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ABSTRACT

Understanding thermal transport in amorphous materials is critical for a wide range of applications, including buildings, vehicles, aerospace, and acoustic tech-
nologies. Despite its importance, the fundamental behavior of heat carriers in amorphous structures remains poorly understood and is often attributed to localized
vibrational modes with mean free paths of about 1 nm, posing significant challenges for engineering their thermal functionalities. In this study, we present
experimental measurements on mesoporous silica and atomistic analyses using Monte Carlo simulations and machine learning models to quantify the relationship
between nanoarchitecture and effective thermal conductivity. Through rational chemical synthesis and ultrafast spectroscopy measurements, a strong size depen-
dence within the sub-10 nm regime is observed, where the classical Fourier heat conduction theory fails to account for the effects of porosity and pore size. This
deviation from diffusive transport is attributed to the significant contribution of propagating vibrational modes, in addition to non-propagating modes, revealing
unexpectedly long mean free paths and ballistic thermal transport for heat carriers in amorphous silica. The fundamental vibrational modes in amorphous silica are
further investigated using spectral-dependent Boltzmann transport equation simulations and molecular dynamics with machine learning potentials, showing good
agreement with experimental results. This study provides valuable insights into nanoscale-modulated thermal transport properties in mesoporous silica and opens
new opportunities for the rational design of thermally insulating materials.

non-propagating [10,11]. However, later experimental -efforts
measuring the thermal conductivity of thermally grown silica films

1. Introduction

Amorphous materials such as silicon dioxide are widely used across
various sectors including microelectronics, buildings, automotive, and
aerospace [1-3]. Enhancing our understanding of thermal transport in
amorphous silica is critical for rational engineering applications [4].
From a computational standpoint, thermal transport in amorphous silica
could involve three distinct modes: long-traveling propagons (like
phonons), non-propagating diffusons, and localized locons (nearly no
contribution to thermal transport) [5-9]. In the literature, early
temperature-dependent thermal conductivity measurements have sug-
gested diffusive transport dominates amorphous silica and established
the mean free path of heat carriers to be below 1 nm, i.e., almost

indicated possible longer mean free paths of vibrational modes [12].
Inelastic x-ray scattering experiments also indicate that vibrational
modes in amorphous silica can travel up to 10 nm between two
consecutive collisions even at temperatures above 1500 K [13,14]. In
confined nanoribbons such as Si/SiOy/Si, study also indicates the travel
distance of vibrational modes can be longer than 1 nm [15]. These
recent studies have stimulated significant interest in exploring
non-Fourier transport in amorphous silica [16-26]. Here, we performed
direct thermal measurements in mesoporous silica with controlled
feature sizes from 20 nm down to 1 nm and discerned the contributions
to thermal conductivity from various vibrational modes using atomistic
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and machine learning assisted modeling analysis. The strategic design of
nanoscale architectures in materials has been a crucial approach for
modifying thermal properties across diverse applications and for
isolating the influences of distinct vibrational modes [27-31].

In this paper, we established synthetic control over mesoporous silica
to achieve diverse nanoarchitectures, porosities, and pore sizes, and
experimentally measured their effective thermal conductivity, which
strongly depends on these structural parameters. Theoretical analyses,
combining analytical modeling with machine learning-based molecular
dynamics (MD) simulations and Boltzmann transport equation (BTE)
calculations, successfully explained the observed variations in thermal
conductivity across three distinct nanoarchitectures, which deviate from
classical understanding. Notably, the study reveals that vibrational
mode scattering induced by nanoscale pores plays a critical role in the
unique porosity-dependent thermal conductivity. Furthermore, the
combination of experiments and modeling validates the nanoscale in-
teractions between propagating and non-propagating modes, demon-
strating a clear distribution of mean free path spectra in the sub-10 nm
regime that generate ballistic thermal transport, as observed in these
amorphous silicon dioxide samples.

1.1. Mesoporous silica — synthesis and structure

We achieved nanoscale control over mesoporous structures in silicon
dioxide through rational synthetic chemistry, and verified with struc-
tural characterizations. Specifically, we developed self-assembly pro-
cessing of surfactant micelles to create templated mesoporous silica,
resulting in materials with well-defined ordering and structural forms
(see synthesis processes in Supplementary Materials) [32]. As shown in
Fig. 1(a), the synthesis approach enables three distinct nano-
architectures, including: (i) sol-gel-derived and ambiently dried meso-
porous silica monoliths (silica ambigels or AM), (ii) sol-gel
evaporation-induced self-assembly of block copolymers (used as
structure-directing agents) in silica precursors (SG), and (iii) colloidal
suspensions of silica nanoparticles (NP).

