ) _
8(;1: JrAag% = —P.gug ,
with initial condition ~ _
eo cos (Kx)
ug (2,0) = 0 )
0

Since the problem is periodic, we use the wave ansatz for the solution
Uy = ugei(an—wnt)
Substituting into equation (7.40) and rearranging yields the equation

iwua—if{Aaguﬁ + Pa5u5 =0 .

For non trivial solutions of u,, the characteristic equation must hold

(Z'w(sag — Z'KAaﬁJrPaﬁ) ug =0 .
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(7.37)

(7.38)

(7.39)

(7.40)

(7.41)

(7.42)

(7.43)

(7.44)

Equation (7.44) is an eigenvalue equation for the matrix —iK A,s+P,5. For each eignevalue, iw, there is

a specific solution to the wave ansatz. Since the problem is linear, they can be added together to form the
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general solution
Ug (T,1) = Z aBQa/gei(f“*“’ﬁt) , (7.45)
B

where QQnpg is the matrix of eigenvectors corresponding to the eigenvalues iwg. The amplitude ag must be
determined from the initial condition shown in equation (7.41). Substituting the initial condition into the

general boundary solution yields,
Uq (2,0) = Z agQage”_{x . (7.46)
B
This can be simplified such that
o = €0Qy1 - (7.47)
Note that ey was previously defined as the energy amplitude for the initial condition in equation (7.41).

The final solution is
Uq (2,t) = €g Z Qaglelei(Kx_wﬁt) . (7.48)
B

This solution can be generated for an arbitrary number of moments by simply expanding the dimensions
of un, Aag, and P,g and determining their coefficients from the moment equations. For simplicity, only

results from the 9 moment equations are presented.

7.3.3 Mathematical Method to Compare Results

The experimental results (see Figure 7.12) were determined by fitting an exponential function to the wave
decay. Since the moment model’s solution is a specific solution, it was approximated by finding an aggregate

frequency, @, such that

ZQ&ﬁlelei(}_{x_wﬂt) _ ei(f{x—wt) ] (7-49)
B

@ can be determined by taking the natural logarithm of equation (7.49) and simplifying for a constant value

of z (in this case 2 = 0 is used for simplicity but any value will work)

—iwt =In | > QasQpie | . (7.50)
B
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The resultant equation is linear with respect to ¢. Essentially @ determined by taking the slope of least
squares fit to the right hand side of equation (7.50). The least squares fit was computed between ¢t = 0
and a time that was sufficiently large enough for most of the decay to occur, which was consistent with the

experiment [24].

7.3.4 Results and Discussion

The results from the one dimensional 9 moment model are qualitatively similar to the experimental results.
There was difficulty matching the data quantitatively for a variety of reasons. The dispersion relation of
Fourier’s law (as measured in [24]), the 9 moment method and the data from [24] are shown in Figure 7.12.

In the experiment, Johnson used silicon wafers, which have a tabulated mean free path, A = 43 nm [25].
Using a specific heat of 700 J/kgK, a conductivity of 130 W/mK, a density of 2329 kg/m3, and a speed
of sound of 8430 m/s [26] equation 4.31 gives a resistive mean free path, Ag, of 28 nm. However, since
the Johnson experiment used a thin wafer which reduces heat conductivity because of phonon boundary
scattering, essentially experiencing the result predicted in Section 7.2. As a result, inspection of the slope of
the line for Fourier’s law in Figure 7.12 actually predicts a bulk conductivity of 89 W/mK.

This effect is not a part of the 1-D, 9 moment solution because it is essentially a two dimensional side
effect. The only two parameters in the 9 moment solution are the resistive mean free path and the total
mean free path. In order to fit the data from the Johnson experiment, the resistive mean free path was
adjusted to fit the slope of Fourier’s law as measured in the experiment, and then the total mean free path
was adjusted to fit the experiment’s dispersion relation. The results require a resitive mean free path of 19
nm and a total mean free path of 9300 nm.

The results of the 9 moment theory are not entirely accurate, but they do predict the general character-
istics of the equation. Furthermore, the frequency dependence of phonon mean free path has an important
effect on the results. In fact, in thin films, there has been research suggesting that the importance of low fre-
quency phonons (and their longer mean free paths) should be taken into consideration to make the "effective"
mean free path on the order of 300 nm [27].

Ultimately the solution should be tested using a two dimensional solution to the moment equations.
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Figure 7.12: Dispersion relation of the wavevector (K) of a sinusoidal initial condition and the temperature
relaxation frequency (w). The Fourier’s Law slope and the experimental data plots are from [24]. Fitting the
9 moment theory to the experimental data required a resistive mean free path of 19 nm and a total mean

free path of 9300 nm.

