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Thermal conductivity is an important property of oxide glasses, but its structural origins remain largely un-
known. Here, we provide detailed modal information on thermal conductivity in a calcium aluminosilicate glass
by relying on recent advances in lattice dynamics methods. We probe various structural features using molecular
dynamics simulations by densifying the glass at pressures up to 100 GPa and studying the vibrational, me-
chanical, and thermal properties. We demonstrate good agreement between these simulations and comple-
mentary experiments, both of which indicate significant pressure-induced alteration of mechanical moduli,

vibrational density of states, boson peak behavior, and thermal conductivity. We also find an intriguing corre-
lation between the boson peak frequency and the total thermal conductivity in both the current glass series and a
lithium borate glass series reported in literature. This correlation scales with the Debye frequency, suggesting
that both parameters are associated with the transformation of the elastic medium under pressure.

1. Introduction

The thermal conductivity of amorphous materials is very challenging
to theoretically describe due to both their lack of long-range order and
the related complex mixture of modal contributions to heat transfer [1].
While the traditional phonon gas model [2] has provided new insight
into the nature of heat conduction in glasses [3], it lacks predictivity and
is fundamentally flawed in describing the modal behavior of heat
transfer in glasses, especially with respect to modes not resembling the
classical ‘phonon’-picture [4-6]. Allen and Feldman introduced a model
to quantify the contribution of “diffusive” modes to heat transfer based
on a harmonic lattice dynamical description [7,8]. These diffusive
modes are non-propagative (“non-phononic”) as characterized by their
eigenvectors and generally provide a relatively low modal contribution
to thermal conductivity. As such, the total contribution of so-called
diffusons is often taken as a lower limit of thermal conductivity [9], in
similarity to simpler models of such lower limits of thermal conductivity
[10,11]. Recently, the phonon gas model and the diffusive regime
described by Allen and Feldman have been proposed as the anharmonic
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and harmonic limits of a lattice dynamical derivation, respectively [12,
13]. This has enabled a unified description of the thermal conduction in
systems exhibiting significant contributions from both propagative and
diffusive heat transfer regimes. Furthermore, the result enables the
study of modal characteristics of amorphous materials for which tradi-
tional methods based on simulations and lattice dynamics break down
due to the lack of lattice periodicity[14]. While there has been some
interest in the literature in the various methods for accessing modal
thermal conductivity, most studies (with a notable exception on
cementitious phases [15]) have focused on compositionally simple sys-
tems such as amorphous silicon and amorphous SiOy [7,16]. These
studies have provided novel insights into the studied systems, but they
neglect the role of more complex structural and topological features that
are present in systems with mixed network formers and network mod-
ifiers. Here, network formers are those oxides that form the ionocovalent
backbone structure of the glass (e.g., SiOs, BoO3, GeO3), while network
modifiers are those that form more ionic bonds and rupture the network
(e.g., alkali and alkaline earth oxides) [17,18].

To broaden the understanding of heat transfer beyond that in the
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simplest oxides and to provide the first test of the recent advances within
lattice dynamics on oxide glasses, we here probe a ternary calcium
aluminosilicate glass of composition 30Ca0-10A1503-60Si0, (CAS)
using both molecular dynamics (MD) simulations and experiments. We
densify the CAS glasses to obtain a diverse range of structural features
with significant changes in both short- and medium-range order struc-
ture. We note that CAS glasses are of interest in both industrial [19,20]
and fundamental glass science [21,22] as well as geology [23] due the
abundance of the chemical constituents in Earth’s crust. Furthermore,
this glass composition has a wide range of structural features due to the
modifying role of CaO, the network intermediate role of Al,O3 (i.e.,
Al03 can act as either network former or modifier, depending on the
molar ratio between them and in turn the coordination number of Al), as
well as the network forming role of SiOy [18,23]. Using the well-tested
Matsui potential for classical MD simulations [24], we rely on recent
advances in lattice dynamics to probe the vibrational characteristics, e.
g., the full and partial vibrational density of states, the boson peak,
participation ratio, and the anharmonic modal thermal conductivity.
Based on these results, we find a striking coupling between the boson
peak frequency and thermal conductivity. We supplement the simula-
tions with experiments of hot-compressed glasses to confirm similar
behavior of thermal conductivity and boson peak as found in
simulations.

