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ABSTRACT
Using the potential energy landscape (PEL) formalism and molecular dynamics simulations, we investigate a phase transformation between
two amorphous solid states of gallium, namely, a low-density amorphous solid (LDA) and a high-density amorphous solid (HDA), and
compare with its equilibrium counterpart, the liquid–liquid phase transition (LLPT). It is found that on the PEL, the signatures of the out-of-
equilibrium LDA–HDA transition are reminiscent of those of the equilibrium LLPT in terms of pressure, inherent structure pressure, inherent
structure energy, and shape function, indicating that the LDA–HDA transformation is a first-order-like transition. However, differences are
also found between the out-of-equilibrium phase transition and the equilibrium one, for example, the path from LDA to HDA on the PEL
cannot be accessed by the path from LDL to HDL. Our results also suggest that the signatures of the out-of-equilibrium transition in gallium
are rather general features of systems with an accessible LLPT—not only systems with pairwise interactions but also those with many-body
interactions. This finding is of crucial importance for obtaining a deeper understanding of the nature of transitions in the polyamorphic
family.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0038058., s

I. INTRODUCTION

A variety of materials with component elements from Groups I,
III, and IV of the Periodic Table and from the transition metals, for
example, water,1–3 silicon,4 and cerium,5 exhibit anomalies in cer-
tain properties such as density and diffusivity. Several explanations
of these anomalies have been proposed, among which the liquid–
liquid phase transition (LLPT) scenario is widely accepted, particu-
larly in the case of water,6–14 phosphorus,15 silicon,4,16–20 and silica.21

However, the existence of LLPTs remains controversial,22–26 since
direct detection of an LLPT or its terminal point, namely, the liquid–
liquid critical point (LLCP), is difficult owing to unavoidable crystal-
lization in the deeply supercooled regime. According to the LLCP
scenario, cooling a low-density liquid (LDL) and a high-density

liquid (HDL) will lead to a low-density amorphous (LDA) solid
and a high-density amorphous (HDA) solid, respectively. In the
1980s, Mishima et al.27,28 reported a first-order-like transition from
LDA ice to HDA ice upon compression, opening up the possibil-
ity of investigating LLPTs from the nonequilibrium phase region.
That is, the LDA–HDA transformation in the nonequilibrium phase
region, if extended into the liquid states, would become an LDL–
HDL phase transition. It is commonly believed that the behavior
of the glass and liquid states is essentially related.6,22,23 In a recent
experimental study,29 HDA ice has been used to deduce the exis-
tence of an LLPT in water. In the past two decades, many stud-
ies30–45 have been performed to explore the relation between equilib-
rium/nonequilibrium states (LDL/LDA and HDL/HDA) and their
transformations. Most of these studies have focused on water or
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water-like model systems with pairwise interactions, such as the ST2
model,30 the simple point charge extended (SPC/E) model,31 the
Jagla model,34 and the Fermi–Jagla model,35,45 but there has been
a lack of investigations of systems involving many-body interac-
tions, particularly metallic systems with contributions from itinerant
electrons.

Gallium is an intriguing material with complex properties.46–48

Using the modified embedded-atom model (MEAM),49,50 Jara
et al.51 reported that gallium has two liquid states and exhibits a
first-order LLPT. Li et al.48 reported that gallium exhibits numerous
water-like anomalies, including density and diffusivity anomalies.
The many-body nature of the MEAM potential requires that the
interaction between gallium particles depends not only on the dis-
tances between two atoms but also on their local charge densities.
Therefore, it is a good example for investigating the relation between
an out-of-equilibrium state and its equilibrium counterpart, as well
as the corresponding phase transformations in polyamorphic sys-
tems with many-body interactions. Moreover, if the corresponding
amorphous solid transition could be found in gallium, it would pro-
vide important information for the experimental search for LLPTs
based on out-of-equilibrium phase transitions in metallic systems
and is also important for further understanding of the nature of
polyamorphism in general.

