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ABSTRACT

The physics of transport of heat-carrying atomic vibrations in amorphous and semi-
crystalline solids is a topic of fundamental interest. Diverse tools have been em-
ployed to study thermal transport in these materials, including cryogenic thermal
conductivity measurements and various inelastic scattering tools. However, unam-
biguously identifying the damping mechanisms of few THz and smaller frequency
excitations remains difficult owing to the lack of the experimental probes in the
frequency band. As a result, debate has remained regarding the microscopic origin
of weak acoustic damping in amorphous silicon (Si), the unusually high thermal

conductivity of ultra-drawn polyethylene, and other topics.

In this thesis, we investigate the transport properties of heat-carrying acoustic excita-
tions in semi-crystalline and amorphous solids using transient grating spectroscopy.
This optical method permits the creation of thermal gradients over sub-micron length
scales which may be comparable to the attenuation lengths of the excitations. We
show how these measurements can be used to constrain the damping mechanisms
in the sub-THz range that has been historically inaccessible by typical methods such

as inelastic scattering.

First, we report measurements of the bulk thermal conductivity and elastic properties
of MoS; thin films. Specifically, we use TG to measure the in-plane longitudinal
sound velocity and thermal conductivity. We do not observe any size effects of
thermal conductivity with grating period, indicating that the propagating distance of
heat-carrying acoustic phonons are smaller than the thermal length scale accessible
in the experiment. This result is consistent with the mean free paths predicted from

ab-initio numerical methods.

Second, we utilize the capability of TG to resolve the microscopic heat trans-
port properties of phonons in highly oriented semi-crystalline polyethylene (PE).
Earlier experimental studies have reported thermal conductivities of up to ~ 100
Wm™'K~! in crystalline polyethylene, orders of magnitude larger than the bulk
value of ~ 0.4 Wm~'K~!. However, the microscopic origin of the high thermal
conductivity remains unclear. We address this question by applying TG to highly
oriented polyethylene to show that mean free paths on micron length scales are the
dominant heat carriers. Using a low-energy anisotropic Debye model to interpret

these data, we find evidence of one-dimensional phonon density of states for ex-
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citations of frequency less than ~ 2 THz. This transition frequency is consistent
with the unique features of ultradrawn PE, in particular the stiff longitudinal branch
leading to wavelengths of 8 nm at 2 THz frequency; and fiber diameters < 10 nm
observed in prior structural studies of ultradrawn polymers; so that the wavelength

does indeed exceed the fiber diameter at the relevant frequencies.

Finally, we report the measurements of the frequency-resolved mean free path of
heat-carrying acoustic excitation in amorphous silicon (aSi), for the first time. The
heat-carrying acoustic excitations of amorphous silicon are of interest because their
mean free paths approach the micron scale at room temperature. Despite extensive
investigation, the origin of the weak acoustic damping in the heat-carrying frequen-
cies remains a topic of debate for decades. A prior study suggested a framework
of classifying the vibrations into propagons, diffusons, and locons. Propagons were
considered phonon-like, delocalized, propagating vibrations; locons as localized
vibrations, and diffusons as delocalized yet non-propagating vibrations. Following
the framework, numerous works have predicted mechanism of acoustic damping
in aSi, but the predictions have contradicted to observations in experiments. In
this work, we obtained measurements of the frequency-dependent mean free path
in amorphous silicon thin films from ~ 0.1 — 3 THz and over temperatures from
60 - 315 K using picosecond acoustics (PSA) and transient grating spectroscopy.
We first describe our PSA experiments to resolve the attenuation of 0.1 THz acous-
tic excitations in aSi. We then present our table-top approach to resolve MFP of
heat-carrying acoustic excitation between ~ 0.1 — 3 using TG spectroscopy. The
mean free paths are independent of temperature and exhibit a Rayleigh scattering
trend over most of this frequency range. The observed trend is inconsistent with the
predictions of numerical studies based on normal mode analysis, but agrees with
diverse measurements on other glasses. The micron-scale MFPs in amorphous Si
arise from the absence of Akhiezer and two-level system damping in the sub-THz
frequencies, leading to heat-carrying acoustic excitations with room-temperature
damping comparable to that of other glasses at cryogenic temperatures. Our results
allow us to establish a clear picture for the origin of micron-scale damping in aSi
by understanding vibrations as acoustic excitation rather than propagons, diffusons,

and locons.
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Chapter 1

INTRODUCTION

Thermal conductivity of polymers and amorphous materials

Bulk amorphous dielectric materials and polymers are of importance for modern
device applications due to unusual properties compared to their crystalline coun-
terparts. For instance, owing to cost-effectiveness and chemical stability combined
with excellent electronic and optical properties, these substances have been used in
various applications such as photovoltaic solar cells, gate dielectrics for transistors,

channel materials for thin-film transistors, and mini-channel heat exchangers [1-3].

Concerning the thermal perspective, polymers were traditional thermal insulator ma-
terials. Due to the lack of long-range structural order, thermal conductivity on the
orderof ~ 0.1 Wm™ 'K~ 'was reported [4]. Contrary to the traditional understanding,
some of earlier studies have reported orders of magnitude increase. For instance, a
factor 6 of increase in thermal conductivity was observed in stretched polyacetylene
[5]. Several other studies have also reported observed thermal conductivity en-
hancement in polymethylmethacrylate (PMMA), polyethylene (PE), polypropelene,
and polyethylene [6-8].

Despite great strides that have been made, its microscopic origin that leads to these
dramatic changes is poorly understood. For instance, some of the prior works
have argued that overall thermal conductivity increase originates from a substantial
increase in the amorphous fraction, while the others demonstrated the opposite
reports. For instance, Xu and Chen have shown that the thermal conductivity of
110 times stretched PE is as high as 60 Wm™'K~! with amorphous contribution 25%
[9]. Similar conclusion was drawn for oriented amorphous polythiophene [10]. On
the other hand, Ronca and Rastogi measured thermal conductivity of 220 times
stretched PE to be around 50 Wm™'K~!, but with substantial contribution from

crystalline domain 94%.

Mechanism of the damping of the low energy excitations in amorphous silicon (aSi)
is another topic under debate for more than 20 years due to unusual properties com-
pared to other glasses. In most glasses, earlier works have shown that the thermal
vibrational mean free path (MFP), an average travel distance before the scattering,

is of order of nanometers due to the lack of long-range order. Due to the similar-
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ity in the bulk properties of the glassy substances, corresponding mechanism of the
damping of the vibration was considered to be universal. However, the experimental
observations in aSi indicate that the aSi is an unusual glass due to the following rea-
sons: First, some experiments have measured the thermal conductivity of aSi as high
as 4 Wm~'K~!, which is anomalously high compared to the values in typical glassy
substances. Second, recent experiments reported an evidence that heat-carrying
acoustic excitations in aSi can propagate micron-length distances [11]. Third, there
is some experimental evidence that the excess heat capacity at low temperature, a
characteristic of the glassy materials, is not present in amorphous silicon [12]. A
classification of the vibrations was formulated to explain the damping of vibrations:
propagons, diffusons, and locons [13, 14]. Various numerical approaches have
demonstrated diverse arguments under this classification, but the predictions have
yielded discrepancies with the experimental results. For instance, measured MFP of
100 GHz acoustic excitation in aSi is of order of 10 ym [15], an order of magnitude

higher than the numerical prediction [16].

Prior experiments have strived to identify damping mechanisms of acoustic exci-
tations as an origin of the bulk thermal properties. Experimentally resolving the
damping of the acoustic vibrations is of significant challenging due to the lack of ex-
perimental probes. To be specific, amorphous silicon and semi-crystalline polymers
are typically fabricated as a thin-film, therefore difficult to be studied by in-elastic
neutron scattering and in-elastic x-ray scattering. Although a considerable amount
of the volumes of the samples would be provided, the instrumental resolution of
in-elastic x-ray scattering is not sufficient to probe excitations with low frequencies.
More precisely, kinematic constraints complicate the measurement of the dispersion
and broadening of low energy excitations. Overall, these experimental challenges
highlight a need for an experimental probe that can probe the dynamics of the low

energy excitations.

Traditional approach to infer mean free path

Traditionally, the transport properties of the low energy excitations were estimated
based on thermal transport measurements. The theory of the heat conduction is
based on phonons as the dominant microscopic heat carriers, collective vibrational
excitations arisen by periodic arrangements of consisting atoms. The thermal con-

ductivity of a bulk material is well-described by the kinetic theory, given by

k(T) = /Cs(w)vs(a))As(w, Tdw (1.1)
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where « is the thermal conductivity of a solid, index s is the polarization, w is
frequency, C is the heat capacity, v is the group velocity, and A is the mean free
path (MFP). The kinetic theory (Eq. 1.1) provides two important insights. First,
the higher speed of the phonons as well as the longer travel distance results in the
higher thermal conductivity. Second, the microscopic properties have a spectrum,
therefore the information on the spectrum is a key to understanding corresponding

bulk properties.

Earlier studies have used the above relation to infer the MFP. First approach is
known as gray approximation which does not consider frequency dependence given
in Eq. 1.1. According to this approximation, in SiO; for example, the mean free path
of the phonons are an order of ~ 50 nm (~ 1 nm) for crystal (amorphous) at room
temperature. [17, 18]. Similarly, dominant phonon approximation was employed
to analyze the thermal conductivity data. In this approximation, it was assumed
that heat at a temperature is predominantly carried by a single phonon mode with a
frequency [19]
kpT

Sdom = 4.257 (1.2)

where kg is the Boltzmann constant. Corresponding average phonon mean free path

for an isotropic material was estimated to be
1 -1
A(Sf = Saom) = K[ngv] (1.3)

where « is the thermal conductivity of a solid, C, is the specific heat, and v is the
sound velocity. The approximation was primarily used to explain the transport of
low frequency excitation in amorphous materials such as vitreous silica, vitreous
germanium, and glycerol, as well as amorphous polymers such as polystyrene and
polymethylmethacrylate (PMMA) [18-20].

However, as is often discussed in many prior literature, the above estimations are
known to typically underestimate the MFP, yielding discrepancies with actual values
[21, 22]. In fact, the vibrations of the solids are dispersive; the group velocity
decreases as the frequency increases, meaning that the velocity that is used for the
above estimation is generally overestimated. Therefore corresponding predictions
for C, and v get underestimated. Second, the lifetimes for the atomic vibrations
in solids are highly frequency dependent; high frequency vibrations are typically
scattered stronger than low frequency vibrations, which is not accurately captured

in the description above. Therefore, the use of the approximations above had been
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only limited for analyzing low temperature thermal conductivity data to characterize

the damping of the acoustic vibrations.

Another approach to estimate the MFP was from the reduced thermal conductivity in
tailored structures. According to prior literature [22, 23], the thermal conductivity
of a thin-film with a thickness d is

K~ Kp (1—2—3) (1.4)

where «j, and k represent thermal conductivity of bulk, thin-film, respectively.
This phenomenon is known to be classical size effects of diffuse transport of the
phonon at the boundary of the thin-film. Phonon heat conduction based on the
observation of the classical size effects was discussed in various literature. As an
example, an earlier work changed the thickness of the crystalline silicon down to
~ 100 nm, and reported the presence of phonons with MFP as high as 300 nm, far
exceeding the gray approximation [24]. While the approach mentioned above can
provide a useful insight on the MFP distribution, direct measurements regarding
frequency dependence were challenging, therefore details on microscopic transport

were missing.

Experimental methods to obtain mean free path

Conventionally, inelastic x-ray scattering (IXS) and inelastic neutron scattering
(INS) has been used for studying acoustic dispersion, as demonstrated in many
prior studies [25-27]. Furthermore, INS and IXS showed their potential to probe
transport property of the vibrations. More precisely, the technique measures the
broadening from dynamic structure factor as a function of the frequency, therefore
suggesting an avenue for a better understanding of the microscopic phenomena,
[28, 29]. For instance, the INS experiments were applied to a single-crystalline
PbTe, an exceptionally low thermal conductivity material with its physical origin
previously unknown. The experiments have observed anharmonic coupling among
LA, TO, and LO, leading to a strong damping behavior as an origin of such low
thermal conductivity [29]. However, as earlier mentioned, the instrumental energy
resolution as well as kinematic constraints have impeded the application of IXS and

INS toward studying low energy excitations in glassy substances.

Therefore as an alternative, mean free path spectroscopy has emerged as a tool
to understand the mean free spectrum in solids [25]. This technique is based on

the observation of the ballistic transport of the heat-carrying acoustic vibrations.
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A key to this approach is tunable length scale of a temperature gradient that is
comparable to the MFPs. If the thermal length scale is far longer than many of
the MFPs in the material, the observed thermal conductivity is close to the bulk
value. As the thermal length approaches a value close to the MFP, corresponding
thermal conductivity becomes suppressed, and deviates from the heat diffusion
theory, indicating ballistic transport of the heat-carrying phonons. The physical
mechanism for this is ballistic travel of the phonons external to the thermal gradient,
therefore resulting in the actual scattering being less likely to occur within the
thermal gradient. Corresponding heat flux from a source becomes less than the
diffusion theory, resulting in the reduction of the thermal conductivity that depends

on the length scale of the heat source [30].

The observation of the ballistic transport improved the understanding of the phonon
mean free path spectrum. Earlier experimental studies have varied the thermal
length scale in different ways. For example, Koh and Cahill have reported that
optical modulation frequency changes the thermal diffusion length across the cross
plane, and that the contribution of phonons with MFP longer than the diffusion
length to the thermal conductivity is less than predicted [31]. Another approach
was reducing the in-plane thermal gradient length. Minnich and Chen varied the
diameter of the laser spot size and measured the accumulated thermal conductivity

versus the mean free path distribution in crystalline silicon [32].

The heat-source size dependent thermal conductivity further advanced to develop a
technique to probe the MFP of the heat-carrying vibrations. As aresult of this effort,
thermal transient grating spectroscopy (TG) has provided a new insight into under-
standing the MFPs of the heat carrying phonons in crystals. First measurements of
the evidence of the ballistic transport using TG was reported in early 2010’s [33].
Johnson and Nelson have measured the MFPs in 400 nm thick silicon membranes
[33], and found an evidence of micron length scale MFP in crystalline silicon. Cor-
responding quantitative analysis based on TG measurements was further provided

[34]. In brief, thermal conductivity at a given grating period L; can be expressed as,

G = / S(gs A Co(@)vs (W) Ay (@, T)dw

where index g; = 2x/L; is the grating wave vector inversely proportional to the
thermal length, index s is polarization for phonons, and S(g,A) is the phonon

thermal suppression function accounting for the thermal conductivity reduction
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due to the ballistic transport, first introduced by Ref. [34]. Using Eq. 1, Maznev
and Nelson have shown that Akhiezer scattering mechanism of the phonons is the

dominant process for heat conduction in crystalline silicon [34].

The TG technique was further applied to discover other microscopic heat properties:
accumulated thermal conductivity and phonon specularity parameter. Minnich
proposed a method to reconstruct accumulated thermal conductivity over mean
free path without prior knowledge of the microscopic properties [35]. Minnich in

Ref. [35] has shown that Eq. 1 can be re-written as

P / K () F(Ay)dAq,

where x = (2nAy)/L;, K = —dS/dx, and F(A,) = /OA‘“ f(AL)dA,, is the accu-
mulated thermal conductivity. As a method to experimentally reconstruct F(A,)
using Eq. 1, convex optimization was used, and showed an excellent agreement with
computational predictions [35]. Other recent work reported that the application
of the TG along with the Bayesian statistics can reveal frequency-resolved phonon

specularity parameters [36].

Despite a short history of TG, the TG technique showed potential to probe heat-
carrying acoustic vibrations in partially oriented semicrystalline polymers [37],

suggesting its potential to allow us to study low energy excitations.

In this thesis, we exploit TG’s capability as an experimental probe to address
challenges for characterizing semi-crystalline and amorphous materials, therefore

provide a comprehensive picture of the thermal transport in them.