2. Methods
2.1. MD simulations

Glasses of composition 30CaO-10Al,03-60Si02, were prepared
following a typical melt-quenching procedure using the LAMMPS soft-
ware [25] and the interatomic potential parameters of Matsui [24]. We
employed a gradient cutoff of the coulombic interactions using the Wolf
method. First, we placed 493 atoms (51 Ca, 306 O, 34 Al, 102 Si)
randomly in a simulation box with a minimum separation of 1.8 A. The
latter restriction was employed to avoid unphysical initial overlap of
atoms. Next, an energy minimization was performed before initiating
dynamics at pressures of 0-100 GPa (with 10 GPa intervals) at a tem-
perature of 5000 K in the NPT ensemble, except in the case of 0 GPa
pressure where dynamics were initiated using 1 GPa of hydrostatic
pressure to avoid volatilization of the simulation box. The liquid was
then relaxed for 1 ns before cooling it down to 300 K at 1 K ps™, except in
the 0 GPa case where pressure was relieved from 1 GPa to 0 GPa during
the initial cooling from 5000 to 4000 K. Finally, the system was kept
under the designated pressure for another 1 ns to allow for relaxation,
before performing 100 ps of statistical averaging in the NVT ensemble.
Now, the coordination numbers of the atoms were determined by
counting the numbers of atoms within the first coordination shell based
on the partial radial distribution functions. It was found that a generic
cutoff of 2.2 A was meaningful for all glasses and studied interactions.

The elastic constants of the simulated systems were estimated by
measuring the directional pressures while deforming the minimized
simulation box in the xx, yy, 2z, xy, xz, and yz directions using strain
steps of 0.001 and 0.1 for tensile and shear strain, respectively. Linear
regression of the elastic region then yielded the Cy; and Cy4 elastic
constants. These were used to estimate the Young’s (E), shear (G), and
bulk (B) moduli as well as the Poisson’s ratio (), as,

Cip = Ci1 —2Cy, 1)

E— (Ci1 — Cp)(Cry + 2C12)7 )
Cy+Cn

G =Cy, 3

B:C11+2C12 )

3 )
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Thermal and vibrational properties were obtained through second
and third-order force constant evaluation and analyses. Specifically, the
structures obtained from quenching and relaxation were subjected to an
energy minimization. Subsequently, LAMMPS was employed to calcu-
late second and third order force constants through the finite displace-
ment method. No cutoff, besides that given by the interatomic potential,
was employed. Then, second order force constants (¢;) were used to
determine the full dynamical matrix (D), which can be exploited to ac-
quire the eigenfrequencies (Q) and eigenvectors (e) of the system by
solving [26],

eQ =D-e, (6)

where e is a matrix providing the atomic motion related to each
eigenmode and Q is a square matrix with a diagonal of squared eigen-
frequencies (»?). Based on Q, we calculated the vibrational density of
states (g(w)) by binning into a histogram as,

3N

g(@) =Y 8w — ), %)

i

where § is the Dirac delta and N is the number of atoms in the system. To
provide an estimation of the boson peak based on g(w), the reduced
vibrational density of states (g(w)a?) was calculated by fitting an 8th
degree polynomial to the low-frequency part (~0-20 THz) of g(w) and
transforming the fitted curve by g(w)w™. This was done to avoid low
frequency noise in the data and allow for an analytical solution of the
boson peak frequency (wpp).

Next, the participation ratio (PR) of the ith mode was determined
based on the nth atomic displacement vector of each ith mode, e, ;, and
calculated as,

N
PR =(NY Jenl) ®)

This was done to estimate the degree of participation of atoms for
each mode. Similarly, we estimated the degree of participation of each
atomic species by exploiting the normalization of the eigenvectors for
each mode,

Nat Nea

N No Nsi
E €ni€ni = E €ni€nit+ E €ni€nit E €ni€nit E e =1 (9)
n n n n n

Subsequently, this was exploited to provide a weight of the vibra-
tional contribution of each atomic species by calculating the individual
sums of Eq. 9. We denote the sums wo,si/al,ca, and refer to this param-
eter as the mode weight. The mode weights are used to access the partial
gl@)[27].

