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Pressure-induced polyamorphic transition in CaAl2O4 glass
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In situ high-pressure ultrasonic velocity measurements of CaAl2O4 glass reveal abrupt irreversible discon-
tinuities in the elastic wave velocities at ∼8–10 GPa. Total structure factor and pair distribution functions
measured by synchrotron x-ray diffraction show a rapid change in the intermediate range structure attributed
to a rearrangement of calcium ions over this narrow pressure region. Atomistic models obtained from molecular
dynamics simulations reveal that this intermediate range structure is explained by a transition of Ca–O void
radius distribution from a bimodal distribution with peaks at ∼2.1 and ∼2.4 Å to a single distribution centered
at ∼2.1 Å. These abrupt structural changes involving the rapid increase in elastic wave velocity are markedly
different to the continuous transformations observed in conventional network-forming glasses, such as SiO2.
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I. INTRODUCTION

Pressure-induced changes in the structure and physical
properties of oxide glasses are of great interest in condensed
matter physics and materials science. There have been exten-
sive studies on the high-pressure behavior of network-forming
oxide glasses such as SiO2, GeO2, TiO2, TeO2, and B2O3

glasses (e.g., Refs. [1–20]). Network-forming oxide glasses
are known to exhibit anomalous elasticity behavior at high-
pressure conditions. For example, SiO2 glass, a prototypical
network glass former, exhibits an anomalous elasticity min-
imum under compression at ∼2–3 GPa [1–3], which likely
arises from the onset of penetration of the Si atoms from
the second shell into first shell [4]. This local tetrahedral
symmetry breaking is followed by a further collapse in the in-
termediate range structural ordering (e.g., Refs. [5–7]). Above
∼10 GPa, the elastic wave velocity gradually increases, ac-
companied by a continuous change in nearest-neighbor Si–O
coordination number (CN) from 4 to 6 [5–10], and exhibits
irreversibility in the elastic properties and optical spectra
[1,3,11–13].

In recent years, there has been increasing emphasis
on the fabrication and characterization of nonconventional
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network glass formers such as CaO−Al2O3 [21–25],
BaO−Al2O3 [22,26], BaO−TiO2 [27], La2O3−Ga2O3 [28],
and La2O3−Nb2O3 [29]. Compared with conventional net-
work glasses, these glasses generally exhibit high packing
density [30] and enhanced optical and mechanical functional
properties, including a wide infrared transmission window
[31], high elastic modulus and hardness [32,33], high crack
resistance [34], and high refractive index [35,36]. While the
influence of composition on the structures and properties of
these types of oxide glasses has been relatively well studied,
the effect of pressure has not been extensively explored. A
fundamental question is whether the high-pressure behavior
of these densely packed oxide glasses is like that of common
network-forming oxide glasses.

In this paper, we have measured the high-pressure elastic
wave velocity and structure of the nonconventional aluminate
glass CaAl2O4. In addition to the velocity measurements, we
have conducted synchrotron x-ray diffraction measurements
and molecular dynamics (MD) simulations, which provided
a structural view for the elastic behavior of the glass sample.
From these combined approaches, we reveal abrupt pressure-
induced structure changes in CaAl2O4 glass.

II. METHODS

The CaAl2O4 glass samples were synthesized using an
aerodynamic levitation furnace at Tohoku University [37].
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In addition to the CaAl2O4 glass samples, a disk of SiO2

glass was prepared from a commercial SiO2 glass rod. De-
tails of sample preparation are shown in the Supplemental
Material [38].