Outline and scope of the thesis

As discussed, a main challenge for bulk thermal properties in semi-crystalline and
amorphous materials is the lack of the experimental probe that enables to access
the transport of the low energy excitations. The purpose of this thesis is a better
understanding of the damping of the acoustic vibrations using an experimental probe
with an appropriate length and time scales required for accessing the dynamics of
the excitations. The approach presented in this thesis will provide key insights into
revealing the origin of the damping in glassy substances, therefore substantially

advance the field of the thermal science.

In chapter 2, we introduce the thermal transient grating (TG). We start from dis-

cussing working principles and requirements of TG. We then describe the typical
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arrangements of TG and associated advantages in TG. Finally, we apply the TG to

measure thermal properties of crystalline silicon thin-film.

In chapter 3, we present measurements of bulk vibrational properties of crystal thin-
film. For this purpose, we describe our development of the ultrafast TG spectroscopy
to enable to simultaneously measure bulk elastic and thermal properties of crystals.
The adaptiveness of the TG to enable ultrafast temporal resolution for detection
will be discussed. We then demonstrate measurements of in-plane bulk elastic
and thermal properties of MoS; using ultrafast TG. First, we begin with our sound
velocity measurements, which agrees with ab-initio calculations of longitudinal
acoustic phonon group velocity along I' to K Brillouine zone. The sound velocity
will be further compared with prior INS data to demonstrate the frequency range
that TG can measure. Next, we report measurements of the thermal conductivity
of MoS; thin film in which we do not observe grating period dependence. The
reason will be further examined based on most recent ab-initio calculation and other

experimental results.

In chapter 4, we expand the experimental capability of TG to establish the micro-
scopic picture of the heat transport in highly oriented semi-crystalline polyethylene
(PE). We first present results of the bulk thermal conductivity measurements and
infer the associated microscopic heat transport properties of partially oriented PE.
Next, we move to study highly oriented PE to measure mean free path of heat-
carrying vibrations. We demonstrate the evidence of the micron-length scale mean
free path using our measurements along with a rigorous analysis using a Bayesian
inference. Further, we provide an evidence of one-dimensional propagation of
the heat-carrying vibrations using a low-energy anisotropic Debye model. Phys-
ical origin of our observation will be discussed under a careful consideration of

structure-transport relationships in highly oriented PE.

In chapter 5, we report first measurements of the damping of the heat-carrying
acoustic excitation in amorphous silicon (aSi) using picosecond acoustics (PSA)
and TG. In this chapter, we seek to elucidate the primary damping mechanism of the
acoustic excitation, therefore resolving the discrepancy between prior experimental
implications and numerical predictions in aSi. For this, we describe the measure-
ments of the MFP of 100 GHz acoustic excitations. Then, we apply a novel approach
to obtain a frequency resolved MFP for frequency 0.1 — 3 THz in aSi using TG.
Finally, we discuss the presence and the origin of the weak damping in aSi, which

is in contradiction with the prior numerical predictions. The results in this chapter



8

provide a clear picture for understanding atomic vibrations in glasses quantitatively,

a long standing challenge for bulk amorphous materials.

Finally, in chapter 6, we summarize the results of this thesis and discuss an outlook

for future works.



Chapter 2

INTRODUCTION TO TRANSIENT GRATING SPECTROSCOPY

In the following discussion, we introduce a thermal characterization tool, transient
grating (TG) spectroscopy. The transient grating is based on optical holography
and was originally employed in other fields, for example for the study of ultrasonic
waves, among others [38]. Concerning the thermal transport, the TG was applied to
measure the bulk thermal diffusivity of polyamide thin-film [39]. The improvements
in the spatial and temporal resolution further expanded its capability toward MFP

spectroscopy [33, 37]. We start from the theoretical background and the principles.

2.1 Fundamentals

Thermal grating formation

Typically in TG, two different laser sources are employed: pulsed laser as a pump
and continuous wave laser as a probe, respectively. We start by describing pump

induced material response.

Figure 2.1 shows a schematic of the TG experiment. At phase mask, pump diffracts
from the sample, and a pair of first order diffracted beams are created. Following

Bragg’s law of the diffraction, the separation between two beams are given by
A
sinf; = — (2.1)
dpym
where 26 is the angle between two beams, A is the optical wavelength, and dpy, is

the phase mask period.

The first order diffracted pump beams from the phase mask are focused on the

sample, which can be expressed as

Epu,il =npmEpu,laser exp(iksg - T —iwt) (2.2)
Kot = Fhok + k.2 (2.3)
ks1|? = k2 + k2 (2.4)

where Epy+1 is the electric field of the pump beams, npy, is the optical diffraction

efficiency of the phase mask (typically 0.8 for wavelength ~ 500 nm), k is the wave
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Figure 2.1: Schematic illustration of the TG. (A) Pump and probe beams diffract
from the phase mask from which first order diffracted beams are created. The
diffracted pump beams pass through telescope lenses and are focused on the sample.
Since two beams are coherent, they interfere on the sample. The interference on the
sample is impulsively absorbed in the sample and create a spatially periodic thermal
gradient. One of the diffracted probe (signal beam) is optically phase adjusted and
diffracts from the grating profile on the sample; the other probe (reference beam)
is attenuated by ND filter and transmitted from the sample. Finally, first order
diffracted signal and the transmitted reference beams are fed into the detector, and
used for detecting pump-induced thermal response. (B) Detailed beam path for the
pump. As an example, measured optical interference of the diffracted pump beams
at phase mask period of ~ 60 um is shown. Corresponding profile is a Gaussian
shape with a slow modulation with a period of 15 um.

vector of the light, and w is the optical frequency. The interference of the pump

beams create an optical grating profile with an intensity (/):

Lpu = [Epus1 + Epu-1]* = 2(0pm|Eputaser])* [1 + cos (2k,)] (2.5)

As an example, the actual intensity of the optical interference at a phase mask

period 60 um is given in the inset of Fig. 2.1. The interference pattern was taken
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using CCD camera beam profiler (BC106N-VIS, Thorlabs inc.). As in the inset of

Fig. 2.1, the profile is a slowly varying Gaussian profile as well as the modulation
due to |E py jaser|* in Eq. 2.5 [40].

The absorption of the optical interference generates the thermal transient grating on
the sample (AT)

AT = alp, < [1+cos (gx)] =

1+ cos (%Tx)] (2.6)

where « is the absorption coefficient, g(= 2k,) is the grating wave vector of the

sample, and L is the grating period on the sample defined by L = 27/q.

We can relate phase mask period (dpys) to L using the geometry of the telescope
shown in Fig. 2.1. Consider the telescope lenses with arbitrary focal lengths being
f1 and f> (f1 > f2). Considering the same numerical aperture of diffracted pump
beams entering the lenses, the distance of the pump beam from the optical axis can

be expressed as:

fitanf; = frtan 6, 2.7

where 6, is the laser incidence angle to the sample. Using Eq. 2.1, Eq. 2.6, and

Eq. 2.7, we can derive an expression for L

1 L R

In the limit of 1 < dpyy, or 61, the expression above is simplified to

L~ 2dpM (29)

2
The grating period on the sample (L) can be confirmed using several methods.
First, the spacing of the burnt grating profile on a metal or dielectric film can be
measured. Second, oscillation frequency (f) of the acoustic signal from the opaque
sample can be measured. Given the acoustic sound velocity (v), the actual grating
period on the sample can be obtained L = v/ f. Third, CCD imaging of the optical
interference can be used; this method is limited by camera pixel resolution, therefore

less accurate than the other two methods especially at lower grating periods.

An example of the grating period confirmation on the de-ionized (DI) water is

illustrated in Fig. 2.2. The optical wavelength of the pump and probe used is 530
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nm and 514 nm, respectively. To increase the absorption, a commercial food dye
with a red color was dissolved in DI water. The phase mask period was varied from
4 um to 43 um. As shown in Fig. 2.2, the frequency of oscillation on the order of
a few hundred MHz was observed, which decreases as the grating period increases.
Figure 2.2B shows measured frequency of the oscillation versus the grating period

on the sample, which agrees with the calculation from Eq. 2.8.

A B

12 =
= . 1 1.2f .\ (%' 1 )//'
= — \ = -
© -\\/\/V\/\/ N -
= 8 d, =142 um| % .\ ?0.5' "»"
P | = 0.8t \ 3 P
k=2 d,=11.9um 2 g 0
b 4 ] e » & O 02 04 06 08
g AN
3 NNANNANNAANNANY T 04 .
§ 0 d,, =7.8um L%) | ®o0o _ .o

-
< N ‘ ‘ d,,, = 4.7 um| 0 —"_.— -
0 4 8 12 0 5 10 15
Time (ns) Grating period (um)

Figure 2.2: Grating period confirmation in TG. The data was taken from the Astrella
laser setup built in the Minnich lab at Caltech. (A) Representative signal traces of the
Acoustic wave obtained from deionized water with food color at several phase mask
periods. Both the sinusoidal curve fitting and the Fourier transform were performed
to obtain the frequency of the oscillation which decreases as the phase mask period
increases. (B) The oscillation frequency versus the grating period on sample. The
frequency was given at (A) whereas the grating period is calculated from Eq. 2.8.
For comparison, the expected acoustic frequency of water using f = v/L is shown
as a dashed line. Excellent agreement was observed. Inset shows the corresponding
dispersion of the water given by the acoustic wave frequency versus the inverse
grating period.

2.2 Signal monitoring via heterodyne detection

In the preceding discussion, we described the formation of the transient grating from
interference of the pump beams. In TG, corresponding responses can be detected
using a phase sensitive detection [41]. This process is known to be the heterodyne
detection which allows to amplify the signal magnitude as well as to suppress the

unwanted noise components.

More precisely, two phase-controlled probe beams are used for detection, which are
generated from the phase mask. A phase adjustable glass window is placed at one
of the probe path (signal beam), while neutral density (ND) filter placed at the other

probe path (reference beam). Both beams are focused on the sample with Bragg
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angle; from the sample, the signal beam diffracts and the reference beam transmits
under thin grating condition. The first order diffracted signal beam can be expressed

as

Esig = UPMEpr exp(ikp - r —iwt + ¢sig) (2.10)

kB = ¢kBX)CA + kBZZ\ (2.11)

where Egqand n(7,t) is the complex optical transfer function, ¢y, is the optical
phase of the signal, 7 is ratio of the complex optical transfer function, and the kg is
the wave vector at the Bragg angle of incidence. The thermal grating induces the

spatial modulation of the complex refractive index such that [40]

n=n+Ancos(gs) (2.12)
An = An(T,t) +iAk(T,t) (2.13)

where An and Ak are changes in the real and imaginary parts of the refractive index,
respectively. The spatially modulated refractive index leads to a transfer function

under thin transmission grating condition [40, 42]

t =to[1+ (AK(T,t) +iAn(T,t))] cos (gx) (2.14)

where fg is the intrinsic sample transmission without the thermal grating. Multi-
plying Eq. 2.14 with Eq. 2.10, we obtain the expression for the first order diffracted

signal beam from the sample
Esig = t()(Ak(T, t) + iAI’l(T, t))UPMEpr exp(ikBs ‘T—iwt+ i(l)s) (2.15)

kps = kpxX + kpzZ (2.16)

where ¢, accounts for the optical phase introduced both by tilting of the glass
window and the diffraction from the sample. Similarly, the transmitted reference

beam from the sample can be expressed as follows
E,cr =totrnpmE,r exp(ikpy - r — iwt +i¢,) 2.17)

Kpr = —kpx% + kpzZ (2.18)
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where ¢, is the attenuation factor introduced by ND filter, and ¢, is the optical
phase introduced by ND filter and the transmission from the sample. Note that the
attenuation factor is determined by the optical density (OD) of the ND filter. We
examine the intensities of the beams at a fixed temperature. The intensity of the

static reference beam is given by

Loy = |tr|2|t0|2|nPM|2|Epr|2 (2.19)

Similarly, the intensity of the diffracted signal in the absence of the reference beam
is given by,

L = o> npm P 1 Epr | [Ak(0)® + An(2)?] (2.20)
The intensity indicated by Eq. 2.20 is called non-heterodyned signal which contains
both real and imaginary parts of the pump induced refractive index changes. Since,
impulsive pump excitation relaxes due to the thermal diffusion, the I’s’;[’g” eventually
approaches zero. As indicated by Eq. 2.17 and Eq. 2.15, the first order diffracted
signal beam and the transmitted reference beam are collinear. Corresponding inter-
ference can be expressed as the superposition of the electric field given in Eq. 2.17
and Eq. 2.15.

Lie = ltol*npm )| Epr)* [An(t) + Ak(£)* + 1} + 21, [Ak cos ¢ + Ansin ¢] |
(2.21)

where ¢ = ¢ — ¢, is the phase difference between signal and the reference.

By removing original static reference intensity (homodyne contribution Eq. 2.19,
see Ref. [43]) as well as the original signal part in Eq. 2.21, one can obtain the
heterodyne part of the superposition

hd
Isig

= |to|*|npm|?|Epr|*2t, [Ak cos ¢ + Anssin @] (2.22)
While both the heterodyne signal (Eq. 2.22) and the non-heterodyne signal (Eq. 2.20)
contain time-varying index of refraction changes, heterodyne signal can provide pure
real and imaginary parts of the refractive index by adjusting the optical phase. For
heterodyne signal, if ¢ = ¢, — ¢, becomes the integer multiples of 7 (7/2), one
can measure the response directly proportional to Ak(t) (An(t)); amplitude grating
(phase grating). The phase grating is known to be contributed by temperature grating

and thermally induced stress whereas the amplitude grating contains the response
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from the temperature grating only [33, 40, 44]. In prior TG experiments, the pure
phase grating was generally observed in dye-incorporated opaque sample including
water, m-xylene, and polyethylene. The pure amplitude grating signal was observed
in crystalline silicon. Another benefit of the heterodyne signal is the presence of
the attenuation factor (#,) in heterodyne signal. The attenuation factor substantially

increases the signal-to-noise ratio while not saturating the detector.

2.3 Thermal signal traces and fitting
In the preceding sections, we have discussed formation of the transient grating and its
detection using heterodyne scheme. In this section, we examine decaying dynamics
of the thermal signal. According to the Fourier’s law of heat diffusion, the heat flux
can be expressed as

J=—«VT (2.23)

Considering the arbitrary heat source (Jg.,), the energy transfer over a constant
volume can be related to the internal energy using the first law of the thermodynamics
[22]

oT
/[V “(kVT) + Jgen]dV = /pC—dV (2.24)

oT
’OCE = V(«kVT) + Jgen (2.25)
where C is the heat capacity, J,., is the rate of the heat generation, and p is the
density. Since all the experiments presented in this thesis are based on transmission
geometry of the TG, we limit our discussion only in x direction. We consider a
impulsive spatially periodic thermal gradient as a heat source. Corresponding 1-D

heat diffusion can be expressed as

oT  d°T
pCE = KW + Qo cos (gx)h(t) (2.26)
where Q is the magnitude of the energy given by laser and A(?) is the heat intensity
distribution [45]. We solve the problem using a Fourier transform in space and time

with a solution given by

T = Iyexp [iwt — ikx] (2.27)
oT d’T
pCT[E] = K?[ﬁ] + QoF [cos (gx)h(1)] (2.28)

Assuming that the temporal width of the laser is sufficiently small compared to
the time scale of the diffusion, the heat source term in Eq. 2.28 can be simplified
to ~ Qp. Considering the space and time dependent term only, Eq. 2.28 can be
simplified to
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FIT(1,%)] = —22 (2.29)
ipC +kq
Using thermal diffusivity defined by @ = «/(pC), the expression for temporally

decaying temperature is given by

T(t,x) = ‘//2:’;?0 exp [—aq?t] o« AT exp [~t/7] (2.30)

where AT is the transient temperature induced by the thermal grating at ¢+ = 0,
and the 7 = 1/ag? is the thermal decay time constant. From Eq. 2.30, we see
features concerning the thermal grating signal. First, the initial signal magnitude is
linearly proportional to the optical energy injected, which is related to the transient
temperature of the sample. Second, the signal decays with a time constant 7 that

depends on both the thermal diffusivity of a material and the grating period.