Finally, to estimate the thermal conductivity of the simulated glasses,
we used the recently developed quasi-harmonic Green Kubo (QHGK)
method [12,28] through the kALDo software. [13] The method repre-
sents a unification of the diffusive contribution to thermal conductivity
as described by Allen and Feldman [7] and that of propagative behavior
of the phonon gas model [2], providing per-mode thermal conductivity
estimations. Practically, the second and third order force constants were
calculated using LAMMPS before being imported into kALDo. All esti-
mations in kALDo were performed using a specified temperature of
300 K and quantum statistics.

2.2. Experiments

The 30Ca0-10Al,03-60Si04 glass was prepared by the traditional
melt-quenching method. That is, raw materials of CaCOs, Al,0O3, and
SiO, were mixed in a Pt90Rh10 crucible and homogenized at around
1650 °C for several hours. Then, the sample was quenched onto a metal
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plate and subsequently annealed at T (769 °C) for ~30 min. Hot-
compression experiments were performed in accordance with previous
work [29,30] by heating to Ty under 1 GPa of N3 gas pressure, main-
taining the pressure for 30 min, followed by cooling to room tempera-
ture and subsequent decompression.

Density of glasses (p) were measured using the Archimedes’ method
by measuring the sample mass in air (m,;) and when submerged in
absolute ethanol (mgyp) by,

p= PEonair , 10)
Myir — Mgup
where the density of absolute ethanol is pon = 0.7871 g cm™>.
Differential scanning calorimetry (DSC) was used to measure the
glass transition temperature (Tg) of the produced CAS glass using the
approach described elsewhere [31] by heating it at 10 K min in an
argon atmosphere. The isobaric heat capacities (Cp) of annealed and
hot-compressed glasses were obtained by comparing the
baseline-corrected heat flow curves of the samples with those of a
reference sapphire sample. Afterwards, C, vs. T data below Ty were
fitted to the Maier-Kelley equation [32],

C)(T) =a+bT —cT™? amn

This fitting allowed us to extrapolate the C, data to room tempera-
ture (300 K).

Thermal diffusivity (a) measurements were conducted with the laser
flash method using a Netzsch LFA 447 instrument with disc-shaped
samples of ~6 mm in diameter and thickness of ~1 mm. The experi-
mental procedure follows that of Ref. [33]. Ultimately, thermal con-
ductivity (x) at room temperature was determined by combining the p, a
and C, data,

k= aC,p. (12)

Terahertz time-domain spectroscopy (THz-TDS) was performed
using a commercial THz spectrometer (TeraSmart, Menlo Systems),
where the THz pulses from a photoconductive antenna (PCA) were
collimated, focused onto the sample, recollimated and focused onto a
PCA detector using a series of four TPX lenses. The full THz path was
enclosed in a custom-made purge chamber that was purged by dry ni-
trogen to remove water vapor. The purge chamber was designed to have
a very small volume to allow fast purging of the chamber after switching
samples [34]. Samples (cylinders of ~0.5 mm thickness polished to an
optical finish) were fixed in a sample holder with a clear aperture larger
than the spot size of the focused THz beam. After purging with N5 for a
few minutes, time-domain spectra were averaged over 1000 scans, each
covering 150 ps. Reference spectra were collected in a similar manner
using the same sample holder, but without a sample. Data analyses were
performed in the as-supplied software by restricting the interval of the
time domain signal to avoid the time range of the internal echo of the
sample. Obtained absorption coefficients as a function of frequency were
smoothened by the LOWESS algorithm.