These resulting nanoarchitectures were verified through structural
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characterizations. Fig. 1(b) presents a transmission electron microscope
(TEM) image of the porous structure of a typical AM sample. The solid
framework consists of silica nanoparticles with irregular shapes and
diameters of approximately 10 nm, serving as the building blocks. This
silica particle network structure was also observed in samples subjected
to supercritical drying, leading to silica aerogels.

Fig. 1(c) shows a TEM image of the porous structure of a typical SG
sample, where spherical pores are arranged in an orderly manner within
the silica matrix. These pores were formed by the removal of uniformly
distributed, monodisperse polymer templates upon calcination. Pore
size distribution was determined using the Kruk-Jaroniec-Sayari (KJS)
method [33], based on low-temperature nitrogen adsorption-desorption
isotherms at —196 °C, employing surface area and porosity analyzers
(ASAP 2010 and TriStar II 3020, Micromeritics Instrument Corp., Nor-
cross, GA, USA). The average pore diameter was calculated using the
Barrett-Joyner-Halenda (BJH) method [34]. The SG samples exhibited
pore diameters ranging from 4 nm to 18 nm, with an average diameter of
10 nm.

The porous structure of NP samples was more complex than that of
both AM and SG samples. Similar to AM samples, NP samples were
constructed from silica nanoparticles; however, the templating polymers
introduced additional spherical void spaces within the particulate sys-
tem. Fig. 1(d) presents a scanning electron microscope (SEM) image of a
typical NP sample, highlighting spherical pores with diameters around
10 nm and a branched, polymer-like structure connecting silica nano-
particles. This indicates that NP samples integrated the key features of
both SG and AM samples.

1.2. Thermal conductivity of mesoporous silica

The thermal conductivity of mesoporous silica samples was
measured using time-domain thermoreflectance (TDTR) technique.
TDTR is a standard thermal characterization technique based on ultra-
fast femtosecond pump-probe optics to provide accurate measurements
of thermal conductivity for a variety of materials, including mesoporous
silica [35-42]. Our experimental setup is shown in Fig. 2(a) and more
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Fig. 1. Chemical synthesis and structural characterizations of mesoporous silicon dioxide films. (a) Synthesis processes of mesoporous SiOz ambigel (AM), sol-
gel-based mesoporous SiO: (SG), and nanoparticle-based mesoporous SiOz (NP). (b, ¢) Typical transmission electron microscope images: (b) the AM sample showing
nanosized building blocks and (c) the SG sample displaying ordered pores. (d) A typical scanning electron microscope image of the NP sample illustrating a chain-like

network and spherical pores.
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Fig. 2. Thermal conductivity measurements of mesoporous silica. (a) Schematic of the time-domain thermoreflectance (TDTR) setup based on ultrafast optical
spectroscopy. (b) Cross-sectional scanning electron microscope image revealing the clear layered structure of the Al/SiO: system, required for the layered heat
conduction model in TDTR. (c¢) Atomic force microscope image demonstrating the flatness and uniformity of the sample surface, with a roughness of 2.2 nm. (d)
Three representative TDTR datasets from mesoporous samples with varying porosities, along with their best-fitting curves. Dashed lines indicate 10 % changes in
thermal conductivity values. (e) Measured thermal conductivity of SG samples compared with literature values [33] and predicted effective thermal conductivity

using various thermal models.

details can be found in our recent reports [35,36,39-42]. A thin
aluminum film (~80 nm) was evaporated on the top surface of the
samples serving as both a temperature sensor and a transducer con-
verting laser energy to thermal energy. The samples were also charac-
terized to show: (i) the clear interface between Al and sample, (ii) the
negligible diffusion of Al into pores, and (iii) the smooth sample surface,
as illustrated in the cross-section SEM image of Fig. 2(b). In addition,
Fig. 2(c) shows the atomic force microscope image of the sample surface
and establishes that the surface roughness of the Al-coated sample was
around 2.2 nm, thus fulfilling the flat surface assumption. Fig. 2(d)
shows three typical smooth experimental raw datasets with the best
curve fit, confirming the validity of the heat conduction model. After the
TDTR measurements, the full transient temperature decay curve from
100 to 5000 ps is fitted based on a multi-layered thermal diffusion model
to determine the thermal conductivity.