A. In situ high-pressure ultrasonic measurements

The elastic wave velocities of CaAl2O4 glass at high
pressures were measured by in situ x-ray and ultrasonic
measurements in a Kawai-type 1500 ton multianvil press ap-
paratus (SPEED-1500) at the beamline BL04B1 in SPring-8
[39,40]. The cell assembly is mainly composed of a Mg-
CoO octahedron pressure medium and an inner MgO sleeve.
This assembly is based on a design reported in our previous
work [41], simplified for room-temperature measurements.
The glass samples were shaped into a cylindrical shape using
diamond mats (∼2 mm in diameter and ∼1 mm in length) and
placed at the center of a MgO sleeve. Both sides of the samples
were polished using 0.5 µm diamond paste. We placed an
Al2O3 buffer rod for transmitting elastic waves from the WC
anvil to the sample, and a backing material (NaCl with 10
wt.% gold) was placed at the back side of the sample. A
gold foil (2 µm thickness) was inserted between each interface
(buffer rod/sample and sample/backing material) to enhance
mechanical coupling for elastic wave propagation and to mark
sample interfaces for sample length measurement.

X-ray radiography images were obtained using a charge-
coupled device camera with a pixel size of 1.31 µm. Sample
lengths were determined by analyzing the distance between
the two gold foils at the ends of the sample. For pressure
determination, energy-dispersive x-ray diffraction (EDXD)
measurements were made of the backing material at a fixed
diffraction angle of 6.0052 ° (Exp. 1) or 6.0040 ° (Exp. 2). The
unit-cell volumes of gold calculated from the three reflections
(111, 200, and 220) were used to determine pressure by refer-
ence to the equation of state of gold reported in Ref. [42].
Ultrasonic measurements were carried out at each pressure
condition using the pulse–echo-overlap method. The acous-
tic echo measurements were performed at the frequency of
60 MHz for longitudinal waves and 40 MHz for transverse
waves. The two-way travel time was analyzed by using an
analysis program [43].

The errors of sample length analysis were defined as
the standard deviation of the distance between the buffer
rod/sample and sample/backing reflector interfaces [43],
which was up to ±4.4 pixel (±6 µm, 0.6%). The errors of
travel time analyses were up to 0.6% (longitudinal wave) and
0.2% (transverse wave), respectively. The overall uncertain-
ties of longitudinal and transverse wave velocities (vL and vT,
respectively) are up to 0.6%. The numerical data of vL and
vT with their uncertainties are shown in Tables S1–S3 in the
Supplemental Material [38]. Poisson’s ratio σ is calculated
directly from the determined velocities by the equation:

σ = v2
L − 2v2

T

2
(
v2

L − v2
T

) . (1)

B. In situ high-pressure multiangle EDXD measurement

The high-pressure structure factors S(Q) of CaAl2O4 glass
were measured using in situ multiangle EDXD measurements

in a Paris-Edinburgh press at the beamline 16-BM-B of the
Advanced Photon Source (APS). Details of the high-pressure
experimental setup at beamline 16-BM-B and the analytical
procedures employed have been previously reported [44–46].
We used a cupped-Drickamer-toroidal (CDT) cell [46]. For
room-temperature measurements, a TiB2 heater and a LiF
capsule used in Ref. [46] were replaced with a BN capsule. A
piece of gold was used as a pressure marker [42], which was
placed at the edge of the glass sample to avoid contamination
of x-ray diffraction peaks of gold into that of the glass sample.

In multiangle EDXD measurements, we collected a series
of EDXD patterns of the CaAl2O4 glass sample at 2θ angles
of 3.1, 4.1, 5.1, 7.1, 9.1, 12.1, 15.1, 22.1, 26.1, and 35.1 ° at
each pressure point. The S(Q) was determined from the col-
lected EDXD patterns using the aEDXD program developed
by Park and Hrubiak at the 16-BM-B beamline [44]. The pair
distribution function g(r) was calculated by Fourier transform
of S(Q) using the density for CaAl2O4 glass determined by
polarizable ion model MD (PIM-MD) simulations [24]. The
peak positions in g(r) were determined by Gaussian fitting.