3. Results and discussion

The pressure dependence of density (p) strongly depends on the
material chemistry. For the studied CAS glass system, the MD-simulated
pressure dependence of p is presented in Fig. 1. Here, the density is
found to increase in different regimes, i.e., first rather steeply from 0 to
20 GPa and then at a lower rate above 20 GPa, ultimately approaching a
value of ~5gcm™® at 100 GPa. This is in good agreement with the
experimental value of 2.73 g cm™, which increases to 2.78 g cm™ after
hot-compression at 1 GPa of Nj pressure (see Table S1). Interestingly,
comparing the initial density dependences on pressure detected by both
simulations (comparing the 0 and 10 GPa samples) and experiments, we
find a rate of increase in p with pressure of 0.065 g cm™ GPa™l, which is
similar to that found in other oxide glass systems[30,33].
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Fig. 1. Density (p) as function of pressure for the simulated 30Ca0O-10A1,03-
60SiO,, glasses.

Fig. 2 shows the pressure dependence of the coordination number
(CN) for silicon, aluminum, and oxygen for all simulated glasses. For all
three atomic species, CN increases with increasing pressure. The CNs of
both silicon and aluminum increase from 4 to ~5.7 when increasing the
pressure from 0 G to 100 GPa. A smaller pressure (<10 GPa) is required
for CN alteration of Al to be initiated than that of Si (around 10-20 GPa).
These differences are in good agreement with those in pressure response
of Al and Si in a range of calcium aluminates and calcium aluminosili-
cate glasses studied by both in situ cold compression and ex situ
compression [35] as well as the expectation of CN changes of feldspar
crystals under pressure [36]. We note that the maximum CN of ~5.7 for
both Si and Al is not directly comparable to that of experimental glasses,
which would likely approach a CN value of 6 even at pressures below
100 GPa of hydrostatic pressure. For oxygen, the average CN increases
from ~1.8 (due to the presence of non-bridging oxygens) to ~2.5 upon
compression, which is in good agreement with the general expectation
for silicates [37].

A more detailed characterization of glass structure beyond CNs is
provided by various scattering functions, e.g., the structure factor (S
(Q)). The neutron-weighted S(Q) of the 0 GPa simulated 30CaO-
10A1,03-60Si0, glass as well as that of comparable experimental

Loet
o
O 22} o ®

sst
Z 5t o
Z 45}

ss}
Z 5t o
— 45¢

0 20 40 60 80 100
Pressure (GPa)
Fig. 2. Coordination numbers (CNs) of oxygen (red), silicon (blue), and

aluminum (green) as a function of pressure for the simulated 30Ca0-10A1,03-
60Si0, glasses.
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neutron scattering data from literature [38,39] are presented in Fig. 3a.
Very good agreement between the simulated and experimental S(Q) is
observed, although minor shifting in peak positions and mismatching of
a few peak intensities is noted. This confirms that the MD simulations
replicate atomic structure at both the short- and medium-range order
length scales well, in agreement with previous simulations of the un-
compressed glass using the Matsui potential [22]. The computed S(Q)s
for all simulated CAS samples are presented in Fig. 3b. The first sharp
diffraction peak for the 0 GPa glass (at Q~2 ;\'1) gradually decreases in
intensity and shifts to higher Q values with increasing pressure, and
finally vanishes. This pressure-induced peak shift to higher Q is also seen
for the other peaks in the spectra, meaning that all the peaks shift to
shorter distances in real space [40], i.e., a more compact atomic struc-
ture is realized. This trend is in good agreement with the increase in
density (Fig. 1). The corresponding radial distribution function associ-
ated with the presented S(Q) of Fig. 3b are presented in Fig. S1, showing
a pressure-induced broadening and increase in distance of the peak at
lowest separation. This change ultimately represents the CN changes of
Fig. 2. Moreover, the correlations at longer distances show significant
decrease in distance, as expected for structural densification.

To further confirm the ability of the MD simulations to reproduce the
CAS glass structure and properties, we have also evaluated the elastic
properties. Table 1 shows a comparison of the simulated and experi-
mental Young’s (E), shear (G), and bulk (B) moduli as well as the
Poisson’s ratio (v) of the as-prepared glass. These simulated mechanical
properties are generally in fair agreement with experimental values[41].