This would create a model that could capture the effects of the thin film boundary scattering as well as
the periodic initial conditions. The boundary scattering parameters o and  could be used to reduce the
effective thermal conductivity which would hopefully result in more accurate values for the phonon mean
free path. A time dependent finite volume method using the Roe (i.e. upwind) scheme was in development

but was not completed at the time of writing.

7.4 2-D Heat Conduction
7.4.1 Numerical Method

Numerical models are an essential tool for solving problems with anything but the simplest of geometries. A
simple 2-D steady state numerical model for a square domain was adapted from a gas kinetic moment model
[32], [31]. There is no fundamental reason preventing extension of this scheme to arbitrary geometries.

The system of steady state, 2-D moment equations are’

TFor the numerical section, index notation will not be used to avoid any confusion with discretized equations. For example
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au . ou
Ay + B +PU=0 (7.51)

where

U=1g Dz Dy N(;zz) N(xy) N(yy>

A, B, and P are coefficient matrices that are presented for the 9 moment equations in Appendix D.

7.4.2 Finite difference approximation

The equation can be discretized over an N x M grid for such that z; = ¢Az and y; = jAy results in

A% + Bag[—;j +PU; ;=0 V (i,5) € [1,N] x [1, M], where Us ; = U(z;,y;) - (7.52)

The boundary conditions are applied at all nodes where i = 0, ¢ = N, j = 0, and j = M. The boundary
conditions in Appendix C are used to determine the boundary nodes (for the 9 moment case, only equations
(C.1) and (C.2) are needed, while the 25 moment equations require all six). The boundary conditions are
applied using linear extrapolation to determine the boundary nodes. For z-walls (i.e. walls with a normal

vector in the x direction) the boundary condition is

Upj = X" (U —Upy) + XM, (7.53a)

Uni1,; =X (Unj—Un-1;)+ X Vjel,M], (7.53b)

Where X is a coefficient matrix multiplied by the variables ¢/ for an z-wall and X% is an inhomogenous
component representing the surface energy, E,. The + or — sign represents the sign of the wall normal
vector. X, and X% for an adiabatic wall are shown in Appendix D for the 9 moment case. The matrix X
only gives boundary conditions for the moments p, and N, (zy) because these are the only moments that are
odd in z for the 9 moment case. For more information refer to boundary condition reduction in Section

5.4.1. For all of the other moments X is an identity.

in this section, A; ;U; ; denotes the i-th and j-th component of A multiplied by the i-th and j-th component of U, instead of

summation over all components of A and U.
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The same scheme is used for the y-walls
Uio =T (Ui —U2) + YT, (7.54a)
Uirir =Y (Uiar —Uiar—1) +Y4 Vie[1,N] . (7.54b)
Y and Y? are presented in Appendix D as a boundary with controlled surface energy E,.

The matrix U; ; can be solved using the central difference method to replace the derivatives in equation

(7.52)

Uit U1, ; Ui, j+1 Uij—1 L »
AR — AT 4 Bt B P 0 ) RN - X M=) (755)

The boundary nodes are determined by substituting the required boundary condition into equation (7.52).

For the left wall (i.e. i = 1 wall) equation (7.53a) is used,

(P - A%A;\#) U; + ﬁfl (I+X%) U + BMSZ; — 3”211;/1
= ﬁAXM Vjie2,M—1]. (7.56)
For the right wall (i.e. ¢ = N wall) equation (7.53b) is used,
(P + %AX) Un,; — LA (I+ X7 ) Uyn-1,+
x 2Ax
+BU§X;1 - Bugz;l = —QixAX*d Vie2,M—1] . (7.57)

The same method is used for the lower (j = 1) and upper (j = M) walls.
The corners require combining the z and y boundary condition equations with equation (7.52). For

example, the lower left (i =1, j = 1) wall has the equation

7L +7L + L +
<P AZL‘AX Ay[)’y >U171+ 2A$A(I+X )U2,1+

1 + _ 1 +a L +d
+2Ay8(1+y )ul,QfQAxAX +2Ay5’y . (7.58)

All values of U; ; can be combined into a single vector X = {Z/Ii,j}(m) e[1,N]x[1,p) Which allows the above
equations to be written in the form,

MX =b. (7.59)
X can be solved by inverting this equation which is can be achieved using the QMR iterative method [30].