C. S(Q) measurement at ambient conditions

S(Q) measurements of the unpressurized and densified
CaAl2O4 glasses at ambient conditions were conducted at the
BL37XU beamline in SPring-8 [47]. We used a monochro-
matic beam at a photon energy of 37.5 keV, and x-ray
diffraction measurements were carried out by scanning 2θ

angles from 1 to 62°, which corresponds to a Q range
of 0.3–19.5 Å. The data was analyzed using the method
described in Ref. [47]. We used densities of the unpressur-
ized CaAl2O4 glass (2.90 ± 0.02 g/cm3) and the densified
CaAl2O4 glasses recovered from the multiangle EDXD mea-
surement to 9.8 GPa (3.06 ± 0.04 g/cm3) and the ultrasonic
measurement to 24.2 GPa (3.18 ± 0.02 g/cm3) measured by
Archimedes’ method.

D. MD simulations

In this paper, we used PIM-MD [24] and the PMMCS
potential (PMMCS-MD, Ref. [48]). For the PIM-MD simu-
lations developed in Refs. [49,50], the technical details and
results for CaAl2O4 liquids and quenched glasses at high
pressures were reported in Ref. [24]. Here, we extended the
previous study by developing structural models of CaAl2O4

glasses under cold compression and cold decompression. As
starting structure, we used the glass that was obtained after
quenching a melt at a constant pressure of 0 GPa from 2500
to 300 K with a rate of 1012 K/s [24]. The simulation cell
contained a total of 1512 atoms for CaAl2O4, i.e., 864 ions of
O, 432 ions of Al, and 216 ions of Ca. Compressed glasses
were obtained by stepwise increase of pressure by 5 GPa
and equilibration runs at constant pressure and 300 K (NPT
ensemble) for 50 ps until 30 GPa were reached. At each
pressure, structural properties were derived from additional
simulations at constant volume (NVT ensemble) for 20 ps.
Note that the first pressure point during compression was
set to 6 GPa instead of 5 GPa for no specific reason and
without any consequence for the results presented here. The
final structure after equilibration at 30 GPa was used as the
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starting structure for the decompression of the glass, which
was performed by reducing the pressure in steps of 5 GPa
and performing the same simulations as during compression.
The initial and final glasses before compression and after
decompression, both at 0 GPa and 300 K, had densities of
2.84 and 3.13 g/cm3, respectively.

The annealing simulations for the densified structural
model after decompression (ρ = 3.13 g/cm3) were also
performed at 0 GPa by PIM-MD. In the simulations, the
temperature of the simulation cells was increased to target
temperature in 1 fs and annealed for 220 ps. After 220 ps,
the temperature was set to 300 K again and the simulations
continued by another 10 ps to reach a total simulation time of
230 ps.

In the PMMCS-MD simulations, MXDORTO code [51] was
used. Here, 1429 atoms of Ca, 2858 atoms of Al, and 5716
atoms of O were placed in the cell, and all the atoms were
moved by applying the velocity Verlet algorithm [52,53] at
a time interval of 1.0 fs. Long-range Coulombic interactions
were treated by using Ewald summations. The structural re-
laxation from a randomly coordinated system was performed
at 3000 K with NVT ensembles for 5.0 ns, followed by
quenching to 300 K at the rate of 1 × 1012 Ks−1, at constant
density of 3.06 and 3.18 g/cm3, the same as the density val-
ues of the densified glasses recovered from the two in situ
experiments. Then the structure was relaxed also at 300 K
with NVT ensembles for 2.0 ns, and the trajectories of atoms
were obtained under NVT ensembles at 300 K for 1.0 ns by
an interval of 100 fs.

III. RESULTS AND DISCUSSIONS

The longitudinal (vL) and transverse (vT) wave velocities
of CaAl2O4 glass, as determined by in situ high-pressure
ultrasonic measurements, are shown in Fig. 1 up to 24.1 GPa,
compared with the corresponding results for SiO2 glass from
this paper and previous work [2]. Below 8 GPa, vL and vT

