
lable at ScienceDirect

Materials Today Physics 17 (2021) 100359
Contents lists avai
Materials Today Physics
journal homepage: https: / /www.journals .e lsevier .com/

mater ia ls- today-physics
Universal nature of the saddle states of structural excitations in
metallic glasses

J. Ding a, ***, L. Li b, **, N. Wang b, L. Tian b, M. Asta c, d, R.O. Ritchie c, d, T. Egami e, f, *

a Center for Alloy Innovation and Design, State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an, 710049, China
b Department of Metallurgical & Materials Engineering, University of Alabama, Tuscaloosa, AL, 35487, USA
c Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA
d Department of Materials Science &Engineering, University of California, Berkeley, CA, 94720, USA
e Department of Materials Science & Engineering and Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, 37996, USA
f Materials Science & Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA
a r t i c l e i n f o

Article history:
Received 15 December 2020
Accepted 25 January 2021
Available online 6 February 2021

Keywords:
Metallic glasses
Potential energy landscape
b relaxation
Saddle state
Local structural evolution
* Corresponding author. Department of Materials
Department of Physics and Astronomy, University
37996, USA.
** Corresponding author.
*** Corresponding author.

E-mail addresses: dingsn@xjtu.edu.cn (J. Ding), lin
utk.edu (T. Egami).

https://doi.org/10.1016/j.mtphys.2021.100359
2542-5293/© 2021 The Author(s). Published by Elsev
a b s t r a c t

A widely used schematic picture of the potential energy landscape (PEL) for liquid and glass gives an
impression that the pathway of moving from a valley to another through a saddle point is predetermined.
However, in reality the pathway is much more stochastic and unpredictable because thermal history is
wiped out at the saddle point and the pathway down is randomly chosen. Here we explain this puzzling
behavior through the study of local structural evolutions in the b relaxation process by atomistic sim-
ulations of structural excitations for metallic glasses. We find that the saddle states in the PEL show
universal melt-like features in short-range order and atomic dynamics, independent of thermal history
and composition. We propose that the short-lived local melting at the saddle point is responsible for
wiping out the prior thermal history. This explains why the activation and relaxation stages of the b
process are decoupled. The findings highlight the importance of understanding the nature of the saddle
states in elucidating the system dynamics, and pose a question on the current view on the system
evolution in the PEL.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The structural state of glass is not unique, but critically depends
on thermal history, such as the cooling rate from the melt [1,2]. As-
quenched glasses can undergo structural relaxation or rejuvenation
upon subsequent annealing or external energy injection [3,4]. To
describe such thermally- or mechanically-induced structural evo-
lution, the concept of the potential energy landscape (PEL) has been
widely used [5e7]. The PEL is a multidimensional energy surface
defined in the configurational space of N atoms. The quantities of
importance are the PEL of the states rapidly cooled to zero tem-
perature T ¼ 0 (also called the inherent structures), the potential
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energy local minima and the nature of the saddle points (also called
the transition states) that separate neighboring minima, as sche-
matically illustrated in Fig. 1. The glass state evolves in the PEL via
various barrier hopping processes. Hopping from one of the local
minima to another across the sub-basins is related to “fast” b pro-
cesses [8e12]; corresponding hopping across a large landscape
“metabasin” is associated with slow a processes.

The PEL picture succeeds in offering a descriptive view to un-
derstand the complex dynamic behavior of glass. However, a key
question of how the system chooses the migration pathways in the
PEL remains incompletely understood. A simple schematic pre-
sentation of the PEL, as in Fig. 1, gives the impression that the
migration pathway is almost predetermined. But the topological
pathway connecting local minima and saddle points in glass could
be much more complex, given the multidimensional nature of the
PEL. More specifically, recent modeling investigations undertaking
sampling of the pathways in the configurational space for several
model glasses [13e15] all observe an important phenomenon: for
the elementary hopping processes in the PEL, the initial step (from
a local minimum to the saddle point) and the following step (from
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematic description of the PEL for metallic glasses (MGs). Atomic configu-
ration of a Cu64Zr36 MG from a molecular dynamics simulation. Schematic PEL for an
MG and representative atomic reconfiguration at the initial, saddle, and final states
during the elementary b process on the PEL are shown.
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the saddle point to the nearby local minimum) are essentially
decoupled. The glass system can lose much of its memory of prior
thermal history when reaching the saddle point. Because history
dependence is the hallmark of the glassy state, suchmemory loss at
saddle states is counterintuitive. This phenomenon and many ef-
forts on connecting PEL characteristics with glass properties,
including kinetic [16], thermodynamic [15] and mechanical [17,18]
behavior, require a complete understanding of the PEL. The goal of
this study is to characterize the nature of the saddle states, tar-
geting the origin of the decoupling phenomenon through the ex-
amination of atomic structural rearrangements at and near the
saddle point of the PEL.