Next, we present the simulated mechanical properties of the densi-
fied glasses in Fig. 4. For the elastic moduli (Fig. 4a), we find an
approximate linear increase in E, G, and B with pressure, reaching values
of 470 GPa, 170 GPa, and 650 GPa for E, G, and B, respectively, at a
pressure of 100 GPa. For the Poisson’s ratio (Fig. 4b), we see a sharp
increase from 0.28 for the as-prepared glass to a nearly constant value of
~0.37 for glasses compressed at pressures of > 10 GPa.

Closely related to the elastic moduli are the longitudinal and trans-
versal sound speeds, shown in Fig. 5. The transversal sound speed ex-
hibits an increase with increasing pressure from ~3100 m s™* for the as-
prepared glass to ~5900 m s for the glass compressed at 100 GPa,
while the longitudinal sound speed increases from ~5700ms™ to
~13400 m s™! in the same pressure range. Both glasses exhibit a change
in the pressure dependence of sound speed in the range of around
20-30 GPa, with a smaller pressure-induced increase at higher pres-
sures. We are not aware of any direct experimental measurements that
would be comparable for the studied CAS glass. However, we note that
previous measurements on magnesium silicate and aluminosilicate
glasses under compression [42,43] show longitudinal and transversal
sound speeds in a similar range as that found for the present CAS glasses.

12}
1t
=038
S
0.6
i Experiment 0 GPa
0.4r — Simulation0 GPa
0.2 1
0 .
0 5 10 15
Q@A™
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Table 1

Simulated and experimental Young’s (E), shear (G), and bulk (B) moduli, as well
as the Poisson’s ratio (v) of the 30Ca0-10A1,03-60Si0, glass. Experimental
values are from Ref.[41]. Errors of E, G, B, and v from simulations are estimated
to be 7.4 GPa, 3.2 GPa, 9.1 GPa, and 0.04, respectively.

Simulated Experimental (Ref.[41])
E (GPa) 70.9 93.3
G (GPa) 27.7 35.9
B (GPa) 55.4 77.5
v(-) 0.28 0.30

Now, to understand the vibrational properties of the as-prepared and
compressed simulated CAS glasses, we compute the second order force
constants (see Section 2), from which the vibrational density of states (g
(w), where w denotes frequency) can be determined. Fig. 6a shows an
experimental g(w) for an as-prepared 43Ca0-14A1,03-43Si0O, glass as
measured by neutron scattering [44] (dashed line) as well as the
calculated g(w) from simulations. It is seen that a good agreement be-
tween the simulated 0 GPa pressure sample (red line) and the experi-
mental g(w) is achieved [44], i.e., a sharp band at lower frequencies
(0-20 THz) is found and accompanied by the presence of a higher fre-
quency band (~30 THz). Interestingly, at higher pressures, the two
bands of the g(w) appear to merge and decrease in intensity. Considering
the partial contributions of atoms to g(w) that are calculated by multi-
plying the total g(w) with the mode weights from Eq. (9) (see
Figs. S2a-d), we find that oxygen, silicon, and partially aluminum have
contributions in the full spectral width, while calcium mainly has con-
tributions at < 20 THz. Most notably, oxygen has by far the largest
contribution to g(w).

In Fig. 6b, we consider the pressure dependence of the boson peak
(BP), which is a vibrational feature commonly found in disordered
systems as an excess of vibrational states above the Debye level. To this
end, we fit an analytical function (8th degree polynomial) to the lower
frequency part (0-20 THz) of the curve in Fig. 6a and then transform it
into the “reduced” vibrational density of states, i.e., g(@)w2, as shown in
Fig. 6b. Such transformation is performed to make the Debye level a
straight horizontal line in the plot. We perform such fitting as the fluc-
tuations in the g(w) of Fig. 6a would otherwise have been significantly
enlarged due to the w2 factor and hence provide error in the estimation
of the BP frequency. As shown in Fig. 6b, we find a pronounced BP peak
in all simulated glasses, with a decreasing intensity and increasing fre-
quency of the BP (wpp) with increasing pressure (see also Fig. 6¢).