decrease slightly and continuously with increasing pressure,
followed by an abrupt increase in both values over the narrow
range of 8–10 GPa (Fig. 1). Above ∼10 GPa, vL and vT con-
tinue to increase gradually and continuously with increasing
pressure, which is like SiO2 glass. On decompression from
16 GPa, vL and vT exhibit an irreversible change (Fig. 1),
with vL and vT 12 and 13% higher at 5.3 GPa during decom-
pression than at 5.5 GPa during compression, respectively.
The observed discontinuity in wave velocity is accompanied
by an abrupt 5–6% reduction in sample length (L) during
compression over the narrow pressure range of 8–10 GPa
(Fig. S1(a) in the Supplemental Material [38]). Over the entire
pressure range, L/L0 (L0 is the sample length before com-
pression) reduces by ∼17%, recovering to only 86% of its
original length at 1.7 GPa during decompression. In contrast
with the abrupt changes observed in vL, vT, and L, there
is no marked change in the Poisson ratio (σ ) of CaAl2O4

glass up to 24 GPa, which exhibits a reversible change during
the compression and decompression cycle (Fig. S1(b) in the
Supplemental Material [38]).

The high-pressure behavior of vL, vT, and L for CaAl2O4

glass up to ∼10 GPa is markedly different from that of SiO2

glass. Below ∼3–5 GPa, vL and vT for SiO2 glass decrease

FIG. 1. (a) Longitudinal (vL) and (b) transverse (vT) wave veloc-
ities of CaAl2O4 glass (blue) and SiO2 glass (black) up to 24.1 GPa.
Solid blue and light blue squares represent the data measured under
compression in two experiments (Exp. 1 and 2), and open light blue
squares represent the data obtained under the decompression process
in Exp. 2. Solid black circles and diamonds represent vL and vT

of SiO2 glass measured in this paper and reported in a previous
ultrasonic measurement [2], respectively. The errors of pressure, vL,
and vT are within the sizes of symbols. The numerical data are shown
in Tables S1–S3 in the Supplemental Material [38].

rapidly with increasing pressure, before switching to a gradual
increase with pressure at higher pressure conditions (Fig. 1).
There is no sharp discontinuity in the velocity curves of SiO2

glass at high pressures. In addition, the sample length of
the SiO2 glass shows continuous shortening across the entire
range of pressure (Fig. S1(a) in the Supplemental Material
[38]). These data indicate a significant difference in the high-
pressure behavior of densely packed CaAl2O4 glass compared
with the typical network forming SiO2 glass. Specifically, the
abrupt discontinuity observed in vL, vT, and L over the nar-
row range 8–10 GPa for CaAl2O4 glass implies the possible
existence of a polyamorphic transition.

To understand the high-pressure structure, we performed
in situ multiangle EDXD measurements on CaAl2O4 glass
at pressures up to 9.8 GPa at the beamline 16-BM-B of
the APS (Figs. 2 and S2 in the Supplemental Material
[38]). On initial compression, the height of the first sharp
diffraction peak (FSDP) of the total structure factor S(Q)
increases slightly and shifts toward higher scattering vec-
tors Q. Between 7.0 and 9.1 GPa, the FSDP experiences a
particularly rapid development in height and position, ac-
companied by the rapid appearance of a new subsidiary
peak at ∼2.8 Å−1 [Fig. 2(a)]. The rapid development of this
subsidiary peak can be attributed to an increase in topolog-
ical ordering due to an abrupt transition to a more densely
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FIG. 2. (a) Total structure factor S(Q) for CaAl2O4 glass as measured by in situ multiangle energy-dispersive x-ray diffraction (EDXD) at
0.7, 7.0, 8.1, 9.1, and 9.8 GPa. A typical size of the error is indicated by the pink vertical bars for the S(Q) data at 9.8 GPa. The full range of
measurements with error bars are shown in Fig. S2(a) in the Supplemental Material [38]. (b) g(r) of CaAl2O4 glass as determined from the
Fourier transform of the corresponding S(Q) functions in (a). The full range of g(r) data obtained is shown in Fig. S2(b) in the Supplemental
Material [38]. (c)–(e) The first (r1), second (r2), and third peak (r3) positions in the g(r) of CaAl2O4 glass at high pressures. Square symbols
indicate the results obtained in this paper. The open circles in (c) indicate the Al–O bond length obtained by previous in situ x-ray diffraction
(XRD) measurements [24]. The lines in (c) and (d) show the pressure dependence of Al–O and Ca–O bond lengths, respectively, as determined
from polarizable ion model molecular dynamics (PIM-MD) simulations [24].