2.4 TG arrangements
Having demonstrated the fundamental working principles, we now discuss appro-

priate arrangements and requirements of the TG.

Optical setup

The aforementioned description implies several requirements for TG. First, for prob-
ing heat-carrying acoustic vibrations, relevant thermal length scale (~ L/2x) should
be offered on the order of hundred nanometer, which will be changed depending on
the frequency of the vibration. Second, typical one-dimensional thermal decaying
dynamics, represented by Eq. 2.30, occurs at a nanosecond to microsecond scale,
meaning that corresponding frequency ranges for detection are on the order of sub-
GHz. Third, the heterodyne detection scheme requires to adopt a phase sensitive

optics. These requirements, albeit stringent, lead to designing the TG as follows.

Figure 2.3 describes the arrangements of the TG setup as a schematic. The optical
power is adjusted using the half-wave plate and the polarizing beam splitter. For
the impulsive heating process, it is desirable having the same optical polarization
for both pump and probe [39], therefore vertical polarized lights for both beam
paths were used in this setup. A great advantage of the TG is the employment of
the phase mask. This makes the first order diffracted beams coherent, resulting in
interference. The resulting period of the interference on the sample position can

be variably tuned by a simple translation of the phase mask. The corresponding
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Figure 2.3: Schematic of the typical real-time TG setup. The shown is the schematic
of the setup built in the Minnich lab. The setup is identical to what is described in
[37]. The pump pulses pass through multiple optics such as the polarizing optics for
intensity controller, telescopes for the precise beam controller at the sample position.
A CW probe is mechanically chopped to minimize the duty cycle for reducing steady
heating of the sample. After the sample, the heterodyne component of the signal is
delivered to the oscilloscope via the detector. The temporal resolution can be varied
by the choice of the detector depending on the response time. Similarly, spatial
length scale for the thermal gradient can be conveniently varied by translating a
phase mask.

length scale that can be changed is from > 500 nm nanometer to microns, which are
matched with phonon MFPs in many materials.

The second advantage is the employment of the CW laser as a probe and detection via
oscilloscope, providing a variable temporal resolution and time window. Typically in
conventional pump probe spectroscopy, the time window in which one can monitor
the signal is limited by the length of the delay stage. For instance, the maximum
time window is order of < 50 ps for ultrafast pump-probe spectroscopy, or on the

order of < 13 ns for time-domain thermo-reflectance, a time scale not sufficient for
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decaying dynamics corresponding to Eq. 2.30. To overcome this challenge, in TG,
an oscilloscope rather than the delay stage is typically used to provide a longer time
window than conventional pump probe spectroscopy. In this setting, the temporal
resolution is now limited by the rise time of the detector on the order of 1 ns - 5 ns,
and further can be reduced to ~ 250 ps by using a fiber-optic detector. Note that the
setup presented in Fig. 2.3 was used to perform the measurements in chapters 4 and
5.

Application to crystalline thin-films

In the preceding section, we discussed the optical configurations and associated
advantages for probing thermal transport using TG. We now present an application
to study the bulk crystalline thin film, a 1 um-thick crystalline silicon membrane.
The silicon membrane was provided by Prof. Clivia Stotomayor Torres’ group at

ICN2. The membrane was prepared similar to the method described in Ref. [33, 46].

To measure the membrane, we prepared the optical setup as follows. Briefly, a
Ti:sapphire laser (wavelength: 800 nm, repetition rate: 1 kHz, pulse-width: 25 fs,
Astrella, Coherent inc.) was used as a pump seed laser. The pump was then optical
parametric amplified to be converted to 532 nm (power incident on the sample: 5
uJ). A CW laser was chosen as probe laser (wavelength: 514 nm, average power:
~ 5 mW, Genesis MX, Coherent inc.). The CW probe was chopped with ~ 10%
of duty cycle. We varied the grating period from 1.3 yum to 15 um. The 1 GHz
free space photodetector (1 GHz bandwidth, Newfocus 1601, Newport inc.) was
used except for L = 1.3 um at which we used 4 GHz fiber-optic detector (4 GHz
bandwidth, Newfocus1591NF, Newport inc.).

Figure 2.4A shows measured signal traces at each heterodyne phase (¢). By sub-
tracting the signal at ¢ = —x from ¢ = x, the resulting thermally induced signals
were obtained as shown in Fig. 2.4B. In Fig. 2.4B, we see two different components
of the decay. The signal decays with an initial negative magnitude within 1 ns, fol-
lowed by slower decay with a time constant around 30 ns. It is established that the
origin of the faster decay is the ambipolar diffusion of the electron-hole pairs, while
the following slower decay is associated with the heat diffusion [33]. Therefore,
following Ref. [33], we fit the signal using bi-exponential model from which we
determined the thermal decay time constant. The corresponding thermal conductiv-
ity was calculated using the calculated heat capacity (quasiharmonic approximation

using LDA normconserving pseudopotentials, data provided by Dr. Navaneetha K.
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Figure 2.4: Example of the TG for application to crystalline membrane. A repre-
sentative of TG signal traces for crystalline silicon measured at L = 8.3 um (A)
The signals at each heterodyne phase. (B) Resulting thermal transient grating signal
obtained from the subtraction of the signal traces in (A). We see a faster decay with
a negative magnitude followed by a slower decay with a positive magnitude. The
faster decay is due to the diffusion of the electron and hole pairs, while the slower
decay is due to the diffusion of the phonons. Corresponding bi-exponential fitting
is indicated as a dashed line.

Ravichandran). The resulting thermal conductivity versus the grating period for the
1 pm crystalline silicon membrane is shown in Fig. 2.5A. The measured thermal

conductivity is ~ 100 Wm~'K~! above 4 um, below which the value decreases.

The corresponding value of the thermal conductivity for a 1 ym thick membrane
agrees with the literature data given in Fig. 2.5B. The estimated thermal conductivity
versus the grating period is presented as a dashed line in Fig. 2.5A. The estimation
was performed using F(A) given in Ref. [35] and the thermal conductivity suppres-
sion function [34], and the Fuch-Sondheimer MFP reduction factor in the absence
of the specular scattering (p = 0) [47]. We see a reasonable agreement between the
data and the estimation, but slightly lower than the prediction, which may be due to

the thickness slightly lower than 1 pum.

2.5 Summary

In this chapter, we demonstrated the TG as a tool to study heat conduction in thin
films. We have described the theoretical background along with the principles of
the TG, including the generation of the grating and corresponding detection. We

showed optical setup arrangements that are required for designing.

We have demonstrated an example of its application of TG to measure both bulk

thermal conductivity and grating dependent thermal conductivity. We have shown
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Figure 2.5: (A) Thermal conductivity versus the grating period for 1 um thick
silicon membrane (measured: symbol). An estimation using the literature value
of the cumulative thermal conductivity versus MFP [35], and phonon suppression
function [34] is shown as a dashed line. A reasonable agreement is observed. (B)
Literature data of thermal conductivity versus the membrane thickness for crystalline
silicon [48]. Our measured thermal conductivity at L = 15 um is also shown (~ 100
Wm™'K~!). Note that this value agrees with prior literature experimental data on
the observation of classical size effects and the predictions.

that the bulk value is close to the prior observations.

To conclude this chapter, the TG technique is appropriate for measuring the thermal
transport in many materials due to its adaptiveness. In the next chapter, we will
present an example of tailored TG to study elastic and thermal properties of a
crystalline material simultaneously. We seek to expand its capability of application
to semi-crystalline and amorphous materials to study the thermal transport properties

in them.
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Chapter 3

IN-PLANE ELASTIC AND THERMAL PROPERTIES OF
MOLYBDENUM DISULFIDE

This chapter has been adapted, in part, from:

Taeyong Kim, Ding Ding, Jong-Hyuck Yim, Young-Dahl Jho, and Austin J. Min-
nich. Elastic and thermal properties of free-standing molybdenum disulfide mem-
branes measured using ultrafast transient grating spectroscopy. APL Materials, 5
(8):086105, 2017. doi: 10.1063/1.4999225. URL https://doi.org/10.1063/
1.4999225.

T.K. prepared the experimental data, analyzed the results, and participated in the
writing of the manuscript.

In this chapter, we present in-plane elastic and thermal measurements by employing
TG spectroscopy. We begin by introducing and describing the development of the
ultrafast TG experiments. We then demonstrate its capability by applying the TG to

characterize the thermal and elastic properties in a bulk crystalline material, MoS,.

As mentioned earlier, it is important to prepare an experimental probe that has rel-
evant temporal length scale for the transport of the phonons. Concerning a crystal
that can support higher speed of sound, corresponding oscillation frequency at a
TG wave vector is order of GHz ranges, which is challenging to access using con-
ventional arrangements in TG. Therefore, we develop an ultrafast transient grating
(UTG) technique to examine the in-plane bulk thermal and elastic of crystalline
solids. This technique is advantageous over the conventional TG in that this time-
resolved scheme offers temporal resolution ~ 100 fs, allowing us to simultaneously

probe phonon group velocity as well as fast decaying heat diffusion.

3.1 Ultrafast transient grating

The figure 3.1 shows the schematic of the ultrafast time-resolved transient grating
spectroscopy. The setup was built at Joint Center for Articifical Photosynthesis
(JCAP) building at Caltech. We used a regeneratively amplified Ti:sapphire laser
(Libra, Coherent) that generated 100 fs pulses at 10 kHz with an energy of 0.4

mJ. The 1/e? diameter of the laser output is ~ 8 mm. The pulse train, which was
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centered at 800 nm, was split into pump and probe beams using a half-wave plate

and polarizing beam splitter.

To spectrally separate pump and probe pulses, a two-tint optical filtering scheme
was used: an optical filter was placed along the pump path (single-band band pass
filter at 786 nm, Semrock Inc.), and along the probe path and before the detector
for suppressing undesirable pump scattering into the detector (RazerEdge long pass
filter at 808 nm, Semrock Inc.) [49].

The pump beam was mechanically chopped at 2.5 kHz with a chopper wheel and
focused onto a translatable optical phase mask to yield two excitation pulses. The
excitation pulses were focused onto a spot with a diameter of 550 um; their interfer-
ence generated a periodic heating profile that resulted in thermoelastic standing LA
waves and a spatially periodic thermal gradient. The probe beam was directed to a
mechanical delay stage (ACT115DL, Aerotech) with a silver coated retro-reflector.
The delay stage was arranged to perform a double-pass reflection, providing approx-
imately 4 m of spatial delay corresponding to around 13 ns in time delay. The probe
pulses were then directed to the optical phase mask, yielding signal and reference
beams. The signal beam passed through a glass window to provide optical phase
adjustment and was focused onto the sample; the reference beam was attenuated by
a neutral density filter (ND 3) and focused onto the sample. The diameter of the
focused probe beam was 400 ym. After transmitting through the sample, the over-
lap of the transmitted reference and first-order diffracted signal beam were directed
to the detector (BPW34, Vishay Inc.). This signal was then balanced by another
photodiode measuring a reference beam and the subtracted signal fed into lock-in
amplifier (SR 830 of Stanford Research Systems). The relative heterodyned phase
difference between the reference beam and the probe beam was controlled by motor

controller (DC Stepper Motorized Actuator, Thorlabs).

Setup modification and improvements

Here, we describe our special efforts that were put into this setup. First, the
improvement in the setup was made in the power adjustment. As mentioned above,
the optical energy from the Libra laser is 0.4 mJ. Such high optical energy can
damage the optical elements. In addition, in TG, the optical energy required for
obtaining adequate signal magnitude (~ 1 mV) is typically less than less than 20 uJ;
we therefore should attenuate the optical energy. One approach is to use the ND filter,

and the other approach is to use polarizing optics. The metallic ND filters are widely
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Figure 3.1: Schematic of the ultrafast TG in Joint Center for Artificial Photosynthesis
Laboratory at Caltech. The output of the regeneratively amplified Ti:sapphire laser
source with a repetition rate of 10 KHz is split into pump and probe using a half-
wave plate and polarizing beam splitter. A two-tint optical coloring using optical
filters was employed to spectrally separate the pump and probe by around 20 nm in
order to suppress pump scattering into the detector. The pump was mechanically
chopped at 2.5 KHz and its first order diffracted beams are focused on the phase
mask (spot diameter 550 ym) and interfere on the sample. The interference creates
a thermoelastic standing LA waves and a spatially periodic thermal gradient. The
probe beam travels an additional ~ 4 m corresponding to delay time around 13
ns, and are directed to the sample. The reference beam and the signal beams are
separated from phase mask and the relative optical heterodyne phase is controlled
using ND filter and glass window. The glass window is tilted using motor controller
(DC Stepper Motorized Actuator, Thorlabs). The first order diffracted probe beam
and the transmitted reference beams are sent to the fast Si photodiode; the signal is
balanced by another photodiode and fed into the lock-in amplifier.

used in laser experiments because optical power can be attenuated using the light
reflection without changing laser property such as beam collimation. Originally, the
reflective ND filter was used to attenuate the laser beam. Unfortunately, unwanted
non-linear phenomena were observed due to the thermal lensing effect. The thermal

lensing effect has been reported primarily in continuous-wave laser system [50] or
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high power lasers. Briefly, the laser-heating causes the first-order effect (thermal
gradient) in addition to the second-order effect (thermally induced mechanical stress)
in the medium, eventually changing the refractive index. The first order effect is
known to be the primary source of the focusing, while the second order effect is
attributed to be the source of the aberration. Figure. 3.2 shows several profiles of the
laser beam, propagating after the ND filter. First, We find that the ND filter changes
the undesirable collimation property; the filter focused the beam with a focal length
of around 5 m. We estimated the focal length from thermal lensing effect in our

laser system using

2kr

where the dn/dT is the thermo-optic coefficient, « is the thermal conductivity, r
is the beam radius, P is the laser power. Using the property of the N-BK7 glass
(dn/dT =7.1x10° K™!, k = 1.1Wm™'K™!), and the r = 4.4 mm and 3.8 W, we
obtained the focal length of thermal lens 5 m, which agrees with our observation.
Not only the beam focusing, the astigmatism was observed.; initially the beam was
elongated to x-direction, eventually to y-direction due to different focal point as in
Fig. 3.2A-E. The reason for this is that the focal length of the ND filter caused by
the second order effect is different depending on ray bundles in different planes; the
meridional rays (along the y-direction) focuses earlier than that along the sagittal
(along the x-direction) plane as indicated in Fig. 3.2G. We solved this problem
by using half-wave plate and polarizing beam splitter. Furthermore, the pump
and probe power was fine-tuned using slight rotation of the two-tint optical filters

mentioned in previous section.

Second, we use an open loop beam stabilization system to improve the beam stability.
Typically, lasers have spatial fluctuation which are examined as an angular value,
or laser pointing stability. The pointing stability is order of micro to milliradian,
which can influence the pointing accuracy at a longer distance from the laser. As
indicated in Fig. 3.3, is around 3 m; the measured laser position drift near the half
wave plate was around 400 - 800 um with a frequency of a few Hz. We improved the
beam stability using open-loop piezo controller system (position sensor: PDP90A,
Thorlabs inc.; piezo driver: KPZ 101, Thorlabs inc.; 2 channel piezo adjuster:
Polaris-K1PZ2, Thorlabs inc.).
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Figure 3.2: Astigmatism caused by the thermal lensing effect. (A - E) The laser
beam profiles at several locations after the ND filters are shown. The images were
taken by CCD camera. Due to the thermal lensing effect laser, the ND filter focuses
the beam with a focal point ~ 5 m. Also, due to the astigmatism, the beam is initially
elongated to horizontal direction near z= 4995 mm after which is elongated to the
vertical position. Note that the Fig. 3.2A is the profile at 2 inch iris, Fig. 3.2B,C the
profiles at 1 inch iris, and the Fig. 3.2C,D are the profiles at CCD aperture without
lens. (F) A schematic describing the thermal lensing effect. Due to the secondary
effect of the thermal lensing, the different amount of the refractive index changes
are induced depending on the optical axis, therefore making uneven projection of
the light on xy plane.