Currently, characterization of phase transitions between out-
of-equilibrium (amorphous solid) states, such as the LDA–HDA
transition, remains challenging since it requires answers to some
fundamental questions of statistical mechanics, such as how one
can properly define or interpret a “phase transition” between
out-of-equilibrium glassy states. This question has recently been
addressed in some model systems, such as the ST2 model for
water and the Fermi–Jagla model30,35 with pairwise interactions,
using the potential energy landscape (PEL) formalism. However,
it is not evident how general the conclusions of Refs. 30 and
35 are. In particular, these models involve only pairwise interac-
tions, and the effects of many-body interactions are not yet known,
which also makes gallium an especially important candidate to
explore.

In this work, we explore the signatures of the LDA–HDA trans-
formation in gallium using the PEL formalism52–54 and assess the
nature of this transformation, such as whether it is a first-order-
like phase transition, by comparing it with its equilibrium counter-
part, the LLPT. Our results show that two out-of-equilibrium amor-
phous solid states (LDA and HDA), found at low temperatures, can
transform into each other upon compression/decompression. In the
PEL, the LDA–HDA transformation of gallium at low temperatures
shares certain key features (e.g., a negative curvature in the inherent
energy) with the LLPT, suggesting that the LDA–HDA transforma-
tion is a first-order-like phase transition. It is also found that the
path from LDA to HDA on the energy surface is different from that
of the LLPT. This study shows that the PEL formalism, a theoretical
framework within statistical mechanics, could provide very useful
information on the supercooled liquid and glassy states of metallic
systems.

The remainder of this paper is organized as follows: In Sec. II,
we present the details of the computer simulations and the method
of analysis. The results are given in Sec. III, where we discuss
the glass–glass transformation and compare it with the LLPT. A
summary is given in Sec. IV.

II. COMPUTER SIMULATIONS AND METHOD
OF ANALYSIS

Our system consists of 1152 particles. Each gallium atom has a
molar mass of 69.72 g/mol. The interaction between gallium par-
ticles in our system is described by the MEAM,49,50 which is fit-
ted predominantly to results from density functional theory (DFT)
calculations with parameters determined by generalized gradient
approximation (GGA) calculations.55 Both constant volume and
temperature (NVT) and constant pressure and temperature (NPT)
ensembles are applied to equilibrium states during the compres-
sion and decompression processes. Temperature T and pressure P
are controlled by the Nosé–Hoover algorithm. Periodic boundary
conditions are employed in all the simulations.

Molecular dynamics (MD) simulations with the LAMMPS
package56 are performed to study the PEL in configuration space,
which is used to investigate the amorphous–amorphous transforma-
tion and LLPT of gallium. To calculate the PEL properties of the sys-
tem, for liquids at a given (T, V), extensive MD simulations are per-
formed to obtain independent inherent structures (ISs; see below).
At each state point, 100 independent configurations are extracted
from the MD simulations. We use two approaches to extract the
100 independent configurations: (1) for T > 400 K, we extract 100
independent configurations by selecting configurations spaced out
in time; (2) for T ≤ 400 K, the 100 configurations are collected from
100 independent simulations. The ISs are obtained from these 100
configurations by energy minimization using the conjugate gradi-
ent algorithm. For amorphous solid states, during the compression
and decompression runs, configurations are saved every 400 MPa to
obtain the ISs with a compression rate of 10 MPa/ns.

The PEL is a statistical mechanical approach that formally sep-
arates the configurational contributions to the partition function
into contributions from local energy minima (the IS) and vibra-
tional excitations within the basins of attraction surrounding these
minima. For a system consisting of N particles, PEL is an energy
surface in (3N + 1)-dimensional space as a function of the atom
coordinates: V(r⃗1, r⃗2, . . . , r⃗n).52 At a given time t, the system is rep-
resented by a single point on the PEL given by the coordinates of
all atoms at t. Hence, as the system evolves with time, the rep-
resentative point moves along a trajectory on the PEL.30,35,53,57 At
high temperatures, the representative point can travel over a large
region of the PEL, while at low temperatures, it is constrained to
move within more localized regions of the PEL. The PEL is com-
posed of large basins, and it is the local minima in these basins
that are usually referred to as “inherent structures” (ISs). Based on
the harmonic approximation and topography of the PEL, a com-
plete theory has been developed that allows us to express the free
energy of liquids in terms of the IS potential energy EIS (local min-
ima of the PEL), the frequency of vibrations (curvature or shape
function) in ISs, and the distribution of ISs on the PEL.52–54,58 As
a well-established approach in nonequilibrium physics, the PEL is
a useful tool for studying supercooled liquids and glasses at low
temperatures.