Experimentally THz time-domain spectroscopy measurements on the
hot-compressed glasses show a pronounced BP (inset in Fig. 6b), with
wpp found to be very similar to that observed in the simulations (for the

100 GPa

80 GPa

60 GPa

40 GPa

20 GPa

-0.5 0 GPa
0 5 10 15

Fig. 3. (a) Calculated neutron-weighted structure factor (S(Q)) of the 30Ca0-10Al,03-60SiO, glass simulated at 0 GPa of pressure (red) as well as literature
measurements on the same composition from neutron scattering (black) [38,39]. (b) Neutron-weighted structure factors of the simulated 30CaO-10A1,03-60Si0O»
glasses that have been compressed from 0 to 100 GPa of pressure. Color indicates pressure from 0 GPa (red) to 100 GPa (blue) as indicated on the color bar.
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Fig. 4. (a) Pressure dependences of Young’s (E, red), shear (G, blue), and bulk (B, green) moduli as well as (b) Poisson’s ratio of the simulated 30CaO-10Al,03-
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Fig. 5. Longitudinal (red) and transversal (blue) sound speed of the simulated
30Ca0-10A1,03-608Si0, glasses as a function of pressure.

as prepared glasses ~1.2-1.4 THz). Furthermore, the scaling is similar
to that observed for the simulated glasses (i.e., decreasing intensity and
increasing wgp with increasing pressure), hence supporting this effect of
pressure on g(w). Now, to elucidate the nature of the BP in the simulated
glasses, following Ref. [45] we normalize the frequency scale by the
Debye frequency (wp),
glw) 4r 3

lim—= = — =
o-0 > nVy  wd

13)

where n is the atomic number density of the glass and V“D3 =(((1/ VE)-i—

(2/V%))/3 is the average sound velocity. We also scale the reduced g(w)
according to the limit of Eq. (13). The normalized reduced g(w) is pre-
sented in Fig. 6d, showing that the boson peak frequency and intensity
largely collapse onto a single curve upon the performed normalization,
at least for samples with pressures > 10 GPa. This finding suggests that
the changes in the glasses are mainly governed by the transformation of
the elastic continuum [45].

Next, we compute the participation ratio (PR, see Eq. (8)) to deduce
the localization of the various modes at different pressures (Fig. 7a). This
analysis shows an increase in PR with increasing pressure for higher
frequency, with the exception that the high frequency modes generally
shift towards lower frequencies at higher pressures (Fig. 6a). Further-
more, we observe a significant fraction of low-frequency modes with a
very low participation ratio (Fig. 7a). Similar modes have previously
been observed in a range of both simplified computer model glasses as
well as in simulations of more realistic glasses (e.g., network glasses

similar to the oxide glasses in the present study)[46,47]. From these
data, we quantify the relative fraction of extendons (i.e., propagons and
diffusons) by counting a locon as a mode with PR< 0.15. Based on this
quantification, we find an interesting trend with a transition region from
~78% of modes being extendons for the as-prepared glass to ~95% of
the modes being extendons in the glass compressed at 100 GPa (Fig. 7b).
This transition occurs gradually throughout the probed pressure range
and levels off at around 50 GPa. Comparing this pressure dependence
with that of the presented structural parameters, we note that the shape
of the curve in Fig. 7b largely mimics that of the CN of oxygen and sil-
icon (Fig. 2), suggesting that the network forming species control the
degree of mode localization. To this end, we have included a plot of the
correlation between CN and the fraction of extended modes in Fig. S3,
showing approximate linear correlations for oxygen and silicon, but a
non-linear tendency for aluminum at lower coordination numbers.

To couple the studied vibrational properties to the heat conducting
properties of the CAS glass system, we first compute the second- and
third-order force constants of the simulated system as it allows us to
employ the recently developed quasi-harmonic Green-Kubo (QHGK)
method[12,28]. In turn, this enables the computation of the contribu-
tion of each mode to the total thermal conductivity (). The total thermal
conductivity is presented in Fig. 8a, showing a significant
pressure-induced increase in « at lower pressures (0-40 GPa) from ~1.0
to ~1.6 Wm™ K, and then a smaller increase in « from ~1.6 to
~1.7 W m! K when the pressure increases further to 100 GPa. We note
how the « value of the as-prepared glass is close to experimental thermal
conductivity of 0.954 W m™ K, which increases to 0.995 W m™ K
upon hot-compression to 1 GPa in qualitative agreement with the trend
found in the MD simulations. Table S1 summarizes experimental results
of heat capacity and thermal diffusivity of the as-prepared and
hot-compressed glasses.