Lens configuration to control the beam size

Not only adjusting the optical energy as discussed in Sec.3.1, but also controlling
the beam size are significantly important. Unnecessarily high optical energy in unit
area (energy density) would make corresponding thermal response significantly
deviate from the operating temperature, or eventually damage the sample. On the
other hand, a certain amount of the energy density should be provided in order to
obtain adequate signal magnitude without a self-heating of the sample. As shown in
Fig. 3.1, we have used beam compressor to make the beam diameter on the sample
550 um (400 pum) for pump (probe). Since we use the TG telescope lenses with
f1 =150 mm, f> = 75 mm, the spot diameter at the phase mask position corresponds
to 1100 um (800 um) for pump (probe). In our designing of the beam compressor,

we considered the following requirements. First, Galilean telescope rather than the
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Figure 3.3: (A) Schematic illustration of the open-loop beam stabilization system.
The beam stability was improved using beam position sensor, piezoelectric con-
troller, and the piezoelectric mirror. (B) Actual picture of the beam stabilization
system. The corresponding components are labeled.

Newtonian telescope was considered to avoid non-linear optical effect at the focal
point past the first lens. Second, addition of third lens with a larger depth of focus
was considered. According to Gaussian beam optics, the larger depth of focus
provides longer Rayleigh length, thus corresponding beam sizes are less likely to
diverge at longer distance. Also, the loose-focusing by the third lens significantly
reduces the risk of the non-linear optical effect compared to the tight-focusing.
The 3.4 shows our our calculated Gaussian beam propagation. The calculation
was performed using Matlab, considering lens maker’s formula and the Gaussian
beam optics. Calculated beam diameter at phase mask position is around ~ 1100
um, ~ 800, for pump and probe, respectively. Finally, actual beam size at sample
position was characterized by knife-edge measurement as shown in Fig. 3.5. The
knife-edge measurements confirm 1/e* diameter to be ~ 550 um, ~ 400 um for

pump, and probe, respectively.

Grating period calibration using TG

Despite a special care that may be taken, the actual projected grating on the sample
can be slightly off from the Eq. 2.8. This can be caused by the fact that the lens
have finite thickness, thus the back focal length and the quoted focal length is
different. Another factor is the difference between the lens thickness at the center
and at the edge; the beam overlap position can be different from the nominal focal

point, causing actually projected grating spacing on the sample deviate from Eq. 2.8.
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Figure 3.4: Calculated Gaussian beam profile of (A) pump (B) probe. The blue
solid lines indicate the location of the optics in which f is the focal length of the
lenses, and PM is the phase mask location. For pump, the phase mask was designed
to be at the beam waist position, indicated by red dashed line in (A).

Therefore, the grating period was calibrated by verifying the acoustic velocity of
sound waves in water. Since the water is transparent, we prepare a green dye (weight
< 0.4 mg, Epolight 2735, Epolin inc.) The dye was dissolved into ~ 100 mL of
DI water. To increase the optical absorption,the solution was diluted by 24 times.
Figure 3.6A shows the surface acoustic waves from water at several phase mask
period. The optical power that was used is 24 mW (30 mW) for pump (probe).

The signal was obtained by ~ 20 averages. The frequency of the oscillation was
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Figure 3.5: Beam size characterization at sample position for (A) pump (B) probe.
Symbols represent our measured values. The solid line is corresponding erfc fitting,
from which we reconstruct beam profiles shown as dashed lines. Corresponding
1/e* diameter is ~ 550 um, ~ 400 um for pump, and probe, respectively.

obtained by performing the Fourier transform; the frequency was further confirmed
by sinusoidal curve fitting. The resulting acoustic frequency versus grating period
at sample position is shown in Fig. 3.6B. Given the oscillation frequency (f), the
dashed line indicates the expected grating period using f = v,,/L where v,, is
sound velocity in water (~ 1500 ms~' [51]). Compared to the expected grating
period using 2.8 (calculation in Fig. 3.6A), the actual grating period (calibration in
Fig. 3.6B) was observed to be bigger by factor of 30% at all grating period. This
is mainly caused by combination effect of the non-idealities in the phase mask and
the optics that were used. The quoted phase mask period may be different from
the actual period. Also, the lens parameter of the achromatic doublet lens as a
TG telescope lenses (AC508-150-B and AC508-075-B, Thorlabs Inc.) could be
different from quoted values due to the thickness of the lens (order of 15 mm),

yielding additional uncertainties.

3.2 Material: Molybdenum disulfide

Background

We thus far discussed the designing of the thermal characterization system. In this
section, we discuss the prior knowledges of the thermal transport in a crystalline

material, MoS,.

Transition-metal dichalcogenides (TMDCs) are of considerable interest due to their
unique layer-thickness-dependent electronic properties and robust thermal stability.
[52-56] In particular, molybdenum disulfide (MoS,), a member of the TMDC fam-
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Figure 3.6: Grating period calibration of the ultrafast TG setup. (A) Normalized
Acoustic signal obtained from deionized water with dye at several phase mask period.
We obtain the frequency of the oscillation by performing both the Fourier transform
and sinusoidal curve fitting. (B) The oscillation frequency versus the grating period.
The frequency was obtained from (A). The calculated grating period using Eq. 2.8 is
represented by blue triangles. The grating period was calibrated (red circles) using
sound velocity of DI water (~ 1500 ms~!, dashed line). The difference between the
calculation and the actual grating period is observed to be 30% due to non-ideality
in the optics mentioned in the text. Inset shows the frequency versus the inverse
grating period, indicating the acoustic dispersion of the water.

ily, has been extensively investigated due to its potential applications in electronics,
photovoltaics, and thermoelectrics. [57-60] In addition to its intriguing electronic
properties such as high electron mobility (up to 200 cm? V~!s™!) and indirect-to-
direct transition of bandgap with reduced dimensionality [57, 60], MoS, has further

revealed promising thermoelectric features such as high Seebeck coefficient [61].

Thermal transport in MoS; is therefore of intense interest. However, theoretical
and experimental studies report a broad range of in-plane thermal conductivity val-
ues of MoS,. For example, calculations of the in-plane thermal conductivity « of
monolayer MoS; vary from ~ 20 to 155 Wm~'K~!. [61-69] Various experimen-
tal techniques, including Raman spectroscopy, thermal bridge, and time-resolved
magneto-optical Kerr effect (TR-MOKE), have been applied to measure the « of
monolayer, few layer, and bulk MoS,. The reported values vary widely; from
30.5 - 101 Wm™'K~! for monolayers [70-72], 52 - 102 Wm~'K~! for few layers
[70, 73, 74], and 85 - 110 Wm™ 'K~ for bulk [75].

At the same time, the elastic and acoustic properties of MoS; have also been studied,
motivated by applications such as flexible electronics. [76-80] In particular, the
cross-plane longitudinal sound velocity of MoS, has recently been characterized
by a transient reflection method. [81] However, although ab-initio calculations of
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in-plane sound velocity have been reported, to the best of our knowledge the value
has not been experimentally confirmed[68, 77]. From the next section, we present

our results on the bulk characterization of the MoS,.

Sample preparation and characterization

All the measurements presented in this chapter were performed on free-standing
membrane. The samples were made by our collaborator, Jho research group at
Gwangju Institute of Science and Technology (GIST) in South Korea. We prepared
suspended MoS; membranes by mechanical exfoliation of bulk crystal MoS, (2D
Semiconductor Inc.). Silicon-on-insulator (SOI) wafers were wet-etched to create
rectangular apertures of dimension about 1 - 2 mm at the device side of the wafer.
Both SOI wafers and bulk MoS; were separately cleaned in an ultrasonic bath of
acetone for 5 minutes, then in an ultrasonic bath of methanol for 5 minutes and finally
in an ultrasonic bath of deionized (DI) water for 5 minutes. Then, both wafers and
bulk MoS; were left in a nitrogen gas flow and annealed at 110 °C during 3 minutes
to dry the samples. Multilayer MoS, flakes were then cleaved from the bulk MoS;
by repeatedly exfoliating with scotch tape. To fix the MoS, flake to the SOI wafer,
UV curable epoxy was applied on each corner of the rectangular apertures. The
flakes were then placed over the aperture in the substrate and were left under UV

illumination for 1 minute to cure the epoxy.

The membranes were characterized using optical microscopy, and energy disper-
sive x-ray spectroscopy (EDXS) and transmission electron microscope (TEM). Fig-
ure 3.8 A shows a confocal microscope image of a sample prepared with this method.
The image shows that the membrane is intact with some wrinkles over the clear
aperture area. The thickness of the membrane was determined by measuring the
transmitted optical power through the membrane. For an incident power of 3 mW
at 800 nm, 765 uW was transmitted. Using the Beer-Lambert law and the known
dielectric function of MoS; [82—-84], we estimate the thickness as 5 um. The ele-
mental composition along with their spatial distributions were characterized by the
Energy dispersive x-ray spectroscopy (EDXS) elemental mapping as in Fig. 3.8B.
Spatially uniform distribution of the Molybdenum and the sulfide was observed. We
also used high resolution TEM to verify the single-crystalline nature of the sample
along with selected area electron diffraction of [001] zone axis to verify the lattice
constants, as indicated in Fig. 3.8C. We obtained the magnitude of reciprocal lattice
vector as 3.7 nm~!, which agrees well with the hexagonal symmetry with lattice
spacing of 0.27 nm along (100) plane as in Fig. 3.8B [85, 86].
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Figure 3.7: Illustration of the preparation of the thin MoS, membranes. First,
silicon-on-insulator wafers were wet-etched to create rectangular apertures of di-
mension 1 - 2 mm. Multi-layer MoS, flakes were cleaved from the bulk single
crystal by repeated mechanical exfoliation using scotch tape. Then UV curable
epoxy was applied near the rectangular apertures and the MoS; was fixed on top.
Finally, the device was left under UV illumination to cure the epoxy. Photo credit:
Jho group at GIST

3.3 TG experiments on MoS,

With the MoS, prepared, we performed the TG measurement to obtain in-plane
elastic and thermal properties. We conducted measurements with transient grating
periods (L) varying from 1.89 um to 7.15 um at the sample surface. Following
the procedures described in preceding sections, experimental data at distinct phase
differences between probe and signal beams ¢y = 0 and ¢y = 7 are subtracted
to isolate the thermally induced heterodyned signal. The pump and probe beam
powers were set to 15 mW and 6 mW at the sample, respectively. The corresponding
steady-state and transient temperature rises on the sample are around 6 K and 0.6

K, respectively.

Figure 3.9 shows two representative heterodyned signals at different transient grating
periods. For each measurement, the signals at ¢ = 0 and ¢y = & are clearly
superimposable by flipping the sign of one measurement, as expected. The signals

at ¢ = 0 and ¢y = m were then subtracted to yield the final signal. As in Figs. 3.9
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Figure 3.8: (A) Confocal optical microscope images of a MoS,; membrane suspended
over a rectangular hole in an SOI wafer. The dimensions of the free-standing area
are about 1 x 2 mm?. The dashed line highlights the area where the membrane is
suspended. (B) Energy dispersive x-ray spectroscopy (EDXS) elemental mapping of
the MoS, membrane. The purple and the green indicate the Molybdenum (Mo) and
the Sulfide (S), respectively. The EDXS mapping indicates the uniform distribution
of M and S in the sample. (C) High resolution transmission electron microscopy
(HRTEM) image of MoS; indicating single-crystalline structure and revealing the
hexagonal lattice. The inset of (C) displays the corresponding selected-area electron
diffraction (SAED) pattern along the [001] zone axis. The lattice spacing was
identified to be 0.27 nm which is well-matched with the reciprocal lattice distance
3.7 nm~! obtained from SAED.
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Figure 3.9: Signals measured at grating period of 1.89 um (A, B, C), and 3.95
um (D, E, F). At each grating period, the signals with optical heterodyne phase of
¢on =0 (A, D) and ¢y = m (B, E) are subtracted to isolate thermally induced signal
(C, F).
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C and F, we observe an initial rise at 0 ns that quickly relaxes away within 2 ns
followed by another slower decay with the opposite amplitude sign. We attribute the
first relaxation to ambipolar diffusion of photo-generated electrons and holes and
the second decay to the thermal and acoustic response of the sample. The thermal
decay becomes slower as the grating period increases, as expected. Considering
the acoustic response, we added additional decay term to fit these experimental data

using the formula:

F(1) = Ae"7 + Be T cos(2nvi + @) (3.2)

where the first (second) term represents the thermal (acoustic) signal with amplitude
A (B), tr and 75 are the decay time constants for the thermal and acoustic signals,
v is the frequency of the oscillations, and ¢ is the phase of the oscillation [87]. The
frequency of the oscillations v was first extracted using a Fourier transform (inset
of Figs. 3.10A and B and substituted into Eq. 3.2. The fitting is performed after
the electronic relaxation ends, corresponding to a thermalization time of around 2
ns but which increases with the grating period [87]. We obtain the other fitting

parameters using least square fitting with Levenberg-Marquardt algorithm.

The results of the fitting for two grating periods are shown in Figs. 3.10A and B. We
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Figure 3.10: Signal obtained by the subtraction of heterodyne phase at ¢ = 0 and
¢ = m versus delay time and the model fit at transient grating period L = (A) 1.89
pum and (B) 3.95 um. Inset: fast Fourier transform of the data showing acoustic
oscillation at each grating period. (C) Uncertainty in fitting curve with respect to the
variation of thermal decay rate from B. Purple (green) line describes lower (upper)
bound used to determine the uncertainties. The uncertainty is identified to be on the
order of + 15%.
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observe good agreement between the model and the data. Figure 3.10C visualizes
the sensitivity of the solutions of fitted curves to the fitted thermal decay rate. We
obtain error bounds on the thermal decay rate by determining by what percentage it
can change while still overlapping the data. We find that the noise in the experimental

measurements yields fitting uncertainties on the order of 15%.

Elastic property of MoS,

The measured frequency of oscillation can be related to the elastic properties of
the MoS,;. We examine the measured acoustic frequency versus grating period,
as shown in Fig.3.11A. The acoustic frequency exhibits a linear trend with inverse
grating period, as expected. A linear fit of these data yields an in-plane sound
velocity of 7000 + 40 m s~! and corresponding elastic constant of 248 GPa. The
measured elastic constant agrees well with prior theoretical and experimental reports
which range from 211 - 240 GPa [80]. Since the membrane is suspended, the
corresponding sound velocity is not expected to approach the speed of Rayleigh
mode of the substrate as is the case for a supported membrane. In a free-standing
medium, it has been already established that this Lamb wave mode mainly involves
intrinsic longitudinal displacements [88]. We note that the Lamb mode originates
from thermally induced generation of coherent longitudinal acoustic phonons [33,
44, 88]. Our measurement is reasonably close to prior ab-initio calculations of an
in-plane longitudinal acoustic sound velocity of 6500 - 6700 m s~! [68, 77, 89].
To illustrate this, the literature data of the ab-initio calculation of the in-plane
phonon dispersion in Ref. [68] is given in Fig. 3.11B. As shown in Fig. 3.11C,
the calculated dispersion along I' — K in the Brillouin zone excellently agrees
with our obtained data. Figure 3.11D shows the calculated dispersion in Ref. [89]
and corresponding INs measurements in which we can see quantitative difference
compared to our measurements. The INS can map out the Brillouin zone over
the higher frequency range. However, since the scattering intensity substantially
decrease at low frequencies [90], it is challenging to obtain the properties of sub-

THz vibration such as phonon group velocity near I' Brillouin zone.