The evolution of structure in configuration space can be
described by three quantities in the PEL method: the IS pressure PIS,
the IS energy EIS, and the shape function SIS. The virial expression
for the pressure of the IS configuration defines PIS.59 The curvature
of a basin near the energy minimum (the IS) is quantified by the
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shape function SIS, which is defined as

SIS =
1
N

3N

∑

i=1
ln(

ωi

ωo
), (1)

where ωi (i = 1, 2, . . ., 3N) is from the set of eigenvalues ω2
i

of the Hessian matrix evaluated at the IS configuration. The
constant ω0 makes the logarithm function dimensionless (here,
ω0 = 1.0 THz). The three fundamental properties of the PEL
(PIS, EIS, and SIS) sampled by the system during the LLPT and
the compression-induced LDA-to-HDA transformation allow us to
characterize the PEL basins associated with these states.

The thermodynamics of an equilibrium LLPT can be analyzed
from the behaviors of PIS, EIS, and SIS in the PEL formalism as fol-
lows.35,37,53 According to the second law of thermodynamics, a sys-
tem is stable only if ∂2F/∂V2

> 0, where F is the free energy in the
NVT ensemble. In the PEL formalism, the free energy F of the sys-
tem can be divided into two parts: F = FIS + Fvib, where FIS is the
contribution from the IS and Fvib is the contribution from thermal
vibrations. Accordingly, stability requires

∂2FIS

∂V2 +
∂2Fvib

∂V2 > 0. (2)

Since P = −∂F/∂V, the pressure can also be divided into two parts:
P = PIS + Pvib, where PIS is the contribution from the IS and Pvib
is the contribution from thermal vibrations. The stability criterion
becomes

−
∂PIS

∂V
−
∂Pvib

∂V
> 0. (3)

In the harmonic approximation, Pvib can be expressed as
Pvib = −NkBT(∂SIS/∂V)eIS ,N . We then have

−
∂PIS

∂V
+ NkBT(

∂2SIS

∂V2 )
eIS ,N
> 0. (4)

A phase transition occurs if −∂PIS/∂V < 0 and (∂2SIS/∂V2
)eIS ,N < 0,

or at least one of them is negative. Since PIS = −∂eIS/∂V, the stability
criterion becomes

∂2eIS

∂V2 + NkBT(
∂2SIS

∂V2 )
eIS ,N
> 0. (5)

A first-order phase transition occurs when ∂2eIS/∂V2
< 0 and

(∂2SIS/∂V2
)eIS ,N < 0, or at least one of the curvatures of eIS and SIS is

negative, where the former is equivalent to a positive slope of PIS(v)
in thermodynamics.

III. RESULTS
A. LDA and HDA states and their transformation

Previous simulation studies48,51 showed that gallium has two
liquid states, namely, a low-density state (LDL) and a high-density
state (HDL), separated by a first-order phase transition line (LLPT)
ending at an LLCP estimated to be located at Tc = 447.5 K and
Pc = 2.18 GPa.51

Here, the low-density glassy state (LDA) of gallium is obtained
by cooling LDL samples from T = 420 K to 200 K along

P = −1.80 GPa at a rate qc = 0.25 K/ns, while the high-density glassy
state (HDA) is obtained by cooling HDL samples from T = 400 K
to 200 K along P = 5.40 GPa at a rate qc = 0.4 K/ns. The LDA pro-
duced by rapid cooling is also called hyperquenched glassy gallium
(HGG). The radial distribution functions (RDFs) for LDA and HDA
are shown in Figs. 1(a) and 1(b), respectively. As can be seen, the
frozen amorphous glasses have similar structures to their parent liq-
uids. We calculate the number of nearest neighbors in the two liquids
by integrating the RDF g(r) from r = 0 to rmin chosen as the distance
of the first minimum of g(r). This number is 8 for LDA and 9 for
HDA.48 It is found that in terms of local packing, HDA differs from
LDA mainly in the distribution of the ninth-nearest-neighbors [see
the insets in Figs. 1(a) and 1(b)].