For this purpose, we focus on elementary hopping processes:
namely, the hopping between neighboring local minima of the sub-
basins in the PEL, also known as local structural excitations or b
processes. Using atomistic simulations, we study the reconfigura-
tion of local structure in two key stages composing the elementary
process, i.e., the activation stage (connecting the initial minimum
and the saddle point), and the relaxation stage (connecting the
saddle point to a neighboring minimum called the final state), as
illustrated in Fig. 1. We discover universal short-range order (SRO)
at the saddle points, independent of thermal history, and further
observe amelt-like nature of the saddle points in the PEL for several
model metallic glasses (MGs). We further discuss the effective
temperature of saddle points, confirming its configurational molten
state analogous to the liquid around the viscosity crossover
temperature.

2. Results

Activation and Relaxation Energy Spectra. In this study, we
investigate three model systems, Cu64Zr36, Zr46Cu46Al8 and Ni80P20,
which are representative of important MGs [19]. Moreover,
Cu64Zr36 MGs were produced with five different cooling rates,
spanning 1013 K/s to 109 K/s (further details are given in Methods).
All the samples under study are designed to cover different MG
systems and different cooling history in order to unravel underlying
2

universal properties. Each MG model contains 10,000 atoms that
interact through the modified embedded-atom method potential
[20,21]. The different cooling rates locate the system at different
metabasins in the PEL, providing for representative sampling at
different points in configurational space and allowing the effect of
thermal history to be investigated. The local PEL structures are then
explored by the activation-relaxation technique (ART)
[13e15,22,23], an open-ended saddle point search algorithm,
which is capable of providing a representative sampling of the PEL
in amorphous systems (see Methods). Upon thermal excitation in
ART, an initial perturbation is introduced by randomly displacing a
small group of atoms with local connectivity to one preselected
atom, called the central triggered atom. In our simulation, all the
ART searches are made from the same initial configuration (i.e., the
same inherent structure) for each sample. All the 10,000 atoms are
probed as a central triggered atom and a total of 5 � 104 searches
(corresponding to 5 � 104 saddle states) are identified to produce
the converged activation and relaxation energy distributions for a
given MG sample.

Fig. 2AeB displays the distributions of the activation energy
DEactiv (from the initial state to the saddle state), and the relaxation
energy, DErelax (from the saddle state to the final state), respectively,
for the model Cu64Zr36 MGs obtained with five different cooling
rates. The activation energy distributions exhibit a strong depen-
dence on the thermal history of the samples, with the average value
increasing from 1.21 eV to 1.87 eV as the cooling rate decreases
from 1013 K/s to 109 K/s (Fig. 2C). Reduced cooling rates shift the
DEactiv distributions to higher values, while changing their shape by
reducing the (secondary) peaks around 0 eV. Similar results have
been reported in Ref. [15], which also details the significance of the
shape changes. Notably, the broad distribution of DEactiv manifests
the diversity of atomic configurations in the amorphous structure,
reflecting heterogeneous reconfigurations due to the structural
excitations in the disorderedMGs. In stark contrast, the distribution
of the relaxation energy DErelax, which reflects the response of the
system in accommodating the atomic reconfiguration upon exci-
tation, displays exponential decays that are insensitive to changes
in cooling rate over the four orders of magnitude investigated.
Consequently, the average value of DErelax is nearly independent of
the thermal history of MGs, increasing only slightly with a decrease
in cooling rates (Fig. 2C). The weak correlation or decoupling be-
tween DEactiv and DErelax indicates that the activated atoms in the
saddle states largely lose the memory of their initial configurations.
This same decoupling feature was also observed in earlier studies
by Kallel et al. in amorphous Si [13], Swayamjyoti et al. in a binary
model Lennard Jones glass [14], and Fan et al. in Cu56Zr44 MGs [15].
Accordingly, an important question to understand is what charac-
terizes the structure of the system at the saddle state, and how it
leads to the decoupling of the activation and relaxation stages of
local structural excitations.

