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ABSTRACT: Identifying ordering in non-crystalline solids has
been a focus of natural science since the publication of
Zachariasen’s random network theory in 1932, but it still remains
as a great challenge of the century. Literature shows that the
hierarchical structures, from the short-range order of first-shell
polyhedra to the long-range order of translational periodicity, may
survive after amorphization. Here, in a piece of AIPO,, or berlinite,
we combine X-ray diffraction and stochastic free-energy surface
simulations to study its phase transition and structural ordering
under pressure. From reversible single crystals to amorphous
transitions, we now present an unambiguous view of the topological
ordering in the amorphous phase, consisting of a swarm of
Carpenter low-symmetry phases with the same topological linkage,
trapped in a metastable intermediate stage. We propose that the
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remaining topological ordering is the origin of the switchable “memory glass” effect. Such topological ordering may hide in many
amorphous materials through disordered short atomic displacements.

1. INTRODUCTION

According to atomic orderings of materials, all condensed
matter can be divided into two types: crystalline and non-
crystalline. The long-range ordering of crystalline solids
consists of translational repetition of small- or medium-sized
crystallographic unit cells that can be rigorously defined by one
of the 230 space group symmetries. Non-crystalline (or
amorphous) materials, however, lack such a translational
ordering. Unlike the totally random gaseous state, amorphous
materials still have a number of small- and medium-range
orderings," but the complications quickly mushroom with the
size of clusters and become unmanageable. A clear description
about the long-range ordering in non-crystalline solids is
therefore crucial to understand the glass-forming process.

A widely cited theory for the formation of amorphous
materials is Zachariasen’s random network theory,2 which is
adequate for most network glasses under ambient pressure and
fast temperature quenching but has seen exceptions for
materials under pressure. Applying pressure creates another
route to make non-crystalline solids by modulating the
enthalpy.’™® For example, vitreous silica perfectly satisfies
Zachariasen’s four-point rules of glass formation. However,
quartz and coesite upon pressure-induced amorphization
(PIA) feature the edge-shared polyhedra, SiOg structural
unit, and triple-linked O atoms,”*~'" all of which are not
favored by Zachariasen’s classical theory of a good glass
former. Despite decades of research, the nature of PIA is still
being debated. It was reported that some PIA turn out to be
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crystalline phase transition,'' indicating that the consequent
amorphous phase may lock up a portion of long-range
ordering. An outstanding example is the fullerene crystal,
which loses most of its short- to medium-range orderings upon
room-temperature compression while sustaining the long-
range translational order,'® suggesting that pressure may freeze
long-range topology but generate disordering within inter-
mediate length scales. However, simultaneously applying high
pressure and temperature, the same fullerene destroys its long-
range periodicity, forming non-crystalline diamonds.'*"* The
method of PIA under cold compression, in fact, has left us an
opportunity to study long-range ordering in amorphous
materials through well-established crystallographic methods,
for example, single-crystal diffraction.'®

Long-range ordering has long been used to describe crystals.
In contrast, from the perspective of a glass, Salmon et al.'”
thought long-range ordering covers more subjects than just
translational periodicity. They presented the topological
ordering concept related to the pair-distribution function
(PDF) on much extended length scales and introduced it to
describe the long-range ordering in network glass. Unlike
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Figure 1. Selected single-crystal XRD patterns. The two-dimensional pattern was cut to exclude diamond diffraction spots. (a) Betlinite at 2.6 GPa.
(b) Single-crystal berlinite and crushed poorly crystallized AIPO4 II at 14.3 GPa. (c) AIPO4 II at 23 GPa. (D) Recovered berlinite at 5.0 GPa after

decompression. The weak diffraction rings in (d) are from WC seats.

crystallography, PDF cannot retrospectively reconstruct a long-
range structure but is powerful to probe the network topology,
which is the connectivity of structural motifs. Such a network
topology has been observed in well-beyond medium ranges
and has been gradually realized as an important description
about long-range orderings in glasses.”“19 In this work, we
wish to characterize the hidden topological ordering in PIA
materials, which will clarify its relation with crystal orientation
and eventually describe the long-range ordering for non-
crystalline solids.