The HDA and LDA can also be obtained through isother-
mal compression of LDA and decompression of HDA, respec-
tively.27,28 For instance, by taking an LDA configuration formed
at P = −1.8 GPa and compressing it to P = 8.15 GPa along
T = 200 K, a sample of HDA is obtained. If HDA obtained from com-
pression of LDA obtained by fast cooling (i.e., HGG) is then decom-
pressed, this gives a new LDA sample different from the initial LDA
(HGG).

FIG. 1. (a) Radial distribution function of low-density liquid (LDL) at T = 420 K and
low-density amorphous solid (LDA) at T = 200 K. (b) Radial distribution function of
high density liquid (HDL) at T = 400 K and high-density amorphous solid (HDA) at
T = 200 K. The insets show the probability distributions of ninth-nearest-neighbor
distances of these configurations.
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To examine the effects of the compression/decompression rate
on PEL properties during the LDA–HDA transformation, we con-
duct a series of simulations with three different compression rates
(5 MPa/ns, 10 MPa/ns, and 20 MPa/ns) along T = 200 K (see the
supplementary material for qP1 and qP3). We find that the qual-
itative behavior of the LDA–HDA transformation on the PEL is
not significantly altered by increasing the compression rate from 5
MPa/ns to 20 MPa/ns. Therefore, we focus mainly on compression
and decompression processes with qP2 = 10 MPa/ns.

We next explore the structural rearrangement of amorphous
gallium upon compression and decompression along the paths from
A to F and from G to L as shown in Fig. 2(a). As can be seen, PIS
changes linearly with volume, suggesting that the IS experiences an
elastic deformation when the low-density HGG [point A in Fig. 2(a)]
is compressed to 5 GPa (point D). Upon compression, the packing
of gallium atoms becomes closer, indicated by the shift in the peaks
of the RDF to lower values of r. Once PIS goes beyond 5 GPa, the
volume per particle jumps from v = 18 Å3 to v = 17 Å3, which is
indicative of a discontinuous change. Correspondingly, a new peak
in the RDF arises at r ≈ 2.3 Å, accompanied by a broadening of the
second peak at r ≈ 4.7 Å [see Fig. 2(b)]. Meanwhile, two peaks in the
distribution function of the ninth-nearest-neighbor merge into one
[see the inset in Fig. 2(b)].

By comparing the structural features of LDA and HDA in Fig. 1,
it is found that the discontinuous transformation upon compres-
sion [D to E in Fig. 2(a)] corresponds to a transformation from
LDA to HDA. We note, however, that upon decompression from
HDA [point G in Fig. 2(a)], no sharp change in PIS(v) is observed,
even when the pressure is reduced to −3 GPa (point L) in metal-
lic gallium. Since an LDA-like structure can be identified [Fig. 2(c)],
this suggests a continuous transformation from HDA to an LDA-
like structure upon decompression from G to L, which is differ-
ent from what is found with the pairwise interaction models, such
as the Jagla and Fermi–Jagla models,34,35,45 for which a first-order-
like transition can be recognized during decompression from HDA
to LDA.

B. Comparison of the LDA–HDA and LDL–HDL
transitions on the PEL

The question here concerns the nature of the LDA–HDA trans-
formation in gallium, for instance, whether it is a first-order tran-
sition. We note that although equilibrium thermodynamics can-
not be directly applied to out-of-equilibrium systems, its meth-
ods can be helpful in interpreting out-of-equilibrium behavior.
For this, using the PEL method, we first explore the features of
the equilibrium LDL–HDL first-order transition in configuration
space, and we then study the signatures of the out-of-equilibrium
LDA–HDA transformation upon compression and decompression
on the PEL by comparing them with those of the equilibrium
LLPT.