Thermal property of MoS,
We now examine the thermal properties. Figure 3.12A shows the thermal decay rate

versus the square of wave vector. As shown in Eq. 2.30, assuming one-dimensional
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Figure 3.11: (A) Measured acoustic frequency versus inverse grating period. The
sound velocity is calculated to be 7000 + 40 m s~!, and the corresponding elastic
constant is 248 GPa. (B) Literature data of ab-initio calculation of the in-plane
phonon dispersion in Ref. [68]. The direction of the wave vector is illustrated as
an inset. (C) Calculated phonon dispersion along I' — K in the Brillouin zone
in Ref. [68] (black dashed line) and our measured acoustic frequency (symbols).
a good agreement is observed. (D) Prior experimental observation of the phonon
dispersion in MoS, using INS in Ref. [90] (symbols) along with ab-initio calculation
in Ref. [89]. The INS successfully map out the dispersion above 1 THz. However,
scattering intensity decrease at low frequencies limits to study the dispersion at
low frequencies using INS, therefore prevent from deducing the sound velocity as
discussed in Ref. [90].

heat diffusion, this trend should be linear following the relation:

1 2\
- = a(—") e (3.3)
T L

where 7 is the average thermal decay time, « is the in-plane thermal diffusivity, and
L is the transient grating period. This is a reasonable assumption since the optical
penetration depth of MoS, at 800 nm (12.5 um) is longer than the thickness of the
sample (5 um) [33][82].
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Figure 3.12: (A) Thermal decay rate, or inverse thermal decay time constant, versus
wave vector squared. The slope of dashed line yields the thermal diffusivity value
from a linear least square fit. Purple (yellow) dashed line denotes the upper (lower)
bound of thermal diffusivity. The value of measured thermal conductivity is 74 + 21
Wm™'K~!. (B) Calculation of ab-initio thermal conductivity accumulation versus
phonon mean free path of MoS;. The phonon mean free path of MoS; is spanning
from a few nm to ~ 2 um. The black dashed lines indicate thermal length scale
corresponding to the minimum and the maximum grating period, respectively. The
thermal length scale can be approximated as L/2r. The relevant thermal length
scale is ~ 0.3 — 1.1 um for our measurements which corresponds to ~ 78 — 98% of
the accumulated thermal conductivity.

In Fig. 3.12A, we show a linear least square fit from which we obtain the thermal
diffusivity. Using a heat capacity from Ref. [91], we calculate an in-plane thermal
conductivity value of 74 + 21 Wm~'K~!. Our experimental result of thermal con-
ductivity value is slightly lower than recent experimental measurement in Liu et al.
[75]; which obtained a value of 85 + 6 Wm™'K~! using TR-MOKE. The discrepancy
may be due to the differences in sample quality; TG probes a larger thermal length
scale than does TR-MOKE and thus is sensitive to defects. Additionally, defects may
have been introduced in our sample preparation procedure. Nevertheless, our value
is in reasonable agreement with this prior report [75]. We also tentatively conclude
that phonon mean free paths are smaller than the grating periods considered here as
the linear trend observed in Fig. 3.12A is characteristic of phonon diffusion [66, 75].

Our tentative conclusion can be examined by ab-initio calculation of the bulk thermal
transport in MoS,. The Figure 3.12B shows ab-initio predicted thermal conductivity
versus the phonon mean free path in MoS,. Briefly, the calculation was performed
using interatomic force constants from density functional theory as well as solving
the Boltzmann transport equation. The detailed description of the method can be
found in Ref. [92]. As shown in Fig. 3.12B, we see that the the mean free path (MFP)
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are spanning from a few nm scale to ~ 2 um scale. Based on the calculation, we can
quantitatively estimate the expected accumulated thermal conductivity. Roughly,
we estimate the relevant thermal length scale that are comparable to MFP is ~ L /2,
which corresponds to the MFP ~ 0.3 — 1.1 um. From the calculation of the thermal
conductivity accumulation, we find that our value of measured thermal conductivity
is 98% at L = 7.15 um, which should decrease to 78 % at L = 1.89 um. However,
as mentioned above, the diffuse boundary scattering of the phonons with MFP can
suppress the their contribution to the thermal conductivity, thus reducing their total
contribution of the thermal conductivity. Our discussion should be re-examined
with measurements of smaller uncertainty than those presented here. Nevertheless,
our experimental observations are well supported by some of previous theoretical
predictions on the thermal conductivity of bulk MoS, (83 Wm~'K~!) using first-
principles calculations [68].

Finally, we note that the error bounds on the thermal conductivity obtained here,
on the order of + 15%, are larger than typically obtained from TG. We attribute
this uncertainty to several factors. First, the laser employed for this work exhibited
substantial intensity noise that affected the signal to noise ratio despite the use of
balanced detection. Second, wrinkles in the sample may have scattered light and
prevented it from reaching the detector. Third, the finite length of delay stage means
that data can only be collected to time delays of 13 ns, leading to reduced sensitivity
to heat diffusion in the observed signal, particularly for longer grating periods. These
effects can be mitigated in the future by improving sample preparation procedures
or using chemical vapor deposition for sample fabrication, using a more stable laser
source, and performing the real-time TG experiment that employs a continuous-
wave (CW) probe and a fast oscilloscope rather than a lock-in amplifier. These
improvements will be the subject of future work and will lead to substantially

reduced uncertainty.

3.4 Summary

To conclude this chapter, we introduced a tailored TG to study the elastic and thermal
properties of the crystalline TMDC thin films. Before this work, the TG application
was limited mostly to characterize the thermal transport in crystalline silicon, which

we expanded the range of the scope.

Concerning the modification, we have built time-resolved TG to provide a temporal

resolution ~ 100 fs to simultaneously measure phonon group velocities and the in-
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plane thermal conductivity. Careful designing of the optics was discussed including
the choice of the polarizing optics as a optical energy controller, piezo-controlled

beam stabilizer, and the design of the telescope for beam size controller.

We have applied the TG to MoS; to study the elastic and thermal properties in it.
More precisely, we obtain a in-plane v; 4 of 7000 + 40 m s~! and a corresponding
cy elastic constant of 248 GPa, which was not experimentally reported until our
discovery. We have reported measured in-plane thermal conductivity of 74 + 21
Wm™'K~!. Finally, our thermal conductivity results and associated microscopic
heat carrying properties were examined by comparing with more recent ab-initio

calculation and experiments.

We expect that these findings provide insight into in-plane thermal and elastic
transport in MoS, and set the stage for further studies of other crystalline thin films
such as TMDCs using TG. In the next chapter, we further expand the range of TG

applications to semi-crystalline materials.
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Chapter 4

HEAT-CARRYING PHONONS WITH MICRON-SCALE MEAN
FREE PATHS IN HIGHLY ORIENTED POLYETHYLENE

This chapter has been adapted, in part, from:

Taeyong Kim, Andrew B. Robbins, Stavros X. Drakopoulos, Ignacio Martin-
Fabiani, Sara Ronca, and Austin J. Minnich. Heat-carrying phonons with micron-
scale mean free paths in highly oriented polyethylene (in preparation).

T.K. participated in the conception of the project, prepared the experimental data,
analyzed the results, and participated in the writing of the manuscript, 2020.

Stavros X. Drakopoulos, Georgios C. Psarras, Aurora Nogales, Tiberio A. Ez-
querra, Taeyong Kim, Andrew B Robbins, Austin J. Minnich, Georgia C. Manika,
Gianfranco Claudio, Ignacio Martin-Fabiani, and Sara Ronca. Gold/ultra high
molecular weight polyethylene nanocomposites for electrical energy storage: En-
hanced recovery efficiency and thermal conductivity upon uniaxial deformation
(in review).

T.K. prepared the thermal characterization data, analyzed the thermal characteri-
zation results, and participated in the writing of the manuscript, 2020.

In the preceding chapter, we discussed TG’s ability to measure bulk thermal prop-
erties of the lattice, beyond conventional applications. As earlier mentioned, there
were a few reports concerning the measurements of the bulk thermal properties
of polymers. In this chapter, we apply the TG spectroscopy to study microscopic
heat-carrying properties in highly oriented semi-crystalline polyethylene (PE) films.
First, we will present our measurements of partially oriented PEs; a qualitative
analysis on the microscopic property based on the combination of the bulk thermal
and structural characterization will follow. Next, we resolve the MFPs of heat-
carrying acoustic phonons in highly oriented PE to reveal the origin of the thermally

conductive polymers.

4.1 Background
Thermally conductive polymers are of interest both for fundamental materials sci-
ence as well as applications such as thermal management [4, 93]. Despite the low

thermal conductivity ~ 0.1 - 0.6 Wm~'K~! of unoriented polymers [4], early works
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reported orders of magnitude increase in uniaxial thermal conductivity along the
alignment direction of oriented samples, including for polyethylene (PE) [8, 94],
polyacetylene [5], and polypropelene [6]. In particular, the reported thermal con-
ductivity of oriented polyethylene ranged from ~ 14 Wm~'K~! [95] for draw ratio
DR =25upto ~ 40 Wm™'K~! for solution processed PE with a DR of 350 [96].
The enhancement was attributed to increased chain alignment along the drawing
direction [94], phonon focusing in the elastically anisotropic crystalline phase [97],
and increased crystallinity [98, 99]. Recently, reported thermal conductivities have
increased further, with values of ~ 50 — 100 Wm~'K~! reported in nanocrystalline
fibers. [100, 101] Advances in synthesis have led to the fabrication of disentangled
ultra-high molecular weight PE (UHMWPE) [102] with reported thermal conduc-
tivities up to 60 Wm~'K~! in bulk films [9, 103]. Recent works have also reported
high thermal conductivity up to 20 - 30 Wm™'K~! in a diverse set of polymers
besides PE, including polybenzobisoxazole, [104] polyethylene oxide [105], and
amorphous polythiophene [10].

Diverse methods have been employed to understand the origin of the increased
thermal conductivity in aligned polymers. Numerical studies have provided insights
into the properties of heat-carrying phonons in perfect polymer crystals, including
with empirical [106] and ab-initio [107-109] interatomic potentials, but oriented
polymer samples exhibit a structure far more complex than that of a perfect crystal.
As a result, many studies have focused on understanding the structural changes that
occur during drawing. The accepted picture is that an initial crystalline fraction on
the order of ~ 60 — 70% exists in nascent polyethylene [96, 110-112]. On initial
drawing, the crystallites begin to align and a periodic lamellar structure, consisting
of alternating crystalline and amorphous domains, develops [113, 114]. Small angle
X-ray Scattering (SAXS) has been used to measure the period of the lamellae as
around ~ 8 to 40 nm, and that corresponding size of the crystalline domain consisting
of the lamellae is around 10 - 20 nm [115, 116]. For DR < 20, the crystallinity also
increases under drawing as measured using wide angle X-ray scattering (WAXS) up
to ~ 80 —-90% [111, 117].

Below DR100, although the thermal conductivity increased with drawing, the degree
of the crystallinity and crystallite size did not exhibit as strong a trend with DR.
The crystallinity was reported to increase only by 10 %, despite substantial change
in the DR from 20 to 100. [111, 118] While some prior studies reported increase

in the crystallite size from ~ 30 nm to ~ 70 nm, nearly three-fold increase, with
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drawing from [119], others reported the opposite trend [115, 120]. Furthermore,
the scattered intensity with SAXS was observed to decrease with increasing DR
[121-123], indicating the transformation from the periodically alternating lamellar
structure to a different one such as inter-crystalline bridges [95, 115] or continuously

extended rigid crystal structure [115, 120].

The presence of such an extended crystal was identified by measurements in highly
oriented PE using solid-state NMR [124] along with SAXS [120]. In particular,
Litvinov et al. have measured the dimension of crystalline domain along the chain
direction around 100 - 250 nm, far exceeding the lamella period length (40 nm)
measured from SAXS in the same structure. [120]. Since the upper limit of
the detectable size from NMR is around 200 nm, the actual dimension of such
crystal was thought to be greater than the measured value [120]. The elongated
crystals in highly oriented PE thin films were observed to have length as long as
several microns yet with diameter in the range of 9 - 20 nm (Transmission electron
microscope [125, 126]), 14 - ~ 20 nm (SAXS and WAXS [119, 120, 127]), and 10
nm (solid-state NMR, [124]).

Various models have been proposed to understand the evolution of the uniaxial ther-
mal conductivity under drawing. Two-phase effective medium models with series
thermal resistances for each phase have been considered, including the Helix-coil
model [98, 128], a modified Maxwell model [129], and the Takayanagi model[130].
Choy et al. have shown that the thermally isotropic Maxwell model best describes
the thermal conductivity in low DR (DR < 5) [129]. The Takayanagi model con-
siders an additional thermal conduction channel along the inter-crystalline bridge
[130]; this model better explained the measured thermal conductivity for DR > 5,
possibly due to the presence of such structures in higher DR samples. Xu et al.
used the isotropic helix-coil model and concluded that the thermal conductivity of
the amorphous phase (k) must be as high as 16 Wm™'K~! to explain their thermal
conductivity measurements [9]. Ronca et al. have used the same model, but reported
that the high thermal conductivity originates from the increased thermal conduc-
tivity in the crystalline domain (k.) as high as 47 Wm~'K~![103]. The reason for
the discrepancy is that the theory requires the characteristic length of the repeated
periodic structure that may not exist in actual ultra-drawn samples. Also, the bulk
properties that are free parameters in the theory («., k,) are challenging to individ-
ually measure, hitherto yielding significant differences in measured «,s [9, 103]. In

addition, the theory does not account for possibility of phonons transmitting across
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domain boundaries, in which case the effective medium treatment is no longer valid.
Evidence of such processes has been reported even in partially oriented PE samples
with low DR ~ 7.5 using transient grating spectroscopy [131]. As a result, the
microscopic properties of heat-carrying phonons and the origin of the high thermal

conductivity of highly oriented polyethylene remain a topic of debate.

In this chapter, we report that the dominant heat-carrying phonons in highly ori-
ented polyethylene exhibit mean free paths on micron length scales using transient
grating spectroscopy. The mean free paths exceed those in samples of lesser draw
ratio by an order of magnitude, indicating that the high thermal conductivity of the
present samples primarily arises from decreased structural scattering in the crys-
talline phase. The decreased structural scattering in turn could arise from larger
crystalline domains as well as higher transmissivity across crystalline-amorphous
boundaries in the highly aligned samples. Our work provides insight into the micro-
scopic transport properties of heat-carrying phonons in highly oriented polyethylene

that will support efforts to create PE samples with higher thermal conductivity.

4.2 Bulk thermal property of PE
Sample: polyethylene
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Figure 4.1: Samples that were presented in this thesis. The dye was included to
increase the absorption of the visible wavelength. (A) DR4 with AuNP, (B) DRS5
with AuNP, (C) DR9 with BPEA, (D) DR196 with AuNP. The concentration of dye
is only 1% to minimize the filler effect on the thermal conductivity, while ensuring
sufficient absorption of the visible light. Note that the diameter of the AuNP is 2-5
nm.

The samples that are presented in this chapter were fabricated by our collabora-
tors at Loughborough University in the UK. Briefly, the samples are disentangled
UHMWPE synthesized using the same procedure described in Ref. [37, 102, 103].
The synthesized samples were drawn by the processes with a particular draw ratio

(DR) given by the length of the film before and after the drawing processes. Typ-
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ically, partially drawn samples are prepared using compression molding process.
Similarly, our partially oriented samples (DR4, DRS, and DR9) were compression
molded. For the highly oriented sample (DR196), the film was rolled (x7) and
stretched (x28) to achieve the high draw ratio. Since PE is transparent to visible
light, low concentration of the dye was added to minimize the effect of the filler on
the thermal conductivity while enabling the formation of a thermal grating on the
sample. Specifically, 9,10-Bis(phenylethynyl)anthracene (BPEA) 1% was added for
DR9. Similarly, the concentration of added gold nanoparticle (AuNP, diameter of
2-5 nm) for other samples is only 1% [132, 133].

Since the purpose of the drawing is to make the fiber oriented along a certain
direction, we characterized the fiber alignment using scanning electron microscope
(SEM) and helium-ion microscope (HIM). For comparison, an SEM image of
partially oriented sample (DR7.5 with ZnO nanoparticles) is shown in Fig.4.2 in
which we do not see obvious alignment of the fibers. On the other hand, our DR196
samples demonstrated clear aligned fibers that are extended over tens of micron

scales as shown in Fig. 4.2.