Short-Range Order (SRO) of the Initial, Saddle and Final
States. To obtain a direct physical picture of local structural exci-
tations occurring at the atomic scale, we conduct here a detailed
structural analysis of the central triggered atoms in the ART pro-
cess, focusing in particular on the SRO features. This focus on the
central triggered atoms is motivated by the fact that thermally-
activated structural excitations in MGs are highly localized,
involving only a small number of atoms [14,24]. The structural
metric is based on the degree of a local order [19], which is clas-
sified into three groups of SRO: icosahedral, icosahedral-like, and
more distorted liquid-like atomic configurations. Specifically, the
icosahedral atomic configurations are the characteristic SRO fea-
tures for eachMG, such as Cu-centered full icosahedrawith Voronoi
index <0, 0, 12, 0> for Cu64Zr36 MG, Ni-centered <0, 1, 10, 2> and P-
centered <0, 2, 8, 0> for Ni80P20 MG as well as Cu-centered and Al-



Fig. 2. Activation and relaxation energy spectra. (A)e(B) The activation and relaxation energy spectra, respectively, of Cu64Zr36 MGs with cooling rates from 109 K/s to 1013 K/s. (C)
The average value of the activation energy and relaxation energy vs. cooling rates from 109 K/s to 1013 K/s.
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centered <0, 0, 12, 0> for Zr46Cu46Al8 MG. Supplementary Table 1
lists the Voronoi indices of the three groups used to capture the
key structural features of these glass systems [19,21,25,26].

Fig. 3 displays the fractions of the three SRO groups at the (A)
initial, (B) saddle, and (C) final states, upon local structural excita-
tion, for Cu64Zr36 MG samples across the five different cooling rates.
At the initial state, shown in Fig. 3A, the cooling rates significantly
influence the SRO features. The fast-quenched MG retains a large
number of liquid-like atoms, whereas the slowly-cooled samples
have more solid-like icosahedral atoms. This trend is expected and
consistent with previous simulation results [25]. At the final states,
shown in Fig. 3C, the SRO structures becomemore disordered for all
the samples, showing a much weaker dependence on thermal
history when compared with the initial states.

In contrast, at the saddle state in Fig. 3B, the statistics of the SRO
of the central triggered atoms become virtually independent of
cooling history. The samples with different cooling histories exhibit
similar SRO statistics at the saddle state with 3.8 ± 0.1% of icosa-
hedral atoms, 51.6 ± 0.6% of icosahedral-like atoms, and 44.6 ± 0.6%
liquid-like atoms. This observation is important, considering the
striking difference in the initial configurations (Fig. 3A). The most
logical hypothesis to produce such invariant SRO statistics at saddle
states is that the local regions resemble a special form of melt. In
other words, when the system reaches the saddle states, the local
Fig. 3. SRO analysis of activation and relaxation stages. (AeC) The distribution of three grou
liquid-like types, around the central triggered atoms within Cu64Zr36 MG configurations que
thermal excitation.

3

region configurationally melts for a short time, wiping out the
processing history in that local region. Upon relaxation, the melt
droplet solidifies in the glass matrix, and the memory of thermal
history is partially recovered due to the constraints of the neigh-
boring atoms. This idea of a melt-like transition to reach saddle
states would naturally explainwhy the system loses memory of the
initial configurations. It should be cautioned that the system in the
excited state is in a transient state far from equilibrium, so the usual
sense of the phase, such as the liquid phase, does not apply. For
instance, the equipartition between the potential energy and the
kinetic energy is not expected. Most likely the system would have
little kinetic energy and most of the energy resides in the potential
energy. Therefore, we call this melt-like region as a “configura-
tionally molten” state. Further characteristics of this configura-
tionally molten state are described below.

