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The absence of translational symmetry in glassy materials poses a significant challenge in establishing effective
structure-property relationships in real space. Consequently, the potential energy landscape (PEL) in phase space
is widely utilized to comprehend the complex phenomena in glasses. The classical PEL features a two-scale
profile comprising mega-basins and sub-basins, corresponding to a-relaxations (e.g. glass transition) and p-re-
laxations (e.g. local cage-breaking atomic rearrangements), respectively. Recent studies, however, reveal that
sub-basins are not smooth and contain finer structures, the origins of which remain elusive. Here we probe the
smoothness of sub-basin bottoms in glasses’ PEL by introducing small intra-cage cyclic loading and then
measuring the net changes in atomic-level stresses. Compared to glasses with pair interaction, glasses with many-
body interaction exhibit orders-of-magnitude larger and loading-dependent stress changes even before the first
cage-breaking event takes place, which reflect much more feature-rich sub-basins. We further demonstrate this
stark contrast stems from the spatial distribution of individual atom’s constraining force field. Specifically, at
vanishing perturbations, many-body interactions disrupt the positive-definite synchrony in energy variations of
the perturbed atom and the whole system, causing inherently less confined atomic responses and infinitely
rugged sub-basins. The implications of these findings for the selective addition or removal of fine structures in
the PEL and the subsequent tuning of glassy materials’ responses to external stimuli are also explored.

applied stress), transitions between mega-basins — also known as a re-
laxations — can be activated, which would cause system-level property

1. Introduction

Understanding physical and mechanical behaviors of amorphous
materials holds considerable significance, both from scientific and
practical perspectives, for a diverse array of systems encompassing
broad scales from metallic glasses [1-4], to polymers [5-7], colloids [8,
9], foams [10], and granular materials [11]. Due to their inherently
disordered atomic packing, it is immensely challenging to build unam-
biguous structure-property relationship. Among various efforts and
models developed, the approach of potential energy landscape (PEL)
offers a unique and, in principle, fundamental perspective to probe the
system’s behavior in hyper-dimensional phase space - for the reason
that it can alleviate the empirical assumptions of “structural defects” in
disordered matters (e.g flow units, geometrically unfavorable motifs,
free volumes, etc). The current consensus on PEL in glassy materials is
that it exhibits a two-scale mega-basin/sub-basin landscape [12-14].
Upon sufficient external energy input (e.g. by high temperature and/or
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changes such as glass transition; while under relatively weak thermo-
mechanical stimuli, only f relaxations — namely the transitions between
neighboring sub-basins via local cage-breaking atomic rearrangements
[15-17] — are permissible, causing spatially isolated elementary plas-
ticity events and the signatures such as excess wings or peaks in the
spectra of dynamic mechanical analysis (DMA) measurements [17-19].
Note that the activation barriers for § relaxations are broadly distributed
and could be very low in many cases [3,20].

Within such a classical PEL picture, if external stimuli are vanish-
ingly small — namely much lower than the separating barriers between
neighboring sub-basins — then f relaxations would also be prohibited,
effectively freezing the system in a sub-basin and suppressing any
dissipating processes. However, experiments manifest the so-called
nearly constant loss (NCL) phenomenon even at low temperature limit
[15,21] or in the early linear elastic regime far below the mechanical
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instability regime [22,23], suggesting an intricate picture inside an in-
dividual sub-basin in the PEL. Indeed, a growing body of recent theo-
retical and modeling studies [10,24-27] also support the complexity and
richness of the PEL in amorphous solids, by revealing that the bottoms of
sub-basins are hierarchical and far from smooth. In particular, the
“ripples” in the bottom of PEL discovered by Zella et al. [28] are found
responsible to the NCL phenomenon. However, the origin of the “rip-
ples” or other fine structures in the bottom of sub-basins remain elusive,
which we seek to clarify in the present study.