Here, we investigate the effects of the porosity and pore size of these
samples on their thermal conductivity. In past literature, porosity has
been treated as the sole dominant factor [43,44]. However, here the
capability of independent control over the different pore sizes and po-
rosities through the synthesis using varied block-copolymers and
polymer-to-TEOS concentrations, enables a comprehensive investiga-
tion of effects from the two parameters independently. Ellipsometric
porosimetry measurements were performed using toluene as the
adsorbate to measure the porosity and pore size distribution of all the
samples. The porosity of the AM samples ranged from ~35 % to ~70 %.
The porosity of the SG samples varied from ~10 % to ~70 % while that
of the NP samples had an upper bound of ~70 % and a lower bound of
around 35 %, corresponding to the porosity of close random packing of
nanoparticle spheres [45].

We measured thermal conductivity for SG samples with different
porosities and plotted in Fig. 2(e). Together, literature data for SG films
[44] are usually limited to the range of a much larger porosity; plotted
for comparison, they show consistency in the porosity regime. Notably,
our measurements show a much stronger dependence on porosity than a
simple linear relationship. At a porosity around 50 %, the thermal
conductivity decreased to around 0.3 W/mK, corresponding to about 20
% of the thermal conductivity of dense silica (1.4 W/mK) [46]. This was
also much lower than the results from these established classical models:

For example, in Fig. 2(e), model results based on Clausius-Mossotti (CM)
approximation and the differential effective medium (DEM) approxi-
mation are plotted for comparison. As shown, these two classical models
significantly overestimate the thermal conductivity of mesoporous sil-
ica. We attribute the limitation of the CM and DEM models to their
approximation of carrier-level transport details, as well as using spher-
ical cavities in the matrix [43,47,48], which were initially designed for
calculating the dielectric constant of composites. Another widely used
classical model for thermal conductivity, Russell’s model [49,50], was
developed based on Fourier’s law for porous medium with periodic
spherical pores. However, Russell’s model was also significantly larger
than the measurements. In recent literature, despite a combination
fitting method based on series and parallel resistance, such as the
porosity-weighted simple model (PWSM) [44] was used to match ex-
periments, it uses weighing factors from empirical fitting and does not
provide physical insights. Fundamentally, the discrepancy between the
experimental measurements and the classical understanding indicates
that possible non-Fourier heat conduction [4] could occur in meso-
porous silica, which requires advanced analysis beyond classical models.

1.3. Ballistic thermal transport with varying pore sizes in silica

We further explored both porosity and pore size-dependent thermal
transport in all these varying-structured silica samples and observed
strong size effects in the sub-10 nm regime, which we attribute to bal-
listic thermal transport. In literature, size-dependent thermal transport
has been mainly studied in crystal materials with relatively long phonon
mean free paths [4,28,39,50-54]. However, experimental exploration of
the size effects on silicon dioxide has been scarce, because oxides are
generally considered to approach the phonon glass limit and thus have
extremely small mean free path for local vibrational modes.

Essentially, the thermal transport in mesoporous structures has three
channels as illustrated in Fig. 3(a), where gaseous heat conduction and
thermal radiation are excluded for our study due to the high vacuum
environment and a lower porosity than the threshold for radiation ef-
fects to play a non-negligible role [55]. Thus, conduction through solid
phases in AM, SC, NP as sketched in Fig. 3(b)-(d), which dominates heat
transfer in these structures. Plotted in Fig. 3(e), the direct experimental
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Fig. 3. Analysis of thermal transport in amorphous silicon dioxide, considering propagating and localized vibrational modes. (a) Thermal transport
pathways in porous media. (b) Schematic of AM, characterized by extremely high porosity and a polymer-like structure with elongated heat conduction paths due to
random bonding between nanoparticles. (c¢) Schematic of the SG film, featuring an ordered spherical porous structure. (d) Schematic of the NP film, illustrating
spherical pores and a pseudo-matrix formed by nanoparticles. (e) Thermal models for three types of mesoporous SiO2: green for AM, red for SG, and blue for NP. The
overlapping best-fit solid curves and experimental data demonstrate agreement between the models and the measurements. Shaded regions represent a +30 %
variation in the mean free path of vibrational modes. (f) SG films prepared with different templating polymers (PB-PEO, Pluronic F127, Brij®C10, and CTAB) exhibit
pore sizes of ~20 nm, ~10 nm, ~3 nm, and ~3 nm, respectively. VRMC solved BTE results (dotted line) are plotted with the experimental thermal conductivity
values as a function of pore size, together with classical kinetic theory-based model, indicating clear size effects from ballistic thermal transport in sub-10 nm regime.