A

Figure 4.2: High resolution microscopic images of the oriented PE. (A) Literature
data of DR7.5 [134]. The chain alignment is not evidently visible. (B) SEM (C)
HIM image of the highly oriented PE. The evidence of the extended chain over a
micron distance is clearly visible.

As mentioned in the previous chapter, it is important to avoid surface instability
for the application of the TG to the thin films. For PE, experimental challenge
is related to the following factors especially for highly drawn samples. First, the
striations present in the entire sample of DR196, as evidenced in Fig. 4.1D can
inhibit the formations of the thermal grating profile over micron scale distances.
Second, surface inhomogeneity introduced during the drawing process can scatter
the visible light over the length scale comparable to the optical wavelength, which

can substantially decrease the signal-to-noise ratio (SNR). Therefore, we imaged the
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optical topography as shown in Fig.4.3. The AFM crosscut perpendicular to fiber
alignment direction (dashed line in Fig.4.3. A) is shown in Fig.4.3. B. Calculated
RMS roughness is ~ 70 nm, and the maximum peak-to-valley difference is ~ 360
nm. The height difference indicates the surface inhomogeneity over length scales

comparable to the optical wavelength (515 nm) used.
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Figure 4.3: AFM characterization of the PE surface. (A) AFM topographic image
of the sample. The x and y direction indicates parallel to, perpendicular to the
fiber alignment, respectively. (B) AFM crosscut along the dashed line in (A). RMS
roughness is calculated to be ~ 70 nm, and the maximum peak-to-valley difference
is ~ 360 nm.

4.3 TG application on highly oriented PE

Description of the TG system

We measured the in-plane thermal conductivity of several semi-crystalline polyethy-
lene (PE) films including highly oriented PE using transient grating spectroscopy.
The transient grating setup is identical to that described in Ref. [131]. Briefly, a pair
of pump pulses (wavelength 515 nm, spot diameter 530 um, pulse duration ~ 1 ns,
pulse energy 13 pJ, repetition rate 200 Hz) is focused onto the sample to impulsively
create a spatially sinusoidal temperature rise of period L and wave vector ¢ = 27/L.
The grating relaxes by heat conduction, and its decay is monitored by the diffraction
of a pair of continuous wave laser beams (wavelength 532 nm, spot diameter 470
pm, average power 900 uW, chopped at 3.2 % duty cycle to reduce steady heating

on the sample).
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Bulk thermal conductivity characterization

First, we examined bulk thermal conductivity. More precisely, uni-directional ther-
mal conductivity and the role of the drawing to the thermal anisotropy were char-
acterized. For this purpose, the TG experiments on several PE films with different
draw ratio were performed. Figure 4.4 shows representative signal traces for samples

with different draw ratios. The sample was placed parallel to the TG axis.
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Figure 4.4: Signal magnitude versus the time for several PE films along the transient
grating setup. (A) DR4 with AuNP, (B) DRS with AuNP, (C) DR9 with BPEA,
(D) DR196 with AuNP. The symbols indicate that the signal is an average of 3x10*
repetitions. The dashed line is an exponential fitting with an equation given in
Eq. 4.1.

As discussed in Ref. [134], there are various non-thermal decay components with
different magnitude and time constants in TG measurements on PE. Therefore, we
fit the signal following Ref. [134]

3
Fe)=ci+u(r) |2+ ) Apexpl-t/Tn] 4.1)
m=1

where u(t) is Heaviside unit step function, ¢ is the background before and after

t =0, A is the initial magnitude of the decay, and 7 is the decay time constant. In
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Eq. 4.1, the index m = 1 indicates the thermal signal component as a dominant decay
component for the signal in Fig. 4.4. The index m = 2 (m = 3) corresponds to the
electronic response (long-term relaxation) with a time-constant on the order of ps
(10 =30 us); detailed description on the physical origin of each non-thermal source
can be found in [134]. The dashed lines in Fig. 4.4 show corresponding fits from
Eq. 4.1, which well-describe the measured data. We note that the signal magnitude
as well as the corresponding SNR in Fig. 4.4D is noticeably small compared to
Figs. 4.4A-C due to the surface instability in DR196. As a comparison with prior
TG experiments, the SNRs of the DR196 are generally less than 20, which is about
a third of that from DR = 7.5 reported in Ref. [131].

Next, we measured angle-resolved thermal conductivity for the samples mentioned
above. As mentioned in many prior literatures including Ref. [134], the thermal
conductivity of semi-crystalline PE depends on the angle, with a substantial decrease
at the perpendicular direction due to the thermal anisotropy. We systemically varied
the angle by rotating the sample with respect to the principle TG axis. Examples
of resulting angle-resolved thermal conductivities are shown in Fig. 4.5, in which
0 (90) degree indicates the heat-flow direction along (perpendicular to) the chain
orientation. Following Ref. [134], we fit the thermal conductivity versus the angle

given in Fig. 4.5, using an expression given by
_ 2 .2
K = k|| cOs” 6 + K sin” 0 4.2)

where k|| (k1) is the thermal conductivity at O degree (90 degree). The above
expression is a geometric model considering that the heat flow into each direction
independently contributes to the heat transfer, similar to the assumption in prior
effective medium models used for polymers [98, 128, 130]. The dashed lines in
Fig. 4.5 show that the geometric model can well describe the data.

By comparing the value k|, we can estimate the ratio of heat flow anisotropy. The
anisotropy is defined by «|/k,. We see that the maximum thermal conductivity
at DR4 is x| = 4.2+ 0.4 Wm'K~!, which decreases to ~ 1 Wm~'K~! with an
anisotropy ~ 4.2. On the other hand, for DR 196, the x| is 42 + 3 Wm™ 'K, and «
is ~ 0.4 Wm~'K~!, resulting in an anisotropy ~ 105. The draw ratio dependence of
K|, k1. for DR3 to 196 is shown in Fig.4.6A. The value of x| is ~ 3 Wm~ K™ for
DR3, which is around 5 times larger than «, . The k| increases as the DR increases
up to DR66, above which the observed value saturates to ~ 40 Wm™'K~!. The
opposite trend is observed for k,, which approaches to 0.4 Wm™'K~!. Note that
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Figure 4.5: Thermal conductivity versus angle between draw direction and thermal
gradient defined by a grating period. (A) AuNP4 at L = 10.7 um with«; =4.2+0.4
Wm™'K™!), (B) AuNP5 at L = 10.7 um with xj = 4.6 £ 0.3 Wm'K™1), (C)
BPEA9 at L = 6.9 um with x| = 4.4 £ 0.6 Wm™'K™!), (D) AuNP196 L = 10.7
um with k) =42 £ 3 Wm~'K™1). The 0 (90) degree indicates heat flow direction
parallel to (perpendicular to) the draw direction. The maximum value of the thermal
conductivity occurs along the chain, while the perpendicular value is comparable to
that in bulk PE. Dashed lines indicate fits using the Eq. 4.2

the value of ¥, ~ 0.4 Wm~'K™! is close to the value in unoriented PE, which is
attributed to the heat conduction by interchain van der Waals interactions as in the
bulk PE [129]. Corresponding ratio of the thermal conductivity (x| /«_) is shown in
Fig. 4.6B. Above DR66, the measured anisotropy was observed to be ~ 100 — 150.
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Figure 4.6: (A) k|| and «, versus the draw ratio. The draw ratio is from 3 to 196.
With draw ratio, the « increases from ~ 3 Wm~ 'K to ~ 40 Wm‘lK‘lup to DR 66,
above which the value saturates. The «, decreases and approaches to the bulk value
as the draw ratio increases, which is attributed to the heat conduction by interchain
van der Waals interactions as in the bulk [129]. (B) The anisotropy (x| /«.) versus

the draw ratio. We see that the anisotropy increases as the draw ratio increases up
to ~ 100 — 150 above DR66.

Thermal conductivity versus the temperature

Having characterized the effect of the DR on the thermal anisotropy, we now seek for
inferring the microscopic thermal transport properties. In semi-crystalline PE with
low DRs, the structural properties are known to limit the heat-carrying process [37],
we can qualitatively extract the microscopic heat transport by relating temperature
dependent thermal conductivity to the structural property.

First, the thermal conductivity versus the temperature for two samples with similar
DRs is shown in Fig. 4.7AB. Due to the low DRs, thermal conductivity exhibits an
increase with temperature indicating substantial structural scattering, in agreement
with a prior study [37]. The feature ~ 200 K is attributed to the glass transition [37].

The results from DR196 at L = 9.8 um is shown in Fig. 4.8. The bulk thermal
diffusivity along the chain direction versus the temperature is plotted in Fig. 4.8A. A
linearly increasing trend with decreasing temperature is observed. The correspond-
ing bulk k|| versus temperature is shown in Fig. 4.8B. The thermal conductivity
remains constant within the measurement uncertainty from room temperature to
~ 220 K, below which the thermal conductivity decreases. The trend of the thermal

conductivity below 220 K is characteristic of structural scattering.
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Figure 4.7: Thermal conductivity versus temperature at L = 10.7 um for (A) DR4
with AuNP, and (B) DRS with AuNP. With temperature, the thermal conductivity
exhibits a monotonic increase, characteristic of the phonon-domain boundary scat-
tering. A hump near 200 K is associated with the glass transition temperature of the
PE.
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Figure 4.8: Temperature dependent bulk thermal properties of DR196 with AuNP.
(A) Thermal diffusivity along the chain axis versus the temperature at a grating
period L = 9.8 um. With decreasing temperature, linear increase in the thermal
diffusivity is clearly observed. (B) Thermal conductivity along the chain versus
the temperature at a grating period L = 9.8 um. The thermal conductivity was
calculated using reported heat capacities for linear PE in Ref. [135] The thermal
conductivity is approximately constant from 300— ~ 220 K, below which the thermal
conductivity decreases.

The above thermal conductivity versus the temperature can be used to infer the mi-
croscopic heat transfer properties. For example, comparing Fig. 4.7AB, while we can
find an evidence of structural scattering, there is not an obvious difference between

them, implying that micro-structures in both samples would be similar. A direct
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evidence for structural scattering is shown in Fig. 4.7C. Figure 4.9 shows structural
characterization of the PE with AuNP using WAXS and SAXS. The measurements
were performed by our collaborator [133]. The measurements demonstrate that the
crystallinity of ~ 74% and an average lamella spacing around 8 - 22 nm [132, 133],
and that the micro-structural properties in both DR4 and DRS are similar. From the
results in Fig. 4.9, we can tentatively conclude that the phonons may propagate a

distance order of 10 nm.
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Figure 4.9: SAXS and WAXS characterization in PE with AuNPs. The data were
taken from Ref. [133]. (A) Left axis: Crystallinity of PE with AuNP. For DR4 and 5,
the crystallinity was measured to be 73.5%. Right Axis: The ratio of WAXS intensity
peak over a narrow g range near (200) reflection to the (110) refletion from which
the crystallinity was extracted. (B) Thickness-normalized Lorentz corrected SAXS
intensity profiles measured from PE with AuNP. The dashed lines indicate the wave
vector of the intensity bump around ¢ = 0.29 nm~! and ¢ = 0.8 nm~!, respectively.
Corresponding lamella long-period of the crystalline lamella (d = 27/q) is around
8 - 22 nm.

However, the above qualitative approach is not applicable for highly oriented sam-
ples, since corresponding domain sizes in inaccessible using SAXS and WAXS
[124]. According to the prior reports, the SAXS intensity disappear for DR > 80,
mainly attributed to the marginal fraction of the amorphous fraction or the presence
of the extended crystals [9, 124]. Furthermore, the measurements of temperature-
dependent thermal conductivity alone cannot rigorously examine other microstruc-
tural properties such as distribution of the phonon MFPs and corresponding trans-

mission and reflection of phonons at the domain boundary.
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4.4 Grating period dependent thermal conductivity

In the preceding section, we have demonstrated the capability of the TG to measure
angle- and temperature-dependent thermal conductivity and that enables to infer
qualitative information of the microscopic heat-transport properties. In this section,
we systematically vary the relevant thermal length scale comparable to the mean free

path, therefore provide a basis for understanding microscopic transport properties.

We measured the thermal conductivity along the parallel direction versus the grating
period at temperatures of 300 K, 220 K, 100 K, and 30 K. The raw signal traces are

given in Fig. 4.10.
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Figure 4.10: Measured TG signal versus time (symbols) at several grating periods
for DR196 at (A) 300 K, (B) 220 K, (C) 100 K, (D) 30 K. The signal shown are
normaliazed by its initial magnitude at t = 0. The dashed lines are fit using Eq. 4.1.
Error bars indicate 95 % confidence intervals obtained using an identical procedure

as that in Ref. [131].

If heat-carrying phonons propagate ballistically over the grating period, the thermal
decay is slower than that predicted from the bulk thermal conductivity [33, 35].
Representative TG signal for a grating period of L = 1.5 um at 300 K is shown in
Fig. 4.11 A. The decay is clearly slower than expected based on the bulk thermal
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conductivity value, indicating the presence of ballistic phonons on the length scale
of the grating period. Measurements of the decay rate versus g for all the grating
periods at 300 K are given in Fig. 4.11. The measured decay rate is close to that
predicted by the bulk thermal conductivity at g> < 0.3um ™2, above which the decay

rate is slower by up to a factor of 5 at the smallest grating period.
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Figure 4.11: (A) Measured TG signal versus time (symbols) for grating period
L = 1.5um, corresponding to ¢g> ~ 17.5 um~2, along with the best fit (solid
red line) and expected decay using the bulk thermal conductivity (dashed black
line). The signal is an average of 5 x 10* shots measured at a single location.
The signal clearly decays slower than predicted from bulk thermal conductivity,
evidence of the departure from the diffusive thermal transport. (B) Decay rate
versus ¢>. The measured decay rates for ¢g> 2 0.3 um~2> deviate from that predicted
from bulk thermal conductivity, indicating that the heat-carrying phonons transport
ballistically.

Corresponding measured thermal conductivity versus grating period at 300 K - 30
K, is shown in Fig. 4.12 A - D. The thermal conductivity is nearly constant at
large grating period (L > 10 um), below which a grating period dependence is
observed. Note that the grating period dependence in DR 196 is much stronger
than that reported in partially oriented PE [131], indicating the presence of heat-
carrying phonons with longer MFPs in the present highly oriented samples. A
similar grating period dependence was also observed at all the temperatures. Noting
that the apparent thermal conductivity at L = 6 um is around half of the bulk value,
the measurements imply that heat-carrying phonons with MFPs above ~ L /21 ~ 1
um carry half the heat over 30 - 300 K.
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Figure 4.12: Thermal conductivity versus grating period at (A) 300 K, (B) 220
K, (C) 100 K, (D) 30 K. The thermal conductivity clearly depends on the grating
period at both temperatures. With decreasing grating period, the measured thermal
conductivity levels off to a constant value at L ~ 10 um, below which the value
substantially decreases. Particularly at all the temperatures, the value is reduced
nearly 50% from its bulk value at L ~ 5 — 6 um, which corresponds to thermal
length d ~ L/2m ~ 1 um. Error bars indicate 95 % confidence intervals obtained
using an identical procedure as that in Ref. [131].

4.5 Ballistic transport of the heat-carrying phonons in DR196

Regarding the grating dependent thermal conductivity, the evidence of the ballistic
transport of heat-carrying phonons can be used to characterize the spectrum of
MFPs of phonons. In this section, we review the approach to reconstruct the MFP

of heat-carrying phonons.

Background
We start from the kinetic theory form of the thermal conductivity. Here, we express

the quantity in the MFP domain. For a bulk substance, the accumulated thermal
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conductivity at a given MFP (A) is defined as

Koutk = /0 F(A)dA, 43)

where f(A) is a differential form of the thermal conductivity at a given MFP in the unit
of Wm=2K~!. In TG, as the thermal length scale becomes smaller, the contribution
of the heat-carrying phonons with longer MFP to the thermal conductivity start to

become smaller. Corresponding thermal conductivity is [35]

k1 = /0 FIAS()dA (4.4)

where x = gA = A(2n/L) is the ratio of the MFP to the thermal length scale, and
S(x) is the phonon thermal conductivity suppression function. The suppression

function is known to be

3 tan~!
Siso = = (1 _ an_(x)) (4.5)
X X
Surp = —— (4.6)
T a2 '

where Sy, is the suppression function for the isotropic material such as silicon [34],
and S, is that for the anisotropic material with an arbitrary dispersion [34]. Since

the PE is thermally anisotropic, we use S = S, in the following analysis.