Herein, we study the topological orderings of a non-
crystalline solid starting from a crystal. We focus on the natural
quartz homeotype berlinite (a-AIPO,), which undergoes PIA
and is the archetypal material for studying the memory glass
transition. The PIA transition of berlinite takes place around
13 GPa,*® and the amorphous AIPO, reverts to the original
berlinite with identical crystal orientation upon releasing
pressure.”””" Theoretical molecular dynamics simulations
suggest that the memory effect is owing to the relatively
short relaxation distance of O atoms in the PO, tetrahedron via
a diffusionless transition.””** However, the subsequent Raman
scattering results argue that hi§h-pressure glassy AIPO, is not a
typical amorphous structure'* but a poorly crystallized solid.
The crystal structure is later identified to be the Cmcm space
group (here abbreviated as AIPO, II) by X-ray diffraction
(XRD).*** Although the Cmcm-type phase is absent in the
archetypal silica, it is found in other quartz homeotype
compounds such as GaPO,,”**” and the crystallization can be
enhanced dramatically under moderate heating.”® A recent
theoretical study by Li at el.”” found that berlinite has a
structural transition at ~19 GPa, where its bond length,
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angular distribution, and coordination number start to change
and will smear the shape of PDFs. In spite of many
experimental and simulation works, it is still controversial
whether the high-pressure product is crystalline or amorphous.
In this work, the ambiguity of the memory glass effect will be
clarified by revealing the transition mechanism and the hidden
topological orderings in amorphous AIPO,, which will shed
light on the ordering on extended length scales.

2. RESULTS

2.1. Revisiting the a-AlIPO, to AIPO, Il Transition
through Single-Crystal Crystallography. We first conduct
single-crystal XRD experiment, which is sensitive to both the
crystal structure and orientation.’®”*” The crystal structures of
AIPO, under high pressures are obtained at the beamline
13BM-C, GeoSoilEnviroCARS™ of Advanced Photon Source,
Argonne National Laboratory (Figure 1). The sample pressure
is calibrated by the Raman edge of diamond.”* Low-pressure
XRD patterns of a pressurized single-crystal sample are
unambiguously indexed to berlinite, in which the AlO,
tetrahedron is corner-linked by four PO, tetrahedra (Figure
S1 and Table S1). Increasing the pressure to 14.3 GPa
generates a new set of diffraction spots and they coexist with
berlinite (Figure 1b). We carefully checked the d-spacings of
the newly emerged diffraction spots and found that they
matched well with the high-pressure AIPO, II. However, the
sample suffers poor crystallization. We observe crystal twinning
or cracking into smaller grains when berlinite partially
transforms into the AIPO4 II phase. Each grain has its own
crystal orientation.

https://doi.org/10.1021/jacs.2c01717
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reduced due to the phase transition. Such a weakening 5

indicates that the amorphous structure stays in harmony with
the crystalline phases. Although our single-crystal XRD
patterns confirm that berlinite is partially transformed into
AIPO, II without requiring an isobaric heating process, the
transition is sluggish in nature and, similar to the archetypal
PIA in silica,®’ a portion of AIPO, samples might have been
trapped into a number of intermediate structures on the
potential energy surface (PES) (details are given in the next
section). Beyond 23 GPa, the original berlinite disappears
(Figure 1c), indicating that the phase transition has completed
over a wide pressure range (~9 GPa).

We then release pressure and observe the re-emergence of
berlinite (Figure 1d), reproducing the memory glass effect of
the previous work.”’ The elongated diffraction spots are clear
evidence of even worse crystal quality. Compared with the
initial berlinite sample, the crystal orientation does not
perfectly match with the original crystal. Specifically, many
low d-spacing spots are too weak to be seen, and newly
appeared diffraction spots such as 003 and 102 are absent in
the original berlinite single crystal. However, we do observe
spots such as 010 and 011, both of which memorize the
original orientational information. There are two reasons for
this occurrence. First of all, the recovered berlinite did not
originate from one AIPO, crystallite, but multiple grains of the
crushed crystallite stemmed from the previous transition.
Second, it is possible that the amorphous AIPO, has inherited
a portion of topological orderings from berlinite, and it
performs a short-distance atomic reconstruction to memorize
the berlinite structure and orientation upon decompression.
The topology at the atomistic level and the mechanism that
regulates PIA of AIPO, will be revealed by our computational
simulations.