packed structure [54]. In real space, the total pair distribu-
tion function g(r), as determined from the Fourier transform
of S(Q), shows no abrupt change in the first, second, and
third peak positions (r1, r2, and r3, respectively) within the
experimental pressure range up to 9.8 GPa [Fig. 2(b)]. The
position of the r1 (Al–O) peak remains constant <5 GPa,
before gradually increasing at higher pressures [Fig. 2(c)],
considered due to a gradual increase of the Al–O CN [24].
The positions of the r2 and r3 peaks attributed to Ca–O
and Al–Ca/Al distances, respectively, do not undergo any
substantial change at high pressures [Figs. 2(d) and 2(e)].
However, a shoulder on the high r side of the r3 peak lo-
cated at ∼3.6 Å at low pressure vanishes beyond 8.1 GPa
[Fig. 2(b)].

The major changes in the FSDP, the appearance of the
subsidiary peak at ∼3 Å−1 in S(Q) and the disappearance of
the shoulder at ∼3.6 Å in g(r), occur over the same pres-
sure region (∼8–10 GPa) as the abrupt changes observed in
the elastic wave velocities and sample length. This indicates
that the intermediate range structure is key to understand-
ing the high-pressure discontinuities observed in CaAl2O4

glass. Previous nuclear magnetic resonance measurements of
high-pressure cycled CaAl2O4 and 13CaO·7 Al2O3 glasses

revealed a modest but irreversible increase in the Al–O CN
at 8–12 GPa [55,56], attributed to an irreversible structural
change, consistent with our observation of irreversible change
in elastic wave velocity and sample length. In addition, the
CaAl2O4 glass sample recovered from 9.8 GPa after the
high-pressure EDXD measurement exhibits permanent den-
sification, with a 6% increase in density [3.06(3)g/cm3]
compared with the original glass [2.90(2)g/cm3].

The structures of the densified CaAl2O4 glasses recovered
from the high-pressure EDXD measurement up to 9.8 GPa
[3.06(3)g/cm3] and the high-pressure ultrasonic measure-
ment up to 24.1 GPa [3.18(3)g/cm3], together with the
original unpressurized CaAl2O4 glass sample, were inves-
tigated using high-energy x-ray diffraction at the BL37XU
beamline in SPring-8. The high-pressure features observed
in the in situ measurements at >7.0 GPa (Fig. 2), namely,
the enhanced FSDP and subsidiary peak at ∼3 Å−1 in S(Q)
and the disappearance of the peak shoulder at ∼3.6 Å in g(r),
are preserved in the two pressure-recovered glasses (Figs. S3
and S4 in the Supplemental Material [38]). These differences
between the pressurized and unpressurized glasses are con-
sistent with the previous observation using high-energy x-ray
diffraction measurement [57].
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FIG. 3. Partial structure factors Si j(Q) and partial pair distribution functions gi j(r), for calcium-related correlations of the CaAl2O4 glasses
calculated by molecular dynamics (MD) simulations: (a) SCaCa(Q), (b) SCaAl(Q), (c) SOCa(Q), (d) gCaCa(r), (e) gCaAl(r), and (f) gOCa(r). The
MD simulations were carried out for the densities of 2.84 g/cm3 (black) corresponding to that of the unpressurized glass and 3.06 g/cm3

(blue), 3.13 g/cm3 (green), 3.18 g/cm3 (red) corresponding to those of pressurized glasses. The full set of Si j(Q) and gi j(r) including the other
correlations is shown in Fig. S5 in the Supplemental Material [38].