Due to the nature of the cumulative form of the thermal conductivity using an

integration by parts, Eq. 4.4 can be expressed as
o= [ aKOOF(AAA, @)
0

where K (x) = —dK /dx is the Kernel function. The Eq. 4.7 is known to be ill-posed,
therefore cannot be uniquely solved. Nevertheless, Eq. 4.7 is still useful, since the
Eq. 4.7 does not require any prior knowledge concerning the microscopic properties

such as phonon dispersion and frequency dependent scattering mechanism.

A way to solve the problem (Eq. 4.7) is Bayesian inference used in several recent
works [37, 47]. The details are described in [47, 131]. Here, we briefly explain
the Bayesian inference that was used in this thesis. Following the procedures in
Ref [131], we performed iterative n steps to search for posterior solution F,,s (A)
based on F),,-(A) given the measurements. The following is the inference proce-
dures for sampling F),,s (A) in each steps. First, we assumed a profile of cumulative

thermal conductivity versus the mean free path F;_i(A) for j = 1,2---n. Next,
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we sampled posterior profile F;(A) based on the Metropolis-Hasting Markov chain
Monte Carlo algorithm. We then computed the likelihood of the posterior probabil-
ity (Pposr) given the experiment

Ppost(Fjlkexpt) & P(Kexptle)Pprior(Fj) (4.8)
1 d*F;
Pprior(F/) o exp _2)/2 / 402 dQ 4.9)
Ki — Kcalci(Fj)
P(k|F;) cexp|— _ 4.10
(kIF)) p( Z 207 (4.10)

where vy is a standard deviation for second drivative, «; (0;) is the measurements
(experimental error bound), and Q = log 10(A), Finally, we accepted the posterior
profile with an acceptance probability « given by

P(F;) ]
"P(Fi_1)

a(Fj, Fi_1) =min |1 4.11)

Otherwise, we update F; = F;_;.

MFP accumulation in DR196 from Bayesian inference
Using the Bayesian inference mentioned in the previous section, the thermal con-
ductivity accumulation (F (A)) versus the phonon mean free path that best explains

the experimental observations in DR196 were extracted.

The reconstructed MFP accumulations are given in Fig. 4.13. In Fig. 4.13, the
intensity of the shaded region corresponds to the density of the posterior distribution,
indicating that the calculated thermal conductivity versus the grating period based
on these MFP profile agrees with the measurement. Solid lines (dashed lines)

indicate means (95 % credible intervals) of the distribution.

In order to confirm that the predicted F(A) from the Bayesian inference is accurate,
we need to perform the forward calculation using Eq. 4.7 and to compare it with
the experiments. The corresponding thermal conductivity versus the grating period
from the profiles from the Bayesian inference is shown in Fig. 4.14. In Fig. 4.14,
the intensity of the shaded region is the calculation obtained using the MFP profiles,
enclosed by 95 % credible intervals (dashed line). The solid lines correspond to
the calculation using the mean of the MFP profile. At all the temperature ranges
in this work (30 K, 100 K, 220 K, 300 K), we see a good agreement between the

calculation and the experiment.
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Figure 4.13: Thermal conductivity accumulation versus the mean free path of
the thermal phonons in highly oriented PE at (A) 300 K, (B) 220 K, (C) 100 K,
and (D) 30 K. The intensity of the shaded region indicates the likelihood of the
reconstructed profile. The solid lines (dashed lines) correspond to the mean (95%
credible intervals). We observe that the mean free path in this sample is on the order
of micron and that the fraction of the heat carried by the mean free path above um
is close to 50% at these temperatures.

We examine the properties of the heat carrying phonon using the obtained MFP
distribution in Fig.4.13. At 300 K, nearly 50% of the heat is carried by phonon
with MFP above 1 um, as expected from the rough estimation described above. The
contribution of these phonon to the thermal conductivity does not exhibit strong
temperature dependence as in Figs. 4.13B - D. Moreover, the contribution to the
thermal conductivity for phonons with MFP below 500 nm is less than 0 - 20%,
considering the uncertainties determined from the 95% credible interval. On the
other hand, the percentage of the heat carried by MFP below 100 nm is less than
1%. Prior characterization on the MFP has shown that the range of the MFP in
partially oriented PE (DR = 7.5%) is in hundreds nanometer range, nearly 200 nm
[131]. Our results suggest that the highly oriented PE can support the MFP of the

thermal phonon in the range of hundred nanometer to a few micrometer scale as in



57

KWm K)
w
o

1 3 5 10 20 1 3 5 10 20
Grating period (um) Grating period (um)

Figure 4.14: The calculation of the apparent thermal conductivity versus the grating
period at (A) 300 K, (B) 220 K, (C) 100 K, and (D) 30 K. The intensity of the shaded
region is the calculation using the MFP profiles obtained from the Bayesian infer-
ence. The dashed (solid) lines corresponds to the calculation using 95 % credible
interval (mean) of the MFP distribution described in the main text. The calculation
excellently matches with the experiment, indicating that the reconstructed MFP is
the most probable solution.

many other covalent crystals that possess high thermal conductivity such as silicon
[35]. Furthermore, the fraction of the heat carried by phonons with MFPs < 100 nm
is less than 5% at all temperatures, confirming that the phonons are not scattering at
the nano crystalline domain size as high as 100 nm. If the phonon-phonon scattering
mechanism would dominate, one would expect that corresponding domain of the
MFP should significantly increased, which is not the cases here. In other words,
for instance, the reduction of thermal conductivity at low temperatures shown in
Fig. 4.12 would have occured at grating periods that are longer than the values
presented in Fig. 4.12. Therefore, we tentatively conclude that the phonons are still
limited by the domain boundary order of the micron length scale, a scale close to

the reported extended crystalline domain size [115, 120].
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4.6 Low energy Debye model

As mentioned, the analysis in the MFP domain is beneficial in that the reconstruction
does not require prior knowledge of the phonon properties. However, use of an ap-
proximate model describing the low energy excitations of PE can help to understand
the damping mechanisms. As discussed in prior literature [33, 47], this procedure

requires the knowledge of the acoustic dispersion of PE.

4.7 Modeling
For an anisotropic solid, the grating dependent thermal conductivity in Eq.4.7 can

be re-written as
=Y [ 8.0 [C@mis )] do (*.12)
— Jo

where n is the index of the polarization, and w,, s is the cutoff frequency for phonon
that transports heat. The mode-specific heat capacity is expressed as Cs(w) =
hwDg(w)dfpg /dT where the D (w) is the density of states (DOS), and dfpg/dT is

the temperature derivative of the Bose-Einstein distribution function.

We note from Fig 4.13 that phonons with MFPs on the order of hundreds of nanome-
ters carry the majority of the heat. From the calculations of Ref. [107], the only
phonons with such long MFPs are from the LA branch. Therefore, the weakly
damped heat-carrying vibrations are likely from this branch. The marked elastic
anisotropy of PE can be accounted for to good approximation by assuming that
the group velocities all point along the chain axis [108, 136—138]. Therefore, the
measured thermal conductivity versus the grating period (k;) should be simplified

as

ki = /0 " $(x) [C@WVAW)] dw @.13)

For our calculation of Eq. 4.13, the ab-initio values of the mode-dependent density of
states and dispersive group velocity for LA branch was used. Following Ref. [107],
the ab-initio properties were computed using temperature-dependent effective po-
tential (TDEP) with the force constants generated at 300 K [108]. Corresponding
DOS and dispersion relation for LA branch is shown in Fig. 4.15. From the disper-
sion relation, we calculated the dispersive phonon group velocity, which is 17000
ms~! near the Brillouin zone center. Due to finite grid size, extrapolated values of

DOS and the group velocity were used in our actual calculation for Eq. 4.13.
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Figure 4.15: Calculated LA phonon properties along the chain obtained using TDEP
with force constants generated at 300 K. (A) Density of states. (B) Dispersion
relation (solid line). The sound velocity near the Brillouin zone center is around
17000 ms~! (dhhsed line). The TDEP results agree with prior IXS measurements
on PE with DR5.5 (symbols).

We now seek to identify the function A(w) that best explains the temperature de-
pendence and grating dependence of the thermal conductivity. Prior works provide
constraints on the values of the MFPs at different frequencies. Inelastic x-ray scat-
tering (IXS) experiments on DR 5.5 have shown that the MFP is around 10 nm at
at ~ 6 THz. At ~ 1 THz, the dominant LA phonon approximation on prior thermal
measurements indicates that the MFPs are ranging from 10 - 50 nm [26, 139-
141] as shown in Fig. 4.16. The estimated MFP of LA phonons was obtained
using Ip4 = «/Cy.ra/via Where C, 14 (vra) was calculated (extrapolated) from
the properties shown in Fig. 4.15. First, since the temperature dependent thermal
conductivities were measured at relatively low draw ratio compared to our DR196,
the corresponding MFP below 1 THz for DR196 should be bigger than order of 10
nm. Second, the cumulative thermal conductivity versus the mean free path lacks
of marked temperature dependence as shown in Fig. 4.13, corresponding frequency
resolved mean free path should be independent to the temperature. Third, low fre-
quency phonons will experience geometric scattering or boundary scattering due
to long-wavelength. Corresponding scattering cross-section forces the lifetime to
be constant. Given these constraints, we assumed constant lifetime which yields

A(w) =vpart.

Based on the constraints, two profiles of A(w) versus the frequency that is compatible
with the data (profile 2) was considered as shown in Fig. 4.16. We found that the
frequency dependent mean free path, A(w) = vpa7 ~ 500 — 600 nm best explains
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Figure 4.16: Mean free path profile of LA phonons that are compatible with our
thermal data along with the literature data. Solid line is mean free path profile 2
discussed in the main text. Profile 2 is with 1D DOS and 3D DOS. For the cal-
culation of low energy Debye model using profile 2, 3D DOS was used above 3
THz, below which 1D DOS was used. Symbols are the literature data from thermal
characterizations using dominant LA phonon approximation (upward-pointing tri-
angles, crystallinity 83%, Ref. [141]; circles, crystallinity 73%, Ref. [139]; squares,
DR150, Ref. [142]; dashed line, crystallinity 77%, Ref. [140]) and IXS, DRS.5,
Ref. [26]. The prior data provided constraints for our modeling.

the thermal conductivity versus the grating period. We first consider the calculation
based on A(w) = vpat ~ 500 — 600 nm using ab-initio predicted 3D DOS for
frequency O - 1.5 THz. As shown in Fig. 4.17A, the calculated thermal conductivity
versus the temperature at L = 9.8 um agrees with our measurement up to around
100 K, below which a significant deviation was observed. Corresponding calculated
thermal conductivity versus the grating period is shown in Fig. 4.17B-E, with which

we found a disagreement at 30 K.

Therefore, we used profile 2 in Fig. 4.16 with 1D DOS (= 1/avysnr?) below ~ 2.9
THz, above which we used ab-initio predicted 3D DOS. The r is the radius of
the extended PE crystal, which we assume 10 nm, following Ref. [119, 119, 120,
120, 124-127, 127]. For this calculation, 3D DOS was used for frequency above
3 THz. The calculated thermal conductivity at 9.8 um using profile 2 excellently
agrees with our measurements as shown in Fig. 4.17A. Furthermore, corresponding
thermal conductivity versus the grating period is compatible with the data as shown
in Figs. 4.17B-E.
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Figure 4.17: Calculation of the thermal conductivity based on profiles 1 and 2. (A)
Thermal conductivity versus the temperature L = 9.8 um. While the calculation
from profile 2 excellently agrees with the data, that from profile 1 deviates from the
data below 100 K. Calculated thermal conductivity versus the grating period at (B)
300 K, (C) 220 K, (D) 100 K, and (E) 30 K along with the measurements. The
calculated thermal conductivity from profile 1 at 30 K is overestimated at all grating
periods.

The above results imply the presence of the 1D transport of the phonons in highly
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oriented PE. Based on our observation, we applied similar analysis to prior measure-
ments on partially oriented PE (DR7.5) in Ref. [37]. Under the same constraints,
we found that the frequency dependent mean free path, A(w) = vpa7 ~ 80 nm best
explains the thermal conductivity versus the grating for DR8. Based on these, we
considered profile 1 (3D DOS for 0 - 2 THz), profile 2 (1D DOS for 0 - 3.9 THz, 3D
DOS for frequency above 3.9 THz). Figure 4.18B-E shows our calculation. We find
that only profile 2 provides a calculation that excellently agrees with the data. By
comparing crossover frequency, we find ~ 1 THz difference compared to the results
from DR196. In fact, the results in Ref. [131] were obtained considering heat ca-
pacity of crystalline phases only. In semi-crystalline polymers, it was reported that
the heat capacity of the amorphous fraction for temperatures 100 - 300 K is higher
than that of crystalline fraction [143], with a maximum difference by a factor of 1.5
- 2 near 250 K. If the heat capacity was considered for measurements in Ref. [131],
corresponding low temperature thermal conductivity would increase, indicating that
the transition frequency for 1D to 3D would decrease. Therefore, we believe that
the 1D to 3D transition frequency exists near 2-3 THz. Further measurements are

underway to provide evidence for this claim.

4.8 Discussion
Concerning the polymers, itis of significant importance to understand the microstructure-
transport relationship as highlighted in prior studies. Therefore, the results presented

in this chapter can be interpreted as follows.

From the results of the grating dependence and reconstructed cumulative thermal
conductivity, the corresponding domain size of the extended crystal is comparable to
1 um. Since the thermal conductivity lacks of an obvious temperature dependence,
it is obvious that the heat-carrying phonons are scattered at the boundary of the
extended crystal. If the phonons would be fully diffused scattered at the boundary,
corresponding MFPs would be limited by size of the diameter of on order of 10 nm.
Considering the frequency resolved MFPs, however, we observe that the MFPs of the
phonons are an order of a few hundred nanometer up to around 3 THz, above which
the value of MFP is negligibly small, indicating that the low frequency phonons are
scattered specularly rather than diffusively.

The specular scattering of low frequency acoustic phonons as adominant mechanism
can be evidenced by comparing the wavelength of the LA phonons to the fiber
diameter dimension. At around 2 THz, the wavelength of the LA phonons is an
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Figure 4.18: Calculation of the phonon transport properties based on literature
data of DR7.5 in Ref [37]. (A) Mean free path profile of LA phonons that are
compatible with literature thermal data of DR7.5 along with the other literature data
of MFPs. Solid line is the profile 2 accounting for 3D and 1D DOS. Symbols are
from the literature data mentioned in Fig. 4.16, which provided the constraints. (B)
Calculated thermal conductivity at L = 9.8 um. While the calculation from profile
2 excellently agrees with the data, that from profile 1 deviates from the data below
100 K. Calculated thermal conductivity versus the grating period at (C) 300 K, and
(D) 100 K along with the experiments is shown. In DR7.5, the calculated thermal
conductivity from profile 1 at 100 K is overestimated at all grating periods.

order of 8 nm, which is comparable or greater than the reported radius of the
extended fiber (diameter: ~ 10 nm) from prior studies. According to the theory of
the phonon-boundary scattering, it is well-known that the long wavelength phonons
are more likely to scatter specularly, resulting in a coherent thermal conduction
in PE. More precisely, since the group velocity of the acoustic phonons in PE are
as high as 17000 ms~!, the phonons propagate coherently over the micron length
scale with its reduced density. Therefore, we attribute our observation to one-
dimensional coherent thermal conduction within the extended fibers, as an origin of

actual thermally conductive polymers.