2.2, Exploring the Free-Energy Landscape. With the
puzzles that arose from experiment, we perform global pathway
searching over the free-energy landscape to link the initial state
(berlinite) and the final state (AIPO, II) using the stochastic
surface walking method (SSW).>*~*” The simulation is carried
out in a 72-atom supercell, and more than 10* pairs of initial/
final state are collected at 15 GPa by the high-dimensional
neural-network (HDNN) potential.’”®* Due to the expensive
computational cost and the large number of reaction pathways,
we employ a high-accuracy HDNN potential, which is an
affordable method to construct the entire PES within a
reasonable time, as well as to achieve a high computational
accuracy. This method has successfully predicted the transition
mechanism in compressed silica and graphite.””*" After the
pathway collection, the transition state is located using the
variable-cell double-ended surface walking approach,”” and the
candidate pathways are sorted by the height of energy barriers.
The energy barrier is later recalculated and confirmed by the
first-principles simulation using the Vienna ab initio simulation
package."'

All the structures searched by the SSW are represented on
the PES, projected on the axes of energy and framework
density, namely, the number of Al/P atoms per 1000 A?
(shortened as FD in Figure 2). The PES with energy versus
structural order parameter OPg is also shown in Figure S2 for
reference. The PES consists of 13979 distinct structures and is
colored by the probability density of state (DOS). For
example, the more frequent a sample is sampled by the SSW
algorithm, the higher the density will be. On the PES, the
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Figure 2. Global PES contour plot of AIPO,, (Al},P,,0,5) at 15 GPa.
The x axis is the FD (the number of Al/P atoms per 1000 A3), the y
axis is the total energy of minima with respect to the global minima
phase (AIPO, II), and the color gradient indicates the probability
DOS level of structures. The crystalline—crystalline route is connected
by solid curves. Structural transition along the dotted curves
overcomes a shallower kinetic barrier and involves a shorter atomic
displacement but fails to reach the terminal phase. S1 is a structure in
the high DOS swarm with a P1 space group. Stishovite-type AIPO, is
not an energetically favored phase. Abbreviations: Stv, stishovite;
Amor, amorphous phase.

locations of berlinite and AIPO, II are separated by a swarm of
high-probability density structures. However, the crystalline—
crystalline route connecting berlinite and the stable AIPO, II
will bypass those high-density structures and transit indirectly
toward the AIPO, II phase (solid curves in Figure 2), making it
a less-probable event. The distribution of probability on the
PES tells us that under room temperature and 15 GPa
conditions, the sample has more chance to enter those
structures encircled by white dashed lines in Figure 2.
Throughout our in-depth pathway searching, the algorithm
fails to find paths connecting them to the stable AIPO, 1I (e.g.,
S1—AIPO, 1II), implying that it is kinetically inhibited to
complete a displacive transition from berlinite to AIPO, II out
of the structures in the swarm. Below, we will go through both
routes and reveal the topological orderings of structures in the
swarm.

2.3. Breakdown of Topological Orderings in the
Crystalline Transition. In the first place, we look at the
special case of the crystalline—crystalline route toward AIPO,
IL. This route definitely breaks all long-range ordering of
berlinite, but is at the cost of very sluggish transition kinetics.
The pathway with the lowest kinetic barrier contains three
crucial steps (Figure 3a) with descending barrier heights of
1.23, 0.25, and 0.16 eV/fu. (fu AIPO,) and two
intermediate structures (Int-I and Int-II). Increasing the
pressure will lower the kinetic barriers (the inset of Figure
3a, also in Figure S3). Along with the reconstruction of long-
range order, the signature spiral rings of polyhedra in berlinite
(namely R1 and R2 in Figure 3b) are first distorted by shearing
(berlinite to Int-I), then teared and recombined into dense-
packed close-rings upon reaching AIPO, II. Structures along
the path clearly show that the short-medium ordering of
berlinite are reconstructed in the first step, where both Al and
P atoms in Int-I are six-coordinated, leading to the rearrange-
ment of long-range translation ordering in the following steps

https://doi.org/10.1021/jacs.2c01717
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Figure 3. Kinetic barrier and structural evolution in compressed
AIPO,. (a) Energy barrier profile of a-AlPO, to AIPO, II and Al,
corresponding to the points in Figure 2. The inset shows the height of
the energy barrier at S, 10, 15, and 20 GPa. (b) Structural evolution of
a-AlPO, to AIPO, II, viewed from [100], or [001];;. Two-thirds of P
atoms transit from the octahedral to the tetrahedral interstitial in
different directions with a negligible O movement, as shown by the
arrow. Oxygen atoms associated with the rest of the one-third of P
atoms have a much longer movement due to the periodic constraint in
Int-II, as shown by the arrow in the last snapshot.