We constructed structural models which reproduce the ex-
perimentally observed S(Q) by PIM-MD (Figs. 3 and S3 and
S5 in the Supplemental Material [38]). The structural models
indicate that the abrupt change observed in the FSDP coin-
cides with the development of strong peak in the Ca–Ca partial
structure factor during compression [Fig. 3(a)]. In terms of co-
incidence of peak positions, the growth of the subsidiary peak
at ∼2.8 Å−1 in the experimental S(Q) likely corresponds to the
O–Ca correlation, although this change is not clearly observed
between the partial structure factors of the unpressurized and
densified structural models [Fig. 3(c)]. In the structural mod-
els by PMMCS-MD using the cell-size 6.6 times larger than
PIM-MD [Fig. 3(c)], however, the SOCa(Q) is developed at
∼2.8 Å−1, which coincides with the S(Q) of the densified
samples.

In real space, the disappearance of the shoulder on the peak
at ∼3.6 Å in g(r) can be attributed to reduced contribution at
this distance from the Ca–Ca and Ca–Al partial pair distri-
bution functions. These high-pressure features are observed
more clearly in the comparison between the unpressurized
structural model obtained by PIM-MD and the densified struc-
tural models obtained by PMMCS-MD [Figs. 3(d) and 3(e)].
The PIM-MD simulations exhibit a development of new peak

at 2.6 Å in gAlAl(r) (Fig. S5(d) in the Supplemental Material
[38]), which may be attributed to an increase in edge-sharing
AlOx polyhedron. However, it is difficult to identify the new
peak at 2.6 Å in the g(r) experimentally obtained from the
in situ EDXD (Figs. 2 and S2 in the Supplemental Material
[38]), possibly due to multiple components in the experimen-
tal g(r) determined by the x-ray diffraction measurements and
insufficient resolution of the g(r) by the limited experimen-
tal Q range, although the ambient-pressure g(r) results show
slight increase in the intensity at ∼2.6 Å in the densified
CaAl2O4 glasses (Fig. S4 in the Supplemental Material [38]).
In addition, the gAlAl(r) of the structural models obtained
by PMMCS-MD does not show a new peak at this distance
(Fig. S5(d) in the Supplemental Material [38]). Therefore, in
the real samples, the irreversible change of Al–Al correlation
(i.e., increase in edge-sharing AlOx) seems not to be as pro-
nounced as predicted by PIM-MD.

To understand the three-dimensional picture of the changes
observed in the experimentally and computationally deter-
mined S(Q) and g(r), we conducted void radius analysis
for the structural models of the unpressurized and densified
CaAl2O4 glasses. In this analysis, the structure models ob-
tained by the PIM-MD and PMMCS-MD simulations are
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FIG. 4. Void radius distributions formed from (a) aluminum and
oxygen atoms (Al–O void radius) and (b) calcium and oxygen atoms
(Ca–O void radius) in the unpressurized and densified CaAl2O4

glasses, as determined from the structural models computed by
molecular dynamics (MD).

divided into a set of tetrahedra by the Delaunay tetrahedraliza-
tion for Al and O atoms without Ca atoms and Ca and O atoms
without Al atoms to investigate distributions of Al–O and
Ca–O polyhedron distributions, respectively. A circumscribed
sphere of the tetrahedron is defined as a void [58]. If multiple
voids overlap, only the largest one is employed in the analysis.

We find no clear distinction between the void structures
formed by Al and O atoms in the unpressurized and densified
glasses, except for the slight increase in the fraction of small
Al–O voids (∼1.7–2.1 Å) [Fig. 4(a)]. However, there is a
distinct difference in the void structures formed by Ca and
O atoms in the unpressurized and densified glass structures
[Fig. 4(b)]. The unpressurized CaAl2O4 glass exhibits a bi-
modal distribution in the Ca–O void radius with peaks at
∼2.1 and ∼2.4 Å, which is like the distribution of the Al–O
void radius. In contrast, for the densified CaAl2O4 glasses, we
find a single distribution of Ca–O void structures centered at
∼2.1 Å, while the Al–O void radius structure remains bi-
modal.