The method is second order convergent [32].
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Figure 7.13: The domain of the 2-D steady state numerical model
7.4.3 Numerical Results and Discussion

A numerical model for a steady state square geometry shown in Figure 7.13 was solved for the 9 moment
equations. In the problem, the walls at £ = 0 and & = 1 were adiabatic, the surface at § = 0 had a surface
energy of E; = 1.1 and the surface at § = 1 had a surface energy of E; = 1. The problem geometry is similar
to a combination of Poiseuille flow and heat flow between parallel plates. All of the coefficient matrices in
Appendix D were the specific ones used to solve this problem.

The solution of the 2-D simulation was used to determine the total heat flux in the y direction by
integrating p, over Z. Figure 7.14 shows a plot of p, over the entire numerical domain. The plot is similar in
shape to 1-D Poiseuille flow except for some effects at the corners. The plot was scaled by the expected value
of p, if Fourier’s law was used.The total heat flux in the y direction (the adiabatic walls prevent net heat flux
in the z direction) can be compared to Fourier’s law to determine an effective heat conductivity, as previously
described in Sections 7.1 and 7.2. Figure 7.15 shows heat conductivities for all three cases scaled by the
expected heat conductivity given by Fourier’s law. The 2-D model has a significantly lower conductivity
than the 1-D models because it essentially is a combination of both effects. Heat flow is restricted by the

temperature jump as well as drag due to phonon scattering on the adiabatic walls.
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8 Conclusion

8.1 Summary

At macroscopic length scales, heat transfer is governed by Fourier’s law. As length scale decreases, surface
effects and non-locality begin to dominate heat transfer, making Fourier’s law increasingly inaccurate. The
Knudsen number, which is the ratio of phonon mean free path to the length scale of the relevant system is a
parameter that shows the degree of rarefaction in a given problem. Fourier’s law is only accurate when the
Knudsen number is very small. In order to develop relevant and accurate constitutive equations for systems
with large Knudsen numbers, a microscopic analysis of phonons is necessary.

Phonons are particle representations of crystal lattice vibrations and were derived from quantum me-
chanics. Phonons conserve energy, but they do not always conserve momentum or number when they collide.
Phonon processes can be put into two different categories: normal processes, where phonons conserve mo-
mentum; and resistive processes, where they do not. Each type of process has its own mean free path, and
hence its own Knudsen number, but it is more useful to use a Knudsen number for resistive processes only,
and another Knudsen number for all processes.

The phonon Boltzmann equation governs phonon mechanics, but is time consuming to solve in its full
form. The moment method is derived by integrating over the phonon distribution function to develop an
infinte set of macroscopic transport equations. This set of equations can be truncated at an arbitrary
moment order and is closed using Grad’s closure method. The closure method is a linearization of the
phonon distribution function which effectively forces any higher order moments to be zero. One prerequisite
of this closure is that the Knudsen number is assumed to be less than one. A simple approximation to the
phonon collision term is the Callaway model, which replaces the collision term with a relaxation term that
is dependent on collision frequency. The Callaway model is based on the assumption that collisions increase
entropy and therefore bring the particle distribution function towards an equilibrium distribution. A further
simplification is to use the gray matter assumption, which assumes a constant collision frequency regardless
of phonon wavevector.

The boundary conditions for the moment method were derived by creating a microscopic model of phonon-
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interface interactions that could be both an approximation to what actually occurs and also simple enough so
that macroscopic moment boundary conditions could be made. The boundary conditions considered phonon
diffuse scattering, specular reflection and interface thermalization. The boundary conditions were derived for
the moment equations in an explicit form in three dimensions for an arbitrary number of moment equations.
They were also reduced using Grad’s argument so that the moment equations would not be overdefined.
The resulting macroscopic boundary conditions can be adjusted by changing the scattering, reflection, and
thermalization parameters in order to compare and analyze experimental results and other models.

Basic analytic problems were solved for the 9, 16 and 25 moment systems of equations. Heat flow between
parallel plates of differing energy was solved. The solution showed a similar solution to Fourier’s law except
for a temperature jump at the boundaries, which increased with Knudsen number and by decreasing the
proportion of phonons that thermalized at the surface. Heat transfer (and consequently the effective heat
conductivity) was reduced compared to what Fourier’s law would predict.

Another simple analytic problem is one dimensional Poiseuille flow. The solution to the problem showed
phonon "drag" at the walls which reduced heat transfer with increasing Knudsen number. Drag could also be
affected by changing the proportion of phonons that are scattered or reflected. Once again, an effective heat
conductivity was calculated and shown to be lower than what Fourier’s law would predict. This reduction
in heat conductivity was observed as a side effect in an experiment [24].