However, the presented results here are different from prior predictions on the

thermal transport in thermally conductive polymers. First, limited computational
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domain size in ab-initio calculation hinders the accurate prediction of the transport of
the low frequency phonons that are known to provide a non-negligible contribution
to the heat. Second, as mentioned earlier, the understanding of the thermal transport
properties in PE has been limited only in a perfect micro-structures (a repeated
coil structure), which is far from actual substances. The discrepancy between these
predictions and experiments highlights that the understanding correlation between
the local domain arrangements and heat-carrying acoustic phonon scattering is
important, and that this should be addressed under the consideration of the phonon

transport that is subject to the realistic structure.

4.9 Summary

In conclusion, we have applied TG to study the origin of the actual thermally con-
ductive polymers. The mean free paths exceed those in samples of lesser draw
ratio by an order of magnitude, indicating that the high thermal conductivity of the
present samples primarily arises from decreased structural scattering in the crys-
talline phase. The decreased structural scattering in turn could arise from larger
crystalline domains as well as higher transmissivity across crystalline-amorphous
boundaries in the highly aligned samples. We find evidence of one-dimensional den-
sity states of phonons with a frequency less than 2THz. The transition frequency is
consistent with prior observations in the highly oriented PE; stiff longitudinal branch
with LA group velocity ~ 17000 ms~! makes LA phonons to have a wavelength of
8 nm, which is comparable to a fiber diameter of 10nm. Therefore, the wavelength
of low-frequency heat-carrying acoustic phonons exceed fiber diameter dimensions.
These observations improve the understanding of microscopic transport properties
of heat-carrying acoustic phonons in highly oriented polyethylenes. Our results, in
turn, will improve the understanding of the actual upper-limit of thermally conduc-
tive polymers, which will be useful for next-generation low-weight and cost-effective

thermal management materials.
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Chapter 5

ORIGIN OF ACOUSTIC EXCITATIONS IN AMORPHOUS
SILICON

This chapter has been adapted, in part, from:

Taeyong Kim, Jaeyun Moon, and Austin J. Minnich. Origin of micron-scale
propagation lengths of heat-carrying acoustic excitations in amorphous silicon.
July 2020. URL https://arxiv.org/abs/2007.15777v1.

T.K. participated in the conception of the project, prepared the experimental data,
analyzed the results, and participated in the writing of the manuscript.

So far, we have applied TG to study microscopic thermal transport properties in
solids containing crystalline phases. In this chapter, we further expand the applica-

tion scope of the TG by applying the technique to amorphous silicon.

5.1 Motivation

The collective acoustic excitations of amorphous solids are of fundamental interest
due to their anomalous properties compared to those of crystalline solids, includ-
ing an excess heat capacity at cryogenic temperatures [144, 145] and damping
by two-level systems [146—150]. The dispersion and damping of acoustic excita-
tions responsible for heat transport have been extensively explored in many glasses
using experimental methods such as inelastic scattering [28, 151-155], tunnel junc-
tion spectroscopy [156], Brillouin scattering [157-159], and picosecond acoustics
[160, 161], among others. These studies have generally found that excitations with
well-defined frequency and wave vectors are supported up to ~ 1 THz. In vitreous
silica, a relative of amorphous silicon (aSi), the attenuation exhibits several different
regimes, yielding different power-law frequency dependencies. For frequencies be-

low ~ 600 GHz, the damping scales as w2

corresponding to anharmonic damping
and thermally activated two-level system relaxation. Between 600 GHz and 1 THz,
a Rayleigh scattering trend of w™* is observed, followed by a return to w™? scaling
[28]. At still higher frequencies, Kittel proposed that attenuation is independent
of frequency if the wavelength is comparable to the interatomic length scale [17].

Considering these different regimes, the general trend of MFP versus frequency of
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acoustic excitations in glasses has been presented in Fig. 7 of Ref. [162] and Fig. 3
of Ref. [163], among others [18, 164].

Amorphous silicon is an anomalous glass for several reasons. First, at ultrasonic
frequencies, attenuation by two-level systems is observed in vitreous silica but not
in aSi, suggesting a low density of these systems in aSi [12, 165]. Second, thermal
transport measurements indicate that the thermal conductivity of aSi can be higher
than those of most glasses [166—169] and that heat-carrying acoustic excitations
travel distances on the order of one micron at room temperature despite the atomic
disorder [11, 169, 170]. This value is far larger than a few nanometer value inferred

for vitreous silica at room temperature [18, 163].

Experimentally resolving the attenuation coefficients by frequency in the sub-THz
frequency band would help to understand the origin of these properties, but prob-
ing acoustic excitations in this regime is a long-standing experimental challenge.
Amorphous silicon is synthesized in small volumes as a thin film of at most a few
microns, precluding the use of high-resolution inelastic neutron scattering. Even
if sufficient volumes were available, kinematic constraints complicate the measure-
ment of the dispersion and broadening of low energy excitations. While inelastic
x-ray scattering has been successfully applied to study THz excitations in aSi [151],
the energy resolution is not sufficient to resolve sub-THz excitations. Picosecond
acoustics and Brillouin scattering are generally unable to access frequencies above
~ 100 GHz, while tunnel junction spectroscopy and cryogenic thermal conductivity

measurements require films with a thickness of several millimeters.

As a result, studies of the acoustic excitations in aSi have relied on numerical
simulations based on normal mode analysis. Feldman and Allen classified the
excitations in aSi as propagons, diffusons, and locons according to the qualities
of the normal mode eigenvectors [14]. Fabian and Allen computed anharmonic
decay rates of the normal modes of aSi, predicting that they should exhibit a clear
temperature dependence [16]. Other molecular dynamics simulations based on
normal mode analysis have predicted that the MFPs decrease as w2 with increasing
frequency for excitations of a few THz frequency, leading to the conclusion that they
are damped by anharmonicity [171, 172]. However, some of these predictions are
not supported by experiment. For instance, the predicted temperature dependence
of THz excitations in Ref. [16] is not observed experimentally using inelastic x-ray
scattering [151]. In the hypersonic frequency band ~ 100 GHz, the measured values

of attenuation are lower than those predicted by anharmonic damping [15].
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An experimental approach to measure the damping of sub-THz phonons versus
frequency and thereby resolve this discrepancy is needed. For solids like aSi with
MFPs in the micron range, transient grating (TG) is a tabletop experimental method
that is capable of measuring the MFP accumulation function, or the cumulative
thermal conductivity distribution versus MFP [36, 37, 173]. The technique relies on
observations of non-diffusive thermal transport to constrain this function; knowledge
of the acoustic dispersion of the solid then provides the MFP versus frequency. In
the case of amorphous silicon, the dispersion is known and isotropic [151, 174],
simplifying the analysis further. Combined with picosecond acoustics and inelastic
x-ray scattering for the low and high frequency limits of the attenuation coefficient,
respectively, TG measurements could constrain the frequency dependence of the

damping in the sub-THz frequency band and thus resolve the discrepancy.

5.2 Anomalous thermal properties observed in amorphous materials

As briefly described in 5.1, many amorphous materials possess universal anomalies
that are absent in crystals: thermal conductivity, heat capacity, and the acoustic
attenuation. In this section, we present experimental observations that were made

for such anomalies.

Thermal conductivity of amorphous materials

Figure 5.1A shows the thermal conductivity of SiO; both in crystalline and amor-
phous forms. The thermal conductivity in @-Quartz increases as the temperature
decreases above 10 K, below which the value decreases; the temperature dependence
is attributed to phonon-phonon scattering followed by characteristic boundary scat-
tering. On the other hand, the thermal conductivity of vitreous silica monotonically
decreases with a decreasing temperature with smaller values compared to that in
a-Quartz. For instance, the thermal conductivity of vitreous silica at in the room
temperature is ~ 1.3 Wm~!'K~!, a value lower by factor of ~ 6 compared to that of
a-Quartz. The reported thermal conductivities versus the temperature from glassy
substances are shown in Fig. 5.1B. Both the thermal conductivity and its trend of the
temperature dependencies are similar both qualitatively and quantitatively, which

was supported by other earlier works on many glasses [175, 176].

Excess heat capacity
Another unique feature is excess heat capacities at low temperatures in amorphous

materials [18, 148, 179, 180]. At low temperatures, according to the Debye theory,
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Figure 5.1: (A) The thermal conductivity versus the temperature for a-Quartz
(crystalline SiO;) and for vitreous silica (amorphous SiO,) in Ref. [18]. The thermal
conductivity in @-Quartz increases as the temperature decreases above 10 K, below
which the value decreases. With decreasing temperature, the increasing trend is due
to reduced phonon-phonon scattering whereas the decreasing trend is due to phonon
boundary scattering. In vitreous silica, the thermal conductivity monotonically
decreases with decreasing temperature with values smaller typically more than one
order of magnitude compared to that in @-Quartz. (B) The thermal conductivity
versus the temperature for several amorphous materials in Ref. [177]. All the glassy
materials show that the trend of the thermal conductivity monotonically decreases
with decreasing temperature. The black dashed line indicates glassy-range below 1
K in Ref. [178], indicating that the reported values below 1K are within this range.

the specific heat would be proportional to 7°. The theory had been considered to be
applicable on any solid, since the wavelength of the dominant heat-carrying vibra-
tions would far exceed the characteristic length of disorder. However, experimental
evidences indicate that the heat capacities in amorphous solids at low temperatures
deviate from the Debye prediction. Figure 5.2 shows literature data of low tempera-
ture heat capacities of some glassy substances. In silica, measured heat capacity far
exceeds the Debye calculation of the heat capacity with its linear dependence of the
temperature as shown in Fig. 5.2A. The presence of the excess heat capacities with
its linear temperature dependence is evidenced in other glassy materials such as Se
and Cer-Vit as shown in Fig. 5.2. To explain the linear temperature dependence of
the heat capacity, earlier works have proposed a model assuming the existence of

two level states with a constant density of states [149].

Damping of acoustic excitations in amorphous materials
Figure 5.3 shows the literature data of MFP versus the frequency for heat-carrying

vibrations in vitreous silica in Ref. [163]. As suggested by other earlier works on
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Figure 5.2: Literature data of low temperature heat capacities of several amorphous
materials. (A) Heat capacity of SiO, versus the temperature below 1 K [148]. Below
1 K, the heat capacity is approximately linearly proportional to the temperature.
Observed heat capacity exceeds the Debye specific heat of vitreous silica (dashed
line). (B) Scaled heat capacity versus the temperature for Se [179] and Cer-vit [180].
Shown is the heat capacity divided by T>. Peak of the heat capacity is observed at
~ 5 K (~ 15 K) for Se (Cer-Vit). The heat capacity of Se exceeds the calculation
using the Debye prediction (dotted line). For Cer-Vit, the heat capacity demonstrates
a temperature dependence below 4 K with a best fit of 57 + 0.87> (dashed line),
indicating a deviation from the Debye prediction.

amorphous materials [149, 181, 182], it is considered that there are three different
frequency dependent regimes in amorphous materials. At the high frequency regime,
the MFP is nearly independent of the temperature with a value less than 1 nm,
due to the strong scattering by atomic disorder. As the frequency decreases, the

MFP exhibits a rapid increase with a frequency dependence A o« w™

, analogous
to Rayleigh scattering of the phonons and photons. In this frequency range, prior
literature concluded that the wavelength is sufficiently longer than the disorder length
scale, yielding a Rayleigh-type trend of the scattering. At very low frequencies, for
example w < 0.0lwp in Fig. 5.3, the frequency dependence becomes weaker with
A o« w™2. For these frequencies, it is discussed that the excitations are damped
by structural relaxation of two level systems, an asymmetric double-well potential

induced by the impurities [146, 183].

Figure 5.4 shows the internal friction of several amorphous materials versus the
temperature measured using torsional oscillator [184]. Here the internal friction
is proportional to the ratio of the attenuation coefficient to the frequency of kHz
acoustic excitations. With a decreasing temperature, the magnitude of the acoustic

damping in glassy substances decreases above 100 - 300 K, below which that
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Figure 5.3: The mean free path of vibration (A) versus the frequency normalized by
wp in vitreous silica in Ref. [163]. From high frequency above 0.1wp, the MFP is
order of sub-nm with independence of the frequency due to atomic disorder. Below
0.1wp, a Rayleigh-type trend of the MFP (A o w™) is observed up to w = 0.04wp,
below which A is proportional to w2, indicating different scattering mechanisms
of the acoustic excitation. A o w2 is due to the damping via structural relaxation
by two-level system.

increases. In this temperature range, the damping of the vibration is highly dependent
on the frequency [148] and the chemical composition [184]. As in Fig. 5.4, for
instance, the attenuation of ~ 100 kHz vibrations reaches its minimum at ~ 300
K, which increases up to ~ 100 K for sub-kHz vibrations. Below 100 - 300 K,
as the temperature decreases, the magnitude of the damping again decreases with
lesser apparent temperature dependence compared to the higher temperature range
as shown in 5.4. At these temperatures, the damping is known to be independent
of the chemical composition; it was reported that the magnitude of the damping
falls into similar values, is separated by less than a factor of 20 as indicated by
the glassy range as shown in Fig.5.4. The trend of the constant magnitude of the
acoustic damping continues up to ~ 1 K, below which the damping again possesses

temperature and frequency dependence.
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Figure 5.4: The internal friction versus the temperature for several glassy materials
in Ref. [184]. The internal friction (Q~!) is defined by va/w, where v is the sound
velocity, w is the acoustic frequency, and the « is the attenuation coefficient [178]. At
a high temperature up to 100 - 300 K, the internal friction exhibits a clear temperature
dependence, which varies depending on the chemical composition. Below 100 - 300
K, as the temperature decreases, hence the internal friction decreases with weaker
temperature dependence. The values of the internal friction in this temperature
range for amorphous materials are reported to fall into similar values, separated
within a factor of 20 as indicated by the glassy range (dashed line) [178] . For
temperatures less than 1 K, the temperature dependence of the internal friction
again shows marked temperature dependence.

Several empirical models have been proposed to explain the anomalies mentioned
above. The minimum thermal conductivity model was employed to explain the
thermal transport amorphous materials [185, 186]. The two level system (TLS) was
developed to explain both the anomalies of the excess heat capacity and the damping

mechanism in amorphous materials [146, 149, 183].

5.3 Prior empirical models
As discussed in 5.1, several empirical models have been proposed to explain the

anomalies present in amorphous materials. In this section, we briefly discuss
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previous descriptions.

Minimum thermal conductivity

The minimum thermal conductivity is one of the empirical approaches to explain
the thermal transport in glassy substances. The proof of concept was proposed by
Einstein [187], and the theory was applied to glasses by Cahill [185, 186]. The
minimum thermal conductivity assumes the heat transfer process as a random walk
of the heat energy. The minimum thermal conductivity assumes that the atomic
vibrations oscillate near the equilibrium point and that they have an incoherent
phase. Corresponding distance resulting from the random walk is A = 7/w which

gives the expression for the lower limit to the thermal conductivity

o (m\1/3 2/3 T\> (0T 3%
s (§) o ulE) [ m e

where 6; is the Debye temperature, and »n is the number density. It was discussed
that this theory is not applicable to the crystals, since periodic arrangements of the
atoms are known to produce a coherence between the vibrations [186]. On the
other hand, Ref. [186] demonstrated that the prediction from the minimum thermal

conductivity agrees with experimental observations in amorphous materials.

However, the applicability of this theory should be re-examined. In fact, the min-
imum thermal conductivity is not favorable for explaining the transport of the low
energy excitations. First, analogous to acoustic phonons in crystals, the wave-
length of the low energy excitations is relatively long, indicating that the excitations
propagate collectively rather than randomly diffuse within disordered length scales.
Second, the frequency dependent transport properties are missing in the minimum
thermal conductivity theory. Vibrations in solids are dispersive and correspond-
ing transport properties are different depending on the frequency. Therefore, if
the mechanism of the damping of the excitations would be different at higher fre-
quencies, the corresponding frequency dependence of the MFP should be different,

which the minimum thermal conductivity model cannot precisely capture.

Two-level system (TLS)

Earlier works have described the linear temperature dependence of the heat capac-
ity by the two-level system (TLS) damping of the low energy excitatio