(Figures S4—S6). The atomic displacement is quantified by the
Euclidian distance (defined in method). During the transition,
the first step from berlinite to Int-I spans across the entire PES
and its Euclidian distance are 8.6 A, much longer than the
following two steps (4.3 and 6.6 A in the second and third
steps). Nevertheless, both our experiment and simulations
suggest that this route requires an appreciable amount of
kinetic energy with multiple intermediate states. Unless
applying heat, obtaining the crystalline AIPO, II is a less-
probable event than other shorter-distance, lower-barrier
transition pathways, which guide into the swarm with higher
probability densities (Figure 2).

2.4. Description of Amorphous AIPO,. The structures in
the high-probability DOS area can be described as a swarm of
low-symmetry structures (SLS). Their higher-probability DOS
indicate that the onset kinetic barrier toward SLS is lower than
the one from berlinite to Int-I, for example, from berlinite to a
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representative structure S1 in the SLS (added to Figure 3a).
The missing pathway from S1 to AIPO, II echoes our
experiment with the assumption that a portion of AIPO, is
trapped en route to the final state. Compared to the
crystalline—crystalline path, transition from berlinite to SI1
features a much shorter displacement and only a fraction of
atoms are involved in the structural transformation (Figure
S7).

Our description about SLS is still insufficient because
kinetics neither explain the memory transition effect nor the
recovered crystal orientation. Inspired by Salmon,'” we
continue to calculate the PDF G(r) (e.g, Al-O and P-O)
of SLS. Obviously, a single triclinic structure taken from SLS
produced a crystal-like pattern of G(r) (Figure 4c,d). However,
according to the energy landscape theory,”” all the structures
are unbiasedly sampled and the observed PDF can be
approximated by averaging all structures in the SLS. We thus
increase the number of sampled structures up to 812, which is
a fraction of the entire SLS (Figure 4a), and the evolution of
summed G(r) has already shown qualitative changes.
Specifically, the first sharp peak and nearly-zero G(r) between
the first and second peaks confirm that the structure has a well-
established short-range order, which is defined by the first shell
of polyhedral or simply Al-O or P—O bond lengths. The well-
kept short-range order is also inferred from the bond-angle
distribution of O—AI-O and O—P—-O as well as the
coordination number of cations (Al and P), see Figures S8
and S9, where the local polyhedral environments of P are
almost the same as those of berlinite, while those of Al atoms
are mixed of AlO, and AlO4. However, a larger size of SLS
reshapes G(r) patterns between 3 and 10 A, which is realized
as the next-level structural organization of the abovementioned
polyhedral blocks, or the medium-range order (Figure 4b).
This is consistent with the angular distribution of O-centered
angles, which signifies the connectivity of the two polyhedrons.
Their bond-angle distribution flattens, indicating that the
network of those polyhedrons is partially destroyed on
medium-range length scales. It is worth noting that the
medium-range order is investigated up to the longer edge of
our simulation box, which is approximately 13 A from all
sampled structures. If an amorphous phase can be modeled by
a P1 “crystal” with an infinitely large size of the unit cell, the
translation orderings in SLS by the P1 symmetry are more
likely a dwarfed amorphous structure. Putting all the Pl
crystallites together, the nature of SLS is a non-translational,
medium-range disordered solid with ordered polyhedral
blocks. However, owing to the shorter atomic displacement
and preferred kinetics, at least a portion of SLS revert to
berlinite (e.g,, S1—berlinite) once the reversal kinetics barrier
is lowered, in response to decompression. OQur experiments
also hint that decompression rebuilds the long-rang ordering,
both translational periodicity and orientation, which is
consistent with previous single-crystal experiment in the
literature.”””" There must be a fundamental layer of long-
range ordering being kept in the SLS, defining the AIPO, glass
just like the space group in crystal solids, and such an ordering
will help recover long-range orderings such as translational
periodicity and orientation under appropriate conditions.