The moment model was compared to an experiment where a laser diffraction pattern was used to heat
a silicon wafer in a periodic pattern. The periodicity of the system allowed it to be solved analytically in
one dimension. The moment method qualitatively matched the measured dispersion relation of the energy
relaxation frequency versus the diffraction pattern’s wavevector. The moment method could be "fit" to the
experimental data, but only by using mean free path lengths that are not accepted for silicon. The moment
method could be compared more completely by developing a time dependent, 2 dimensional numerical model.

A steady state 2 dimensional numerical model was created by adapting code used for rarefied gas transport
equations [31], [32]. The method was used to develop code for a 2-D square domain analysis. A problem
with two parallel adiabatic walls combined with two parallel heated surfaces was solved numerically. The

resultant effective heat conductivity was lower than Fourier’s law as expected. It was also lower than the
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effective heat conductivities calculated for 1-D Poiseuille flow and 1-D heat conduction between parallel

plates because it combined both effects.

8.2 Recommendations

The moment method provides a macroscopic model that approximates microscopic phonon interactions with
several attractive properties. It is computationally efficient, it can be easily adapted to varying surface and
interface conditions by changing its boundary parameters, and it can be extended to arbitrary precision by
increasing the number of moments. Finally, it provides solutions in the form of equations, such as equation
7.7, that provide insight into nanoscale heat transfer as opposed to only numerical results. These properties
make the moment method a useful modeling tool for engineers. Its efficiency lends itself well to engineering
design optimization. In order for it to gain widespread adoption, there are several major steps that need to

be taken, both in verification and model improvement.

8.2.1 Verification

The moment method for phonons needs more verification. At the current stage, this can be attained by
comparing the moment method with other models, such as direct simulation monte carlo or with experimental
results. This is an obvious "next step" for this method. In order to verify the model, a widespread literature
review of current experiments and models should be combined with making a versatile numerical model.
Simple problems can already be solved using the current numerical model, but extension to more arbitrary
geometries would be a significant improvement. A time dependent model would also be useful to solve
unsteady problems. A time dependent two dimensional model was under development but was not finished

by the time of writing.

8.2.2 Theoretical Model Improvement

There are several ways that could improve the accuracy and the versatility of the moment method. One of
the severe limitations of the model is the assumption that the mean free path is not a function of phonon

frequency (the gray matter assumption). Frequency dependent mean free path has a significant effect at the



(0]

nanoscale [27]. Removing the gray matter assumption significantly increases the complexity of the Callaway
model because the collision frequency can no longer be removed from the integral in equation 4.20.

In general, the model could be improved simply by removing as many assumptions as possible. This
obviously sacrifices the simplicity and linearity of the equations, but could improve its accuracy. One useful
improvement would be to integrate the moments over a finite Brillouin zone instead of an infinite one. This
could help the model be more accurate at higher temperatures and would be especially useful for modeling
materials with a low Debye temperature. Finally, non-linear phonon dispersion could improve the model

further, however this improvement may come at the cost of a much more difficult closure of the equations.
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Appendix

A The Group Velocity

In order to localize the wavelike behavior of lattice vibrations into phonons, it is necessary to determine a
phonon’s velocity. This is done by determining the energy of the system and then calculating the velocity
at which the energy propagates. For simplicity we consider a continuous system where the general solution

is a superposition of plane waves
w(z,t) = / A (k) izt gp, (A1)
The energy, in general, is proportional to the product of the wave times its complex conjugate, summed over
all k [22]:
[ee]
E = // A(k)A*(k_/)e—i(w(k)t—kx)ei(w(k-/)t—k-/w)dkdk_/ , (A.Q)
where k' is simply a second variable of integration since & must be summed twice. The first step we take is

to define a new variable so that k' is expressed as a difference of k.

K=k —k . (A.3)
Equation (A.2) can be rearranged such that
E= / / A(R)A*(k + r)el (=) s g g (A.4)

Consider the energy of the signal in a small but finite space element Az. It is important to not let Az get
too small. In essence a "coarse grain" of the wave solution must be used. The finite size of Ax can be viewed

as the size of the wave packet or the radius of a phonon. The energy in such a wave packet is
1 W K w(kr
e= 5 / / / A(K)A* (k + k)l (=0 ) g gy (A.5)

Integrating the function in x yields

x s KAz
¢ = / / A()A* (4 el (e 22 g (A.6)

This is simply equation (A.4) scaled by % sin fi%. This scaling function is shown in Figure ??. This scaling

function shows that as the absolute value of k gets large, equation (A.4) becomes more and more insignificant.
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AVAV /\v/\ .