Figure 3 shows P(v), PIS(v), EIS(v), and SIS(v) for different liq-
uid isotherms (open symbols). For the liquids at T = 400 K and
T = 420 K [see Figs. 3(a) and 3(e)], the P(v) isotherms exhibit an
Van der Waals loop around v = 20.3 Å3 and 20.8 Å3, respectively, a
clear indication of phase separation into two liquid phases and con-
sistent with the existence of a first-order LLPT of gallium as reported
in Refs. 48 and 51.

FIG. 2. (a) Inherent structure pressure PIS as a function of volume along com-
pression and decompression trajectories. (b) and (c) Radial distribution functions
of glasses during compression and decompression, respectively. The insets in (b)
and (c) show the probability distributions of ninth-nearest-neighbor distances.

From Figs. 3(b)–3(h), three characteristic features of the LLPT
in PEL can be observed:

(i) PIS(v) exhibits a loop analogous to a van der Waals loop
along the liquid isotherms.

(ii) EIS(v) shows a discontinuous change and a negative
curvature.
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FIG. 3. (a) and (e) Pressure as a function of volume for gallium in liquid and glassy states upon compression/decompression. (b) and (f) IS pressure, (c) and (g) IS energy,
and (d) and (h) IS shape function as functions of volume sampled during LLPT and one compression/decompression (red lines/green lines) cycle along T = 200 K and 50 K.
Upon compression, the sharp change around PIS = 5 GPa–6 GPa at 200 K and 9 GPa at 50 K indicates the existence of an LDA–HDA transformation. Black circles, orange
squares, and blue triangles denote the liquid in equilibrium at 400 K, 420 K, and 440 K, respectively.
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(iii) The shape function SIS(v) shows a sharp jump and a negative
curvature from LDL to HDL.

We note that features (i) and (iii) here are the same as those of ST2
water,30 but the discontinuity in EIS(v) for gallium is different from
the behavior of ST2 water and the Fermi–Jagla model,35 for both
of which EIS is continuous and has negative curvature. According
to the analysis of the PEL properties of EIS and SIS during a first-
order phase transition in Sec. II, the van der Waals loop in PIS(v)
and the negative curvatures of EIS(v) and SIS(v) are responsible for
the LLPT. Specifically, during the transformation of LLPT, PIS
exhibits a positive slope, ∂PIS/∂V > 0 (20 Å3

< v < 21 Å3) and
EIS exhibits a pronounced negative curvature ∂2EIS/∂V2

> 0, so it
violates the thermodynamic stable condition Eq. (4).

To characterize the PEL properties of the LDA–HDA trans-
formation, we carry out five independent compression and decom-
pression trajectories along T = 200 K and T = 50 K (prepared with
the same cooling rate). We find that the qualitative behavior of the
LDA–HDA transformation on the PEL does not significantly differ
in these independent simulations. Therefore, for clarity, we present
one compression and decompression process here (see the supple-
mentary material for the five independent simulations). The pres-
sure P, IS pressure PIS, IS energy EIS, and IS shape function SIS are
shown as functions of volume per particle in Fig. 3.

Similar to that of a liquid state, the pressure of a glassy state
is a nonmonotonic function of volume. For instance, there exist
clear plateaus at v = 17.5 Å3 along T = 200 K [Fig. 3(a)] and at
v = 16.5 Å3 along T = 50 K [Fig. 3(e)], indicative of the existence
of two amorphous states under the same pressure condition. Since
Pvib ∝ T (constant V), at low temperatures, a van der Waals loop in
P implies a van der Waals loop in PIS in Figs. 3(b) and 3(f). More-
over, the PIS curves of LDA and HDA overlap well with those of
LDL and HDL, respectively. However, in terms of the IS energy EIS
[Figs. 3(c) and 3(g)], the LDA–HDA transformation differs from the
LLPT. A negative curvature in EIS develops along T = 50 K, but no
abrupt change in EIS is observed upon compression of LDA along
T = 200 K and T = 50 K. This negative curvature in EIS, consistent
with the results of the ST2 model30 and the Fermi–Jagla model,35

is commonly considered as the signature separating the LDA and
HDA megabasins on the PEL.