measurements of the thermal conductivity in all AM, SG and NP silica
samples show remarkable dependence on both the porosity and pore
size. For total porosity ¢ < 45 %, AM samples have higher thermal
conductivity than NP samples while SG samples have the smallest
thermal conductivity. And for porosity >60 %, AM samples have the
smallest thermal conductivity. The thermal conductivity of these mes-
oporous silica samples are then modeled using correction factors ac-
counting for structure porosity and ballistic transport effect on top of the
thermal conductivity of dense silica medium (See supplementary ma-
terials for modeling details). The model predictions along with the
experimental results are shown in Fig. 3(e). Importantly, extracted from
all the three models, the average mean free path Ap can be up to 4.2 nm,
in contrast to the classical perception of ~ 1 nm mean free path for
silicon dioxide.

Furthermore, we performed the measurements of thermal conduc-
tivity as a function of porosity for SG samples with different pore sizes
and found clear size dependence, as unexpected from classical under-
standing. We prepared SG samples of different pore sizes varying from 2
nm to 25 nm, through the use of different templating polymers. The SG
samples made with surfactants CTAB and Brij®C10 typically have very
small pores 2-4 nm. In addition, these SG samples are templated with
block copolymers PBO-PEO with pore diameters of 15-25 nm. This
combination allows tunable structural sizes of the SG samples with
highly ordered spherical pores [56]. As shown in Fig. 3(f), the mea-
surement results indicate that the SG films templated with PBO-PEO,
present a larger thermal conductivity than those templated with sur-
factants. The films templated with Pluronic F127 have the
second-highest thermal conductivity, followed by films templated with
CTAB and Brij®C10. Clearly, under the same porosity, the thermal
conductivity decreases with decreasing pore size. This observation
contradicts with the classical composite modeling that only porosity (i.
e., the relative volume of pores and dense medium) matters to thermal
conductivity where the confinement is assumed to be larger than the

intrinsic traveling length of major heat carriers and thus does not play an
effective role for thermal transport tunning. Moreover, for the SG sam-
ples with 2-4 nm pores, to verify such a conclusion, we repeated the
study for samples using two different templating polymers and observed
consistent results. Fig. 3(f) also plots three trend lines for the thermal
conductivity of SG films with different pore sizes ranging from 3 nm to
20 nm predicted by Eq. (3). The model predictions (dark yellow dashed
line) for SG film with a pore size of 5 nm agrees well with the samples
prepared with CTAB and Brij®C10. Similarly, the model predictions
(violet line) were consistent with thermal conductivity measurements
for SG films synthesized by PBO-PEO. The consistency between the ex-
periments and calculations has verified the validation of our analytical
modeling and the extracted mean free path of vibrational modes. From
these observations, we attribute the size-dependence in the nano-
structured silicon dioxide to additional scattering of vibrational modes
under limited boundary sizes, i.e., ballistic thermal transport in the
sub-10 nm regime.

To quantify such ballistic thermal transport in silicon dioxide and
investigate the sub-10nm mean free paths of the vibrational modes, we
performed Monte Carlo simulations to solve the three-dimensional
spectral Boltzmann transport equation simulation and calculate ther-
mal conductivity of the nanoporous silica systems by adjusting the
porosity and pore sizes. Solving the three-dimensional, spectral-depen-
dent Boltzmann transport equation (BTE) using deterministic methods is
challenging due to the high dimensionality, complex structures, and
spectral dependence. To address these challenges, we apply variance-
reduced Monte Carlo (VRMC) algorithm [36,42,46] to efficiently solve
the phonon transport in mesoporous structures. In the VRMC algorithm,
the behavior of phonon bundles is simulated through ‘advec-
tion-sampling-scattering’ procedures, the spatial temperature distri-
bution is determined by sampling the energy carried by the phonon
bundles, and a deviational energy-based technique is employed to
enhance computational efficiency. Further details of VRMC approach
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can be found in our recent publications [36,42,46] and the supple-
mentary material.