Nature of the Configurationally Molten State. As discussed in
the previous section, we hypothesize that the activated local re-
gions at the saddle states are in a configurationally molten state.
We further characterize this state by finding the equivalent tran-
sient state of a sample with the same SRO statistics as that of
activated local regions (Fig. 3). This is achieved by instantly
reducing the temperature of the equilibrium liquid phase to an
extremely low temperature (e.g., Trelax ¼ 10 K), followed by struc-
tural relaxation at Trelax to reach the inherent structure. This
ps of characteristic coordination polyhedra, including icosahedral, icosahedral-like, and
nched from various cooling rates, at the initial, saddle and final state, respectively, upon
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method is designed to minimize structural relaxation by elimi-
nating thermal vibration. Fig. 4A illustrates an example for the
Cu64Zr36 model MG, illustrating how the potential energy of a melt
(initially at Tini ¼ 2000 K) relaxes with time at Trelax ¼ 10 K,
approaching its inherent structure. At the same time, the SRO of the
transient state during relaxation is compared to that of the saddle
state probed by elementary hopping (or b process). The corre-
sponding total deviation of the SRO, Dfsum, was monitored by
computing the sum of the changes in the fractions of icosahedral,
icosahedral-like and liquid-like coordination polyhedra (as used in
Fig. 3AeC and defined in Supplementary Table 1):

Dfsum ¼ ��fico � fico;saddle
��þ ��fico�like � fico�like;saddle

��þ ���fliquid�like

� fliquid�like;saddle

���
(1)

where fico, saddle, fico-like, saddle and fliquid-like, saddle are the fraction of
three groups of characteristic SRO at the saddle state (e.g., shown in
Fig. 3B) of MGs upon thermal excitation; fico, fico-like and fliquid-like are
the corresponding SRO fractions during structural relaxation at
Trelax, as described above.

Interestingly, Dfsum reaches a minimum (of almost zero) after 2
ps in Fig. 4A, which coincides with the crossover of potential energy
change during relaxation, as denoted in this figure. We thereby
identify the system at this instance as the “configurationallymolten
state”, where the corresponding fico, fico-like, and fliquid-like of Cu64Zr36
are also plotted in Fig. 3B, confirming that the configurationally
molten state has almost the same SRO statistics as the central
triggered atoms at the saddle state in the glassy samples. The
structural resemblance is reproducible for the configurationally
molten state obtained from different initial and relaxation config-
urations (i.e. Tini and Trelax, see Supplementary Fig. 2).

In addition to Cu64Zr36, another two MG systems, specifically
Zr46Cu46Al8 and Ni80P20, have also been analyzed to demonstrate
the universal nature of the configurationally molten state.
Zr46Cu46Al8 is a ternary MG with characteristic icosahedral SRO of
Cu- and Al-centered <0, 0, 12, 0>, while the metal-metalloid
Ni80P20 MG contains Ni-centered <0, 1, 10, 0> and P-centered <0,
2, 8, 0> clusters characterizing the icosahedral SRO. As shown in
Fig. 4B, similar to Cu64Zr36 MGs (with five different cooling rates),
the three SRO polyhedral fractions (icosahedral, icosahedral-like,
and liquid-like) of Zr46Cu46Al8 MG and Ni80P20 MG also exhibit a
Fig. 4. SRO of the configurationally molten state (A) Preparation of the configurationally
Trelax ¼ 10 K, followed by structural relaxation at Trelax. The corresponding potential energ
(icosahedral, icosahedral-like, and liquid-like) for Cu64Zr36, Zr46Cu46Al8 and Ni80P20 MG ar
rationally molten state (CMS).
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good consistency of SRO features between the saddle state in glassy
samples and the corresponding configurationally molten state.

Furthermore, we look into the potential energy of the configu-
rationally molten state. For Cu64Zr36 MGs, its configurationally
molten state (obtained with Tini ¼ 2000 K and Trelax ¼ 10 K) has a
potential energy higher than that of the slowest-cooled (109 K/
s) MG by DEp ¼ 76 meV. According to the equipartition theorem in
the liquid state [27], this could translate to DEp ¼ ð3 =2ÞkDT , with
DT¼ 588 K. Considering Tg ¼ 760 K for this slowest-cooled Cu64Zr36
MG, the effective temperature of the configurationally molten state
is Teff ¼ Tg þ DT ¼ 1348 K, after 2 ps relaxation. This temperature is
close to its liquidus temperature (Tl ~1250 K [28]) and just below
the viscosity crossover temperature (TA ~ 1600 K for Cu56Zr44 [29]).
Therefore, the configurationally molten state could correspond to a
liquid with low viscosity, and melts in about 1e2 ps (Fig. 4A),
effectively eliminating the thermal history of the inherent glass
structure. This finding provides strong evidence for the similarity
between the thermally-excited saddle state for glassy samples and
the configurationally molten state with an effective temperature
close to its liquidus temperature Tl. To the best of our knowledge,
this is the first time the nature of the MG at the saddle states has
been revealed to be a molten liquid. The localized configurationally
molten state at the saddle states sheds light on the physics of
elementary processes in the PEL.