2.5. Topological Ordering in Amorphous AIPO,. The
breakdown of crystalline symmetry under spontaneous strain
has been documented by the crystal transition theory of
Carpenter, who regarded that ferroelastic behavior corresponds
to a normal group to subgroup topological projection.”> On

https://doi.org/10.1021/jacs.2c01717
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structure in the red dashed ring is shown on the right, viewed from the a axis. (c,d) Evolution of the PDF of Al-O and P—O by varying the

sampling size.

the basis of Carpenter’s model, the symmetry of berlinite is
lowered under strain, while in our experiment, the topological
structures of non-crystalline AIPO, including the connectivity
of building blocks, the spiral ring framework of berlinite, and
the repetition of Al-/P- polyhedral are more or less kept. Our
simulation clearly demonstrates that such a topological
ordering is arranged along certain directions (Figure S10)
and propagated by the simulation box. For example, from
berlinite to S1 (Figure 4b), the rotation of polyhedral distorts
the unit cell to the lowest triclinic lattice but the topological,
atom—atom displacive paths are fully traceable, as recorded by
our calculated transition pathway.

Berlinite’s signature spiral rings (R1 and R2) are deformed
arbitrarily, but its topology is well maintained in the SLS, for
example, the S1 of Figure 4b, and more details are provided in
Figure S11. This is in stark contrast to the intermediate states
in the crystalline—crystalline route, where the spiral rings
combine to closed rings. Although the spiraling features of R1
and R2 remain, the connectivity of the associated polyhedron
is largely disordered as shown by the flattened angular
distribution of X—O—X angles (X is Al or P). We therefore
conclude that the amorphous AIPO4, is the extreme case of
Carpenter-type crystalline transition, where a swarm of
subgroup low-symmetry structures coexist, which can be
projected to the normal group (e.g, berlinite) through a
topological transition (e.g., following our calculated transition
pathways). The set of topological transitions involves short
displacements of atoms and are of first-order, by overcoming
relatively lower-height barriers. The total excess energy for this
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transition can be expanded by the integral of spontaneous
strains from Carpenter’s crystalline transition theory.** The
recovered crystal orientation will be highly dependent on the
remaining topology,” for example, along the [001] axis on
extended length scales (Figure S10).

3. DISCUSSION

Unlike the classic oxide glass of Zachariasen,” our results
suggest the AIPO, memory glass prefers the description of a
SLS consisting of low-symmetry crystallites, which also lead to
the weakening and broadening of diffraction peaks. The SLS
has a similar short-range ordering of berlinite or AIPO, II, but
lacks a medium-range ordering. The long-range topological
ordering, which describes the fundamental long-range structure
of amorphous AIPO,, is the key to the memory glass effect. As
long as the topological ordering is kept, an amorphous solid is
possible to recover to its corresponding crystal through a short
atomic displacement. Here, the switchable crystalline—
amorphous phase transition of AIPO, makes it a unique
example for establishing this concept of long-range topological
ordering in non-crystalline solids. A similar topological
ordering may have occurred in many other PIA materials,
although they possibly have much more complex topological
structures.

It should be mentioned that the amorphous structures
achieved through the route of PIA or thermal quenching are
different. Whether a supercooled liquid crystallizes or vitrifies
is largely controlled by the cooling rate.*® A typical example is
the formation of monoatomic metallic glass from ultrafast laser
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cooling.” In contrast, increasing the pressurization rate in the
process of PIA does not necessarily promote amorphization.
For instance, the archetypal quartz silica crystalizes into a
disordered metastable d-NiAs-type phase via gas-gun shock
compression to 65 GPa.** Their experiment hints that the
disordered phase has short-range and topological orderings,
but it is neither a crystal nor an amorphous structure in nature.
Shock compression generates pressure as well as heat.
Therefore, contrary to cooling to vitrify a glass-forming
material, a faster pressurization rate shortens atomic diffusion
and may help maintain the topological ordering. We propose
that pressure tends to partially destroy the medium-range and
long-range translational orderings that manage the symmetry
of a certain space group, but the destruction of topological
ordering requires heating or long-time random diffusion of
atoms.

4. CONCLUSIONS

In summary, this work combines in situ high-pressure single-
crystal XRD and stochastic free-energy surface simulations to
resolve the reversible crystalline—glass transition in AIPO,. Not
only we revisit the memory effect of the crystal structure and
orientation under pressure herein but also we find that the
amorphous phase inherits the long-range topological ordering
from berlinite. This unique case of memory transition suggests
that the building blocks of glass are organized by a more
flexible and durable topological ordering on extended length
scales, such that the experimentally observed glassy phase can
be regarded as a swarm of Carpenter low-symmetry phases
with the same topological linkage. Similar to the use of crystal
space groups, it is possible to define an amorphous phase
through its topological ordering, which readily interprets
structural disordering in a wide range of materials.
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