Next, the modal contributions to « as calculated from QHGK allows
us to compute a cumulative x as presented in Fig. 8b. First, we note a
significant contribution from the low-frequency modes, e.g., the as-
prepared glass features almost exclusively contributions from modes
with frequencies below 20 THz, although the g(w) is occupied up to
nearly 40 THz (Fig. 6a). With increasing pressure, the inflection fre-
quency of the curves in Fig. 8b increases similarly to the frequency at
which « reaches a constant value that also increases. We find that this is
mainly driven by a pressure-induced increase in diffusivity across most
of the modal spectrum as shown in Fig. S4. The modal « also allows us to
probe correlations with the PR. By plotting the modal « directly as a
function of the PR of each mode, we find generally that low PR modes
(locons) exhibit very small modal «, but also that PR and modal x do not
have a simple correlation (Fig. S5). The former is further supported by
calculating the contributions of locons to total « (Fig. S6), finding that
extendons contribute to > 97.5% of « in all the simulated glasses with a
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Fig. 6. (a) Vibrational density of states (VDOS) (g(w)) and (b) reduced VDOS (g(w)w'z) of the simulated 30Ca0-10A1,03-60SiO,, glasses as functions of pressure. The
color bar indicates pressure (red: 0 GPa and blue: 100 GPa). The dashed line in (a) indicates experimental g(w) from neutron scattering for a 43Ca0-14A1,03-43Si0O4
glass[44]. The inset in (b) shows the reduced absorption coefficient as obtained in the present study from THz time-domain spectroscopy for the experimental
as-prepared 30Ca0-10A1,03-60Si0, (red) as well as the same glass after hot-compression at 1 GPa (blue). (c) The frequency of the boson peak (wgp) as a function of
pressure for the simulated 30Ca0-10A1,03-60Si0, glasses from 0 to 100 GPa. (d) Reduced VDOS rescaled by the Debye frequency (wp) in its horizontal axis as well as

by its zero frequency limit in the vertical axis (see Eq. 13).
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Fig. 7. (a) Frequency dependence of the participation ratio (PR) and (b) pressure dependence of the relative number of extended modes for all simulated 30CaO-
10Al1,03-60Si0-, glasses. The increasing pressure is seen to greatly decrease the number of localized modes in the high-frequency region.

slightly increasing contribution with increasing pressure. This tendency
is significant despite how a relatively large amount of locons exist at low
pressures (Fig. 7b). Furthermore, it is in good accordance with the
concept that locons only have a negligible contribution to «.

Further coupling the thermal conductivity data from Fig. 8a with the
BP position from Fig. 6¢ provides an intriguing correlation as shown in
Fig. 9a. This positive correlation between the BP and « points to a causal
relation between these quantities and although authors have previously

discussed links between thermal conduction and vibrational modes
linked to the BP [48-50], this, to our knowledge, is the first evidence of a
direct relation between the BP and «. Fig. 9a also includes experimental
values of boson peak frequency and thermal conductivity for lithium
borate glasses from literature [51,52]. Interestingly, this dataset also
shows a linear trend and a similar slope to that of the studied CAS sys-
tem. Another intriguing correlation is that between the BP peak position
and the glass density as presented in Fig. 9b. Similar correlations of
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Fig. 9. (a) Total thermal conductivity (x) as a function of the frequency of the boson peak (wpp) for the simulated 30CaO-10A1,03-60Si0, glasses as well as for
lithium borate glasses (in the 0-25 mol% Li>O composition range) as obtained from Refs.[51,52]. (b) Frequency of the boson peak (wgp) as a function of density (p) of
the simulated CAS glasses. The color bar indicates pressure (red: 0 GPa; blue: 100 GPa).