As shown in Fig. 3(f), VRMC solved BTE results are plotted as the
dotted lines for porous silica of porosity ranging from 10 % to 70 % and
pore size from 20 nm to 5 nm. The geometric structure of porous silica is
assumed as one cubic cell, as illustrated in Fig. 3(c) by simplifying the
structure observed by SEM in Fig. 1(c). The strong suppression effects of
the vibrational modes by the boundary scattering can be observed in the
reduction of the effective thermal conductivity with decreasing pore
size. The interplay between the experimental measurements and BTE
results indicates a clear spreading distribution of the vibrational mean
free paths in sub-10 nm regime, which results in the ballistic thermal
transport from these traveling modes.

1.4. Machine-learning MD simulations of ballistic transport of vibrational
modes

To further provide quantitative analysis on the propagating and
localized vibrational modes in amorphous silica requires accurate
description for interatomic forces which govern the vibrational dy-
namics. Herein we performed MD simulations with machine learning
potential from quantum mechanical calculations. So far, most atomistic
modeling of amorphous silica relies on MD simulations with empirical
potential, which were generally derived from measurable bulk material
properties, such as density, Young’s modulus, and specific heat. With the
empirical potentials, these classical MD simulations cannot unambigu-
ously exhibit such size effects as the empirical potentials typically
overlook the high-order interactions between atoms, leading to the
inaccurate prediction of interatomic forces that drive atomistic dy-
namics (See Fig. S3). By contrast, density functional theory (DFT) cal-
culations offer a more precise representation of interatomic forces yet
are computationally intensive for large supercell sizes. Here, we com-
bined MD simulations with machine learning potential (MLP) trained on
DFT calculations, to merge the computational efficiency of MD with the
high-fidelity accuracy of DFT [42,57].
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We first performed ab initio MD simulations and generated 939
snapshots of mapping between structural configurations and atomic
energies, forces, and stresses. The interatomic interactions of liquid and
amorphous silica were consequently calculated and shown in Fig. 4(a).
The snapshots were divided into a training data set with 750 snapshots
and a testing data set with 189 snapshots. The moment tensor potential
based on the tensors of inertia of atomistic environments, featuring a
balanced accuracy and efficiency, was constructed by machine learning
the training data set [58]. To find the MLP parameters, the objective
function, defined as the weighted squared error over all ener-
gies/forces/stresses between MLP and ab initio MD results, was mini-
mized numerically using Broyden-Fletcher-Goldfarb-Shanno algorithm.
The testing root mean squared deviation for energy and forces were 4.5
meV per atom and 123 meV/A, as shown in Fig. 4(b) and (c), indicating
significant improvement compared to empirical potentials, for example,
BKS and Tersoff potentials (see Fig. S3).

With the MLP, we can generate the amorphous structure of silica by
quenching the liquid silica using LAMMPS as shown in Fig. 5(a) [59]. We
began with initial structures of p-cristobalite, having a cross-section of
2.8 nm x 2.8 nm and varying thicknesses,and heated them to a liquid
phase at 6000 K with a temperature ramping rate of 10 K/ps. The sys-
tems were maintained at 6000 K for 20 ps and then quenched to 300 K at
a cooling rate of 10 K/ps. After relaxing the systems at 300 K for 10 ps,
stable structures of amorphous silica are obtained [60]. The density of
the obtained silica is around 2269 kg/m?, in good agreement with the
experimental density of 2220 kg/m3 [61]. Fig. 5(b) shows good agree-
ment between the radial distribution function of simulated structures
with  experimental measurements [62]. To evaluate the
thickness-dependent thermal conductivity of silica, we introduced a
constant heat flux into the system, designating one end as the heat
source and the other as the heat sink as in Fig. 5(c) inset on the top. A
steady-state linear temperature gradient resulted from this heat flux
shown in Fig. 5(c) inset on the bottom. The thermal conductivity was
then calculated from the relationship between the heat flux and the
temperature profile.
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Fig. 4. Machine learning potential for amorphous silicon dioxide. (a) Workflow of the machine learning potential, developed from ab initio molecular dynamics
simulations of silica using moment tensor potential. (b, ¢) Comparison of energy (b) and forces (c) calculated using the moment tensor potential versus those derived

from ab initio calculations.