Evolution of Atomic Structure by Thermal Excitation. The
evolution of the atomic structure around the central triggered
atoms in real space is characterized to assess the spatial extent of
the regions affected by the excitation. Fig. 5AeB displays the
fractions of icosahedral atoms in the first few shells around the
central triggered atoms at the saddle and final states, respec-
tively for Cu64Zr36 MGs. At the saddle states, as before (Fig. 3B),
the fraction of the icosahedral clusters of the central atoms
collapses to a value of ~ 4%. Moving outward from the central
triggered atoms, the icosahedral fraction increases rapidly, and
in the third nearest shells they completely revert to the atomic
configurations corresponding to the initial states. Such obser-
vations are consistent with the spatial variation of elevated
atomic potential energy as shown in Supplementary Fig. 1, as
well as the estimate in ref. [30]. An important finding is that the
size of the excited zone is about two neighboring shells,
regardless of the initial states. This observation confirms the
local nature of the structural excitation in the MG [14,22].
Moreover, the atomic rearrangements which trigger such
molten state by instantly reducing the temperature of melts from Tini ¼ 2000 K to
y and Dfsum, are shown with relaxation time. (B) The three SRO polyhedral fractions
e plotted between the saddle state in glassy samples and the corresponding configu-



Fig. 5. Evolution of SRO during activation and relaxation (AeB) For the Cu64Zr36 MGs, the fraction of icosahedral clusters vs. the number of shells departed away from the central
triggered atoms at the saddle and final state, respectively, for all cooling rates. (C) The fitted vs. the measured icosahedral fraction of the central triggered atoms at the final states for
the Cu64Zr36 MGs (with five different cooling rates), Zr46Cu46Al8 and Ni80P20 MGs. (D) The difference in the activation/relaxation energy per atom vs. the difference of the fraction of
the icosahedral atom between the initial/final and saddle state dCficoD, respectively for Cu64Zr36 MGs with five different cooling rates.
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elementary excitations are independent of the cooling history,
which is consistent with the previous work of Fan et al. [15].

In the relaxation stage, the neighboring atoms play some role in
accommodating the triggered atoms. From Fig. 5 at the final states,
the central triggered atoms and their closest neighbors relax to-
wards, but do not go back to, the corresponding initial states, which
gives rise to the weak dependence of DErelax on cooling rate
(Fig. 2C). In fact, the configurations of the central triggered atoms at
the final states resemble, to a higher degree, their SRO at the saddle
state. We propose a simple equation to fit the icosahedral fractions
of the central triggered atoms at the final states, fico;final, with
respect to the values at initial fico;initial and saddle states fico;saddle
shown in Fig. 5C. A linear relationship
fico;final ¼ 0:75� fico;saddle þ 0:36� fico;initial emerges between the
fitted and measured values for the Cu64Zr36 MGs (with five
different cooling rates), Zr46Cu46Al8 and Ni80P20 MGs, in which the
contribution of the saddle states in determining the SRO at the final
states is about twice that at the initial states, demonstrating
quantitatively the significance of the saddle states.

Moreover, the relationships between the potential energy
change and the change in the icosahedral fraction of the central
triggered atoms for both the activation and relaxation stages are
shown in Fig. 5D for Cu64Zr36 MGs with five different cooling rates.
Using the saddle state as a reference configuration, both the acti-
vation and relaxation energies linearly scalewith the changes in the
5

fraction of icosahedral clusters dCficoD for all the five cooling sam-
ples, where:

dCficoD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
fico;final

�2��
fico;saddle

�2r
or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
fico;initial

�2��
fico;saddle

�2r

(2)

This simple relationship implies that the descent paths from the
saddle states towards the surrounding local minima can be inter-
preted as a sequence of independent random steps, regardless of
what the initial states or final states are, adding evidence for the
configurationally molten nature of the saddle points.