increasing wpp (and decreasing BP intensity) with densification have
previously been inferred in the pure SiOy system (for both crystalline
and amorphous systems) based on experimental measurements on sys-
tems with matching densities [53]. In a previous study on silicon-like
material, a maximum in diffusivity at frequencies surpassing the boson
peak position was observed, but the authors noted that the boson peak
was coalescing with the Ioffe-Regel transition of transverse modes [50].
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The latter is in agreement with previous work on computer glasses [54].
In this work, we find no immediate change of the per mode diffusivity in
relation to BP frequency (see examples in Fig. S4). However, by binning
the per-mode diffusivities, we find that the maximum in diffusivity shifts
to higher frequencies with pressure (Fig. 10).

This shift of the maximum mode diffusivity is similar to that of the
boson peak (Fig. 6¢) and the frequency region is very similar (1-4 THz).
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Fig. 10. (a) Full spectral range and (b) low-frequency range of binned mode diffusivities. An overall increase in diffusivity is noted as well as increasing low-
frequency contribution and narrowing of the spectral region with the highest contribution to diffusivity with increasing pressure. The color bar indicates pres-

sure (red: 0 GPa; blue: 100 GPa).
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As such, we find that the boson peak and diffusivity maximum coalesce,
being in contrast to the previous report on amorphous silicon-like ma-
terials [50]. However, as shown in Fig. 8b, the change of the thermal
conductivity is mainly governed by changes in the higher frequency
spectral region (20-40 THz). Following the results shown in Fig. 10a,
this is consistent with a significant increase in diffusivity in the same
spectral region. Furthermore, a similar change from low to high PR
values (Fig. 7a) is found for modes in this spectral region with increasing
pressure. In terms of network structure, from the partial g(w) (Fig. S2), it
is primarily the oxygen and silicon that populate this spectral region and
thus likely the main atom types responsible for the significant changes of
thermal conduction.

The following question then arises: what is the origin of the apparent
correlation between the boson peak and contributions from higher fre-
quency modes? This correlation could indicate that these two parame-
ters follow the same Debye dependency. That is, as the boson peak is
shown to collapse nicely by normalization with the Debye frequency,
this will also be the case for thermal conductivity based on the linear
correlation between these two parameters (Fig. 9a). In turn, this implies
that thermal conduction, as well as the shift of the boson peak, is a basic
consequence of the transformation of the elastic medium. In relation to
this, one may consider the fundamental idea of the Debye model
regarding how increasing Debye frequency effectively translates into a
larger cutoff frequency in g(w). To this end, it is interesting to note that
the pressure increase results in higher Debye frequencies, a shift of g(w)
towards higher frequencies (Fig. 6a) and an increased participation of
these modes (Fig. 7), resulting in a larger diffusivity (Fig. 10a) and ul-
timately increasing thermal conductivity (Figs. 8 and 9). Hence, our
results suggest that the Debye behavior of the studied materials effec-
tively governs both the low-frequency boson peak behavior and the
enhancement of participating modes at higher frequencies.

4. Conclusions

We have simulated the quenching procedure of a calcium alumino-
silicate glass (30Ca0-10Al;03-60Si0;) under hydrostatic pressures
ranging from 0-100 GPa and experimentally hot-compressed a glass of
the same composition at 1 GPa. With increasing pressure, the coordi-
nation numbers, elastic moduli, and sound speeds increase. Further
analysis of the vibrational properties shows significant changes in the
vibrational density of states, corresponding to a boson peak region with
an increasing boson peak frequency and decreasing intensity with
increasing pressure. We validate this trend experimentally using THz
time-domain spectroscopy. Extended harmonic and anharmonic lattice
dynamics analysis shows that the degree of localized modes is signifi-
cantly reduced with increasing pressure while the thermal conductivity
is found to significantly increase from 1.0 to 1.7 W m™! K%, We find the
increase of thermal conductivity to be governed by an increase in
diffusivity in the 20-40 THz spectral range, mainly governed by oxygen
and silicon vibrations. Furthermore, we have found a positive correla-
tion between the boson peak frequency and thermal conductivity, which
we ascribe to a common relation to the Debye scaling of the trans-
formation of the elastic medium.
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