M. Lietal

(a)

>
»

6000 K

NVT
Equilibration
(Liquid)

Temperature

NVT

Melt NVT Quench

1000K
NPT
Equilibration
NPT\ 300K
Quench (Amorphous)
Time
(C) Heat Heat $ MLP

— Source Sink — — Experiment
< 2t EEnTeNTAmEE 1
g X Fixed { A & Fixed
§ Region sanes Region
>x15-[—> ]
R y z
I e SR fa S
3 $ 310
= ° NEMD data
5 1F % 230 —fitting e
= % 300
g % 2
805F £ 05 i
ﬁ =

290

5 10
0 . ’ : Positinl)n (nm)
0 2 4 6 8 10
Length (nm)

Materials Today Physics 51 (2025) 101659

0)

—MLP
N k\ — — Experiment |
| JN
25} ; : 1
|
20 '.
e
\E/D |
13
l -
05F
0 i
0 1
( ) Propagon Diffuson
? 02F
=
k3]
% —~
g QO.[S r
=
= N
g T
Ez
E N
é 0.05 F —2.5nm
%) —38.5nm
0 * *
10° 10'

Frequency (THz)

Fig. 5. Ballistic thermal transport from propagating vibrational modes, verified through machine-learning assisted molecular dynamics simulations. (a)
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is experimental data collected through neutron diffraction experiments [52]. (c) Thickness-dependent effective thermal conductivity of silica. The top inset shows the
system for non-equilibrium molecular dynamics simulation and the bottom inset shows a representative resulted temperature profile at steady state when a constant
heat flux is imposed across the system. (d) The spectral thermal conductivity of amorphous silica, shows mode-dependent contributions from all vibrational modes.
The plot exemplifies the results for silica with thickness of 2.5 nm and 8.5 nm, respectively. Vibrational modes inside different frequency regimes are labeled as

propagon (red), diffuson (green) and locon (blue).

From this machine learning-assisted MD simulations, we observed a
substantial dependence of effective thermal conductivity on thickness
less than 5 nm, with values decreasing from approximately 1.35 W/mK
to 0.70 W/mK for thickness of 1.5 nm in Fig. 5(c), consistent with
experimental results. As expected, the machine learning approach
improved interaction potentials and provided more pronounced ballistic
effects than empirical MD simulations.

The spectral thermal conductivity can be further obtained by Fourier
transform of sampled heat currents involving the velocities of the atoms
[63]. This information distinguishes the contribution from all vibra-
tional modes across different frequency, uncovering the fundamental
mechanism of vibrational modes behind the phenomenon of size effects.
In Fig. 5(d), the spectrum shows as the length of amorphous silica in-
creases from 2.5 to 8.5 nm, both the low-frequency modes (e.g., below 1
THz) and mid-frequency modes (up to 15 THz), have distinctively
unlocked potential to contribute to heat conduction. These modes are
referred as propagons and diffusons, respectively from the literature [16,
64]. By contrast, the remaining high-frequency modes (or referred to as
locons), consistently experience rapid scattering and stay dormant with
respect to heat transport, being extremely short-lived due to structural
disorder on the level comparable to interatomic distance, regardless of

the reduced boundary effect at a larger scale.

These cross-validation of the collective results from experiments,
Monte Carlo BTE and non-empirical MD simulations clearly sub-
stantiates the conclusion that there is a spread distribution of mean free
paths in silica within the sub-10 nm range.

2. Conclusion

In this work, we studied the propagating and non-propagating
vibrational modes in amorphous silicon dioxide, by measuring the
structure-dependent thermal transport properties in three distinct types
of mesoporous silica with sub-10 nm feature sizes designed through
synthetic chemistry. The rational control over nanoscale structures
provides a clear dependence of thermal conductivity on both pore sizes
and porosity, deviating from classic models. We performed spectral
Boltzmann transport equation simulations and molecular dynamics
simulations using machine learning potential to quantify ballistic ther-
mal transport in mesoporous silica for the sub-10 nm size regime. The
agreement between spectral simulations and experiments verifies that
the distribution of mean free paths of propagating and diffusive vibra-
tional modes spread in the sub-10 nm regime with an average value up
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to 4.2 nm. The study of ballistic thermal transport established new un-
derstanding of thermal transport in amorphous materials and provides
fine-size design opportunities for energy sustainability and thermal
management systems [27,1,29,65,66].
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