To confirm high-pressure behavior of the void structure,
we conducted PIM-MD simulations and void radius analy-
sis for the simulated structural models under compression to
30 GPa and their subsequent decompression. The irreversible
changes in the structural correlations involving Ca are also
confirmed in this cycle (Figs. S6 and S7 in the Supplemental
Material [38]). The void radius formed by Al and O atoms
decreases with increasing pressure, and it changes almost
reversibly under compression and decompression (Fig. S8 in

FIG. 5. (a) Change of distributions of Ca–O void radius under
compression and decompression processes for the structural models
calculated by the polarizable ion model molecular dynamics (PIM-
MD) simulations. (b) Pressure dependence of the fraction of Ca–O
void structure with 1.8–2.1 Å in diameter.

the Supplemental Material [38]). In contrast, the Ca–O void
structure also shrinks with increasing pressure but does not
recover after decompression (Fig. 5). The proportion of the
void radius structure at 1.8–2.1 Å abruptly increases from 6
to 15 GPa, and it remains during decompression to 0 GPa
(Fig. 5).

The densified CaAl2O4 glass decompressed from 30 to
0 GPa has density ρ = 3.13 g/cm3, which is ∼10% larger
than that of unpressurized glass (ρ = 2.84 g/cm3). To
check back-transformation of the densified glass to the orig-
inal unpressurized glass, we conducted an annealing test
of the densified CaAl2O4 glass structure at 0 GPa and
500–1700 K by the PIM-MD simulations (Fig. S9 in the
Supplemental Material [38]). The result shows recovery of the
volume from the densified glass to the original unpressurized
glass with increasing temperature and annealing at >1500 K
yields almost same volume structure as the original glass.
The result indicates back-transformation of the dense high-
pressure structure to the original low-pressure structure.

Our PIM-MD simulations to 30 GPa reveal that an abrupt,
irreversible change in the Ca–O void structure drives a
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polyamorphic transition in pressurized CaAl2O4 glass, re-
sulting in the observed irreversible changes in elastic wave
velocities and intermediate-range order. It is important to
note that pressure-induced structural change in CaAl2O4 glass
is distinct from that of SiO2 glass, a prototypical network-
forming oxide glass. At low pressures, structural change of
SiO2 glass occurs by breaking of tetrahedral symmetry in the
Si–O network structure. Although this change corresponds
to the disappearance of voids formed from Si atoms with a
radius of >3.6 Å [4], it does not cause an abrupt increase
in wave velocity. At pressures higher than ∼10 GPa, the
intermediate range structure of SiO2 glass collapses with the
gradual formation of a higher coordinated network of Si–O
polyhedral continuing up to ∼40 GPa [5], consistent with the
gradual increase observed in the elastic wave velocity [1,3].
In contrast, CaAl2O4 glass experiences a markedly different
pressure-induced structural change, with an abrupt and ir-
reversible increase in elastic wave velocity over the narrow
pressure range of 8–10 GPa. This polyamorphic change is
controlled by the transition of the Ca–O void structure from
a bimodal to a single distribution, rather than a change in
network-former (Al)-related structure.

IV. CONCLUSIONS

To understand the pressure-induced structure changes in
CaAl2O4 glass, an example of a nonconventional network-
forming oxide glass, we conducted in situ high-pressure veloc-
ity measurements, synchrotron XRD measurements, and MD
simulations. The experimentally determined velocity-pressure
curves of CaAl2O4 glass exhibit abrupt and irreversible in-
creases in vL and vT at ∼8–10 GPa, which is correlated
with a change in intermediate-range structure involving rear-
rangement of Ca ions observed in the S(Q) and g(r). Further

analyses for the void structures in the unpressurized and
densified glasses reveal that this change in intermediate-range
structure arises from the transition of Ca–O void radius dis-
tribution from a bimodal distribution to a single and shorter
distribution. Our results demonstrate that the drastic change
in the Ca–O void structure occurs at ∼8–10 GPa, which
causes the polyamorphic transition of CaAl2O4 glass, marked
by the abrupt and irreversible velocity increases, and likely
contributes to the preservation of high-coordinated AlOx units
(x = 5, 6) in the densified glass recovered from >10 GPa
[55,56].
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