The shape function SIS is another quantity describing how the
system evolves on the PEL during the phase transformation. SIS as
a function of v during the LDL–HDL and LDA–HDA transitions is
shown in Figs. 3(d) and 3(h). As can be seen, in each single pure
phase (e.g., LDL/LDA or HDL/HDA), SIS behaves monotonically on
the PEL, mainly owing to the elastic transformation. SIS becomes a
nonmonotonic function of volume during phase transformations.
For the LLPT, SIS exhibits a discontinuous change as the volume
varies, whereas for the LDA–HDA transformation, SIS develops a
negative curvature (∂2SIS/∂V2

< 0) at volumes v = 16 Å3–17 Å3 and
v = 16.5 Å3–17.5 Å3 along T = 50 K and T = 200 K, respectively. This
characteristic is also found in the ST2 water model.30

In brief, the LDA–HDA transformation exhibits three main
features on the PEL:

(a) van der Waals-like loops in PIS(v),
(b) negative curvature in EIS(v) at low T, and
(c) negative curvature of SIS(v) as a function of volume.

All three characteristics are consistent with features (i)–(iii) of an
LLPT, and hence, the out-of-equilibrium transformation between
LDA and HDA in gallium can be identified as a first-order-like phase
transition. Meanwhile, these three main PEL features during the
LDA–HDA transformation are also consistent with what has been
found in previous studies.30,35

C. Transformation path of the LDA–HDA transition
on the PEL

In this subsection, we compare the transformation path of
amorphous samples with that of equilibrium liquid samples on
the PEL for gallium. As can be seen from Fig. 4, the initial LDA
(HGG) configurations (black empty squares) are very close to the
LDL equilibrium liquid states (solid black squares) at the same den-
sities, but the glassy states explored on the PEL upon compres-
sion/decompression start to deviate from the accessible configura-
tion region explored by equilibrium liquids. For example, even at the

FIG. 4. (a) PIS and (b) SIS as functions of EIS upon compression/decompression
along T = 200 K. Red and green dots represent the five independent compression
and decompression processes, respectively. Black circles, orange squares, and
blue triangles correspond to IS properties of the equilibrium liquid along 400 K,
420 K, and 440 K, respectively. Black squares, brown triangles, indigo circles, and
magenta diamonds are configurations for v = 20.68 Å3, 19.30 Å3, 18.00 Å3, and
17.00 Å3, respectively. The same symbols (black squares, brown triangles, indigo
circles, and magenta diamonds) represent systems with the same density, with
empty symbols representing amorphous solids and solid symbols representing
liquids.
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same density, the HDA and HDL are widely separated on the (EIS,
PIS) plane and the (SIS, EIS) plane. The LDA-like state (green dots
in Fig. 4) obtained by decompression from HDA is also not acces-
sible for liquids. Moreover, the LDA–HDA trajectories on the PEL
induced by both compression (red dots) and decompression (green
dots) cannot be matched to the LDL–HDL trajectories at all. This
suggests that the LDA–HDA transformations occur in the region of
the PEL where the LLPT cannot explore. The paths of the LDA and
HDA transformations on the PEL are also inaccessible to the LLPT.
We stress that even the amorphous states are strongly dependent on
how they are prepared, with regard to, for example, cooling rates and
compression/decompression rates, the amorphous solids (LDA and
HDA) cannot be considered simply as the “frozen” configurations
of the corresponding equilibrium liquids (LDL and HDL) on the
PEL. This result that we find in gallium is in agreement with those of
previous simulations of water using the ST2 and SPC/E models and
FJ liquid.30,31,35

IV. DISCUSSION AND SUMMARY
Gallium is among the substances that exhibit a series of anoma-

lies and an LLPT and LLCP. Specifically, it is a metallic system
with many-body interactions and thus differs from model systems
based on pairwise potentials, such as various water models and the
Jagla and Fermi–Jagla models. Therefore, investigation of the out-of-
equilibrium amorphous–amorphous transition (LDA–HDA) of gal-
lium and its relationship with the equilibrium LDL–HDL transition
is significant for providing a deeper understanding of nonequilib-
rium phase transformations. From the results obtained here, both
similarities and differences in PEL properties have been found in
the LDA–HDA transition of gallium compared with substances with
pairwise interactions.