Atomic Dynamics of the Saddle States upon Thermal Excita-
tion. The atomic dynamics associated with crossing the saddle
state in structural excitations in MGs are also non-trivial, with the
cage-breaking atomic jump found to be strongly related with the b
relaxation [31]. Here we compare the atomic dynamics across the
saddle state of the b relaxation with the elementary excitations in
the liquid state. Fig. 6 exhibits the average number of lost/gained
nearest neighbors around central triggered atoms into the final
states within Cu64Zr36 MG configurations quenched from five
cooling rates as well as the Ni80P20 and Zr46Cu46Al8 MGs. Inter-
estingly, the average number of lost/gained nearest neighbors
around the central triggered atoms during relaxation of the saddle
state (transition from the saddle to final states) is very close to unity



Fig. 6. Atomic dynamics features upon thermal excitation. Average number of losing/
gaining nearest neighbors around the central triggered atoms of Cu64Zr36 MGs (IeV
corresponding to the quenching rates of 109 K/s e 1013 K/s), Ni80P20 and Zr46Cu46Al8
MGs, from initial or saddle state to final state, upon thermal excitation.
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and almost independent of the MG systems and cooling history. In
contrast, the transition from the initial to final states yields more
than two lost/gained nearest neighbors with noticeable depen-
dence on MG system and cooling history. Given the previous study
[29], the relaxation of the saddle state in MGs, which involves one
nearest neighbor atom on average, can correspond to the local
configurational excitations in the atomic connectivity network of
metallic liquids at high temperatures. More specifically, the local
configurational excitations were defined as having lost/gained one
nearest neighbor around an atom, acting as the elementary steps to
change the atomic connectivity network. These steps directly
control the macroscopic viscosity, demonstrated to be the
elementary excitations in metallic liquids above the viscosity
crossover temperature in liquids, TA, whereas below TA increasing
number of atoms are involved in the local excitation process [29].
Therefore, the atomic dynamics in Fig. 6 clearly demonstrate the
similarity between the relaxation of the saddle states and local
configurational excitation of melts, compared to the excitation from
the glassy initial states; this adds additional support to the idea that
the local state at the saddle point is very similar to that of a melt.
3. Discussions and conclusions

We have employed atomistic simulations to probe the saddle
states of the elementary b process among different MG models
(Cu64Zr36, Ni80P20 and Zr46Cu46Al8 MGs) and different cooling his-
tory (1013 K/s e 109 K/s for Cu64Zr36 MGs), and observed the uni-
versal nature of the saddle points among all the MGs studied. More
specifically, by probing the reconfiguration of the short-range
clusters at key states on the potential energy landscape (PEL), a
melt-like SRO feature is found for the central triggered atoms at the
saddle states, which is independent of MG composition and ther-
mal history. The universal melt-like nature at the saddle points is
further supported by the atomic structural evolution and atomic
dynamics crossing the saddle points.

From the perspective of the PEL, the local atomic rearrange-
ments appear as saddle-point activation in the evolving system. For
instance, in the glass state, it is pictured that through a sequence of
the b processes (i.e., hopping across “sub-basins”), the system can
6