A plot showing the scaling function % sin n%. As Kk goes away from zero, the function diminishes
significantly.

The effect of this scaling functon is that the energy in the wave packet only has to be integrated over small

k. The velocity of this energy packet, is the term multiplied by ¢ in the argument of the exponential function

v:w(k+nli+w(k) . (A7)

Notice that taking the limit as k goes to zero in equation (A.7) and the definition of the derivative leads to

the group velocity of the wave

ow

o> (A.8)

'U:'Ug:

Thus the energy wave packet travels with the derivative of the dispersion relation. This relation comes at a
cost though, because as Az gets smaller and smaller, kK must be integrated over larger and larger bounds to
still accurately describe the energy of the wave packet. As x becomes larger, it is more and more inaccurate
to approximate equation (A.7) with equation (A.8). As a result of this derivation, a phonon is a particle
that is localized within Az and moves with the group velocity. Since Ax must be a "coarse grain" of the
wave it is impossible to perfectly localize the phonon without sacrificing the knowledge of its velocity and

vice versa.
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B The Expanded Moment Equations in Cartesian Coordinates

The expanded 25 moment equations in cartesion coordinates are presented. The equations can be reduced
to the 16 moment equations by making R;jx;y = 0. They can be further reduced to the 9 moment equations
by also making Mz = 0.

Energy balance:
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C Two Dimensional Boundary Conditions for up to 25 Moments

The boundary conditions for = and y walls are presented

z-wall boundary conditions

64ET* (—1 + ) + 15a(—1 + 7) (896 M 10y + 256p — 3150R 100y

+ 128p a7 + 105R 4 ppay oy — 120Ny (2 + ) = 64E,7*(—1 + ) (C.1)

a(-1+ 7)(35M<wy>(71 +ay) — 4(8]\Af<wy> + 3p, + 8]\Af<wy>a'y — 3pyary)) =0 (C.2)

12874 (—1 + a) + 3a(—1 +7)(2816p, — 28875 R 40y + 1536p,0y — 1575 R 4ppy 0y

— 1200N 150y (1 + 207) + 1280M 40 (9 + 207)) = 1287 (~=1 +a) (C.3)
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128 B (— 14-a) +3a(—1+7) (8960 M (4.1.5) —2800N .y +4000N 1 +2304p, — 30975 R ) +69300 R 1) —
800N pyay — L600N )y + 1024p, 00y + 525 R 1y

— 63008 (1) Oy + 1280M 1 (=3 + dvy)) = 128E, 7 (—1 + @)  (C.4)

(=1 +7)(735M () (=1 + ) + 2(245M ) (—1 + ay)

— 8(48 Ny (1 + ay) + T(Dy (3 — 3ay) + 16(Riayyyy + Rizyyya))))) =0 (C.6)

y-wall boundary conditions

64ET (—1 + @) + 15a(—1 + 7) (896 My, + 256py — 315084y,

+ 128pyay + 105R 7 — 120N, (2 + ) = 64E,7*(—1 +a) (C.7)

(=1 +7)(35M (ryy) (—1 + @) — 4(8N 4y + 3Pz + 8N(yyyay — 3pray)) = 0 (C.8)

12874 (—1 + a) + 3a(—1 +7)(2816p, — 28875R 1y, + 1536,y

— 1575 Ry @7 — 1200Ny (1 + 2ay) + 1280M 0 (9 + 207)) = 128E 7 (=1 + )  (C.9)

128 Bt (—1 + o) + 3a(—1 4 7) (89600 ) + 4000N .y — 2800N ) + 2304py, + 693001 (1)
— 30975 R ) — L600N 1y — 800N ) vy + 1024p, vy — 6300 R 141y Y

+ 525R 1y 0 + 1280M (400 (=3 + davy)) = 128E 7 (=1 + @)  (C.10)
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(=1 +7)(T35M gy (—1+ @) — 16(24N 4y (1 + @) + 7(2 +8Rayyy) — Dx0y + 8Rizyymy))) = 0 (C.11)

a1+ 7)(490M<mm>(—1 +avy) + 735M<zyy>(—1 + ay)

— 16(48N () (1 + ay) + T(p2(3 — 3ay) + 16(Ripmy) + Rigayyy)))) =0 (C.12)

D Numerical Coefficient Matrices

The following are the coefficient matrices used in the numerical scheme presented in Section 7.4.
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The coefficient matrices X and X? are for an adiabatic wall. In Section 7.4 X Timplies n, = 1 and X~

implies n, = —1.
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The coefficient matrices ) and Y¢ are for a wall with a controlled surface energy, ES
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