Upon compression, a van der Waals-like loop in PIS(v) of gal-
lium is observed in Figs. 3(b) and 3(f), suggesting the possible exis-
tence of two glassy phases on the PEL. This feature of PIS(V) is also
found in ST2 water30 and the Fermi–Jagla model.35 In the case of
ST2 water, EIS(v) develops a maximum on the PEL during the LDA–
HDA transformation, indicative of the existence of two megabasins
on the PEL.30 By contrast, in the case of gallium, EIS(v) develops
a negative curvature upon compression at low temperature (e.g.,
T = 50 K), but not at high temperature (e.g., T = 200 K), which
is consistent with a recent study indicating that it is the curva-
ture change in EIS(v) that establishes the boundary between two
megabasins.35 This phenomenon is in agreement with what is found
for SPC/E water, namely, that concavity in EIS(v) is apparent at a
temperature close to 0 K but is rather weak at 77 K.31 For the 4
substances discussed above (FJ, ST2, gallium and SPC/E), we think
that the differences in the features of the PEL properties, PIS and
EIS, may be due to the differences in the stability of their LLCPs.
In the case of substances with accessible LLCP (FJ, ST2 and gal-
lium), during the LDA-HDA transformation (i) PIS exhibits van
der Waals-like loops, (2) EIS exhibits negative curvatures. However,
for the case of substance without accessible LLCP (SPC/E), at finite
temperatures, there are no clear van der Waals-like loops for PIS
and negative curvatures for EIS. Interestingly, a negative curvature
of the shape function SIS(v) of the basins is observed in gallium.
Specifically, SIS exhibits ∂2SIS/∂V2

< 0 at v = 16 Å3–17 Å3 and at

v = 16.5 Å3–17.5 Å3 along T = 50 K and T = 200 K, respec-
tively. Similar features are also observed in ST2 water. However,
for the Fermi–Jagla model, the shape function SIS is a monotonic
function of volume, which means that the basins become thinner
smoothly during the LDA–HDA transformation on compression.
Non-monotonic behavior in SIS is also weak in SPC/E during com-
pression and absent during decompression. In addition, we do not
find any van der Waals-like loops in PIS(v) or any negative curva-
tures of SIS upon decompression in gallium, in contrast to the PEL
behavior of ST2 water30 and the Fermi–Jagla model.35 This means
that for gallium, the path that the glassy system follows on the PEL
upon decompression is different from that upon compression.

To summarize, we have investigated the signatures of the LDA–
HDA transition of gallium in the PEL formalism and have compared
them with those of the LLPT. We have found that by rapid cool-
ing or compression/decompression, two distinct amorphous solid
phases of gallium, namely, LDA and HDA, can be obtained, where
LDA of gallium shares similar structures with an LDL, while HDA
shares similar structures with an HDL. The LDA–HDA transforma-
tion occurs in the region that liquids cannot explore on the PEL.
The signatures of this out-of-equilibrium transition are reminiscent
of those of the equilibrium LLPT on the PEL, such as a van der
Waals-like loop in the IS pressure, a negative curvature of the IS
energy separating two megabasins (LDA/LDL and HDL/HDA), and
nonmonotonic behavior of the shape function. This suggests that
the LDA–HDA transformation is first-order-like and provides sig-
nificant information for the study of amorphous–amorphous tran-
sitions in metallic systems with many-body interactions, which is
crucial for further understanding of the nature of the polyamorphic
family.

SUPPLEMENTARY MATERIAL

In the supplementary material, all five independent results
obtained for glassy gallium with compression rate q2 = 10 MPa/ns
at 50 K and 200 K are included. The results obtained for glassy gal-
lium with compression rates q1 = 5 MPa/ns and q3 = 20 MPa/ns are
also included.
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