move into a deeper valley in PEL (see Supplementary Fig. 3) or
climb to higher-energy inherent states and eventually escape to an
adjacentmetabasin, leading to the emergence of the a process [6,7].
While the detailed physical nature of the pathway involved de-
pends on the specific phenomenon (e.g., on thermal excitation vs.
mechanical deformation), an improved framework of the topolog-
ically complex PEL surface is needed to elucidate multi-level energy
basins and associated nesting of saddle points. While several
studies have been performed to unveil the hierarchy and roughness
of the sub-basins of glasses [18,24,32], our work focuses on the
underlying nature of the saddle states, identifying a universal
configurational state on the transition pathway that dictates the
hopping between the “sub-basins” in the PEL. Specifically, for the
elementary b processes, the activation stage upon the thermal ex-
citations pushes the local regions into a short-lived molten state,
i.e., to a special form of the melt, referred to as the configurationally
molten state, with the effective temperature hundreds of degrees
above Tg (close to liquidus temperature Tl and viscosity crossover
temperature TA). For MGs with different cooling history, the tran-
sition to the saddle states brings them always to the same effective
temperature, resulting in similar SRO in spite of differing prior
thermal history; this consequently removes any configurational
memory of prior thermal history. It is noteworthy that this memory
loss at saddle states of the isolated b processes is limited to a very
small region of melting, unlike thememory loss associated with the
a process (or collective behavior of b processes) which is more
extended in space. In the PEL theory, however, if even a small
portion of the system is in a different state, the entire system is
defined to be in a different state. In the simple PEL picture in which
only the inherent states are considered, the evolution of the system
from one basin to the other may appear predetermined. However,
in reality, the kinetic momenta of atoms, which are random in di-
rection andmagnitude, impose a large uncertainty in the process of
choosing the direction away from the saddle point, making the
process strongly stochastic. In fact, the nature of the saddle point as
a generator of chaos even in simple systems has been known for
some time [33,34]. In a complex many-body system such as glass,
this chaotic nature could be even more pronounced and multi-
dimensional. In our view, characterization of the system at the
saddle point as “molten” aptly emphasizes the chaotic and unpre-
dictable nature of the system in this condition.

The nature of the saddle points provides insights into the
decoupling of the activation and relaxation stages of the b process
observed in several disordered systems [13e15]. It is also consistent
with the results of an early measurement of internal friction, which
suggested the universality of the saddle point energy [35].
Furthermore, it could help to explain why the shear-
transformation-zone (STZ) is an emergent quantity, which does
not pre-exist before action and disappears afterward in the STZ
theory [36e40], and how the final effective temperature of STZ is
independent of the real temperature below the glass-transition
temperature [41]. Our discovery enabled by the robust sampling
and dedicated analysis of the MG transient states provides an
improved understanding of the PEL, and the universal feature of the
saddle points should advance efforts to further explore the glass
structural evolution in the PEL and to guide the search of extended
glass states for practical applications.

4. Materials and methods

MG Sample Preparation.Molecular dynamics (MD) simulations
were employed to prepare and analyze three model metallic
glasses: Cu64Zr36, Zr46Cu46Al8 and Ni80P20. These simulations made
use of optimized embedded-atom-method (EAM) potentials and
the open-source LAMMPS software [42]. Samples containing
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10,000 atoms were equilibrated in the high-temperature liquid
state at 2500 K for 10 ns and then quenched to 0 K at fixed volume
using an NVTensemble (e.g., the sample sizes of Cu64Zr36 MGs were
fixed at 54.27 Å � 54.27 Å � 54.27 Å). Five different cooling rates,
spanning 1013 K/s to 109 K/s, were applied for Cu64Zr36 MGs, while
the other two MGs, Zr46Cu46Al8, and Ni80P20 MGs, were quenched
with the cooling rate of 1010 K/s. Periodic boundary conditions
(PBC) were applied in all three directions during MD simulations
[43]. Voronoi tessellation analysis was employed to investigate the
coordination polyhedra based on nearest neighbor atoms deter-
mined for the inherent structure of the MGs [19].

Activation-Relaxation Technique (ART). Upon structural exci-
tation in ART, an initial perturbation is introduced by randomly
displacing a small group of atoms with local connectivity to a
central triggered atom. The magnitude of initial random pertur-
bation is small with a fixed step size of ~ 0.1 Å. Following the
random displacement step, 5 relaxation steps are imposed
perpendicularly to the direction of motion, allowing the total en-
ergy and forces of the system under control. Several iterations of
such steps are applied until a negative eigenvalue of the Hessian
appears to push the initial equilibrium configuration out of its ba-
sin. Using the local Hessian structure of the PEL, the searching al-
gorithm in ART allows the system to climb out of its initial energy
sub-basin, converge to a connected saddle state, and eventually
relax to a nearby sub-basin [13e15,22,23,44]. In our simulations, all
the ART searches were from the same initial configuration (i.e., the
same inherent structure) for each sample. All the 10,000 atoms
were probed as a central triggered atom for at least 20 successful
ART searches with different perturbation directions. Consequently,
more than 2 � 105 ART searches were collected in total. After
removing the redundant searches, ~ 5 � 104 structural rearrange-
ments were identified to produce the converged activation and
relaxation energy spectra for a given MG sample.
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