Here, using atomistic simulation methods, we probe the smoothness
of sub-basin bottoms in various 3D glass models by imposing small intra-
cage cyclic mechanical perturbations and then measuring the net
changes in atomic-level stress [29]. We find that in glassy systems with
pairwise interaction (e.g. Lennard Jones-type models, modified Johnson
model, etc) the changes in atomic-level stress exhibit sharp jumps only at
critical strains when cage-breaking events occur, while under lower
strains the stress changes remain negligible and invariant. This indicates
a relatively smooth and featureless bottom in the sub-basins of PEL.
However, in systems with many body-interaction (e.g metallic glass
model CuspZrsg using embedded-atom method, EAM [30]) the
atomic-level stress changes are much larger and exhibit a continuous
variation even before the first cage-breaking events, implying a quali-
tatively different and much more rugged intra-cage PEL. We discover
that such a remarkable distinction is strongly correlated to the topology
of individual atom’s confinement zone, namely the spatial distribution
features of its constraining force field under perturbation. Specifically,
the pairwise interaction ensures a linear covariation between a per-
turbed individual atom’s energy change and the system’s global energy
change, which leads to a smoothly varying and well-confined restoring
force under perturbation. In stark contrast, many-body interaction
would break such an energetic linear covariation and make the restoring
force no longer confined for a significant portion (~30 %) of atoms in
the system, leading to an inherently more rugged bottom in the PEL.
These findings reveal a profound connection between a system’s
bonding nature and its underlying PEL, which sheds light on new ways
to design and control amorphous materials.

two-scale energy landscape

/ mega-basin

: intra-cage
: cyclic loading
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2. Results
2.1. Intra-cage cyclic loading & net property changes

Fig. 1 delineates the protocol of our modeling analysis. Starting from
a mechanically stable sub-basin state (achieved, for example, through
energy minimization), we first apply an athermal affine loading of shear
strain, denoted as y, to the sample, followed by a relaxation treatment.
Subsequently, an affine unloading and another relaxation are employed,
driving the sample to its final state. We examine the changes in prop-
erties (denoted as §) between this final state and the initial state as a
function of the implemented initial shear strain, y. The idea is that, if the
bottom of the initial basin is smooth, then the loading/unloading
operation should, in principle, be reversible, and the change of &(y)
should be negligible, provided that y is smaller than the sub-basin’s
width. To ensure our scope is restrained within the interior of the sub-
basin - that is, before any cage-breaking events or f relaxations occur
— we also monitor the topological changes in atoms’ local packing en-
vironments. We do this by defining a step function ®(y), which examines
the Voronoi indices [31] for those most displaced atoms (within the top
0.01 % window) after the loading/unloading operation. If any changes
are detected, we consider a cage-breaking event to have occurred,
setting ©(y) to 1. Otherwise, the sample is deemed to be well within the
sub-basin, and ©(y) is set to be 0. Our analysis below on 6(y) will hence
be concentrated in the ©(y) = 0 regime.

Fig. 2a below shows the typical results for a Kob-Andersen (K-A)
glass model [32] consisting of 50,000 atoms, which is a very well-known
pairwise interacting system. To concentrate on the mechanical proper-
ties, here §(y) is defined as follows. First, we calculate the root mean
square (RMS), RMS(Ac¢'[N]), of the individual atomic-level stress
changes Ac' = o}, — o},;.. Note that here we only focus on the shear stress

component along the loading direction. As seen in Fig. 2a, the occur-
rences of first cage-breaking events in different samples do not neces-
sarily synchronize, due to the inherent randomness of atomic packing in
glasses. That said, the variations of 8(y) are qualitatively the same and
exhibit strong correlation with @(y). Notably, a significant jump of &(y)
occurs precisely at the incipient cage-breaking strain, while at lower
strain 8(y) remains nearly flat. This jump is expected, as substantial
atomic rearrangements take place during cage breaking, leading to

IMD
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Fig. 1. Schematics of a two-scale energy landscape consisting of mega-basin and sub-basin. The present study focuses on the net changes in property under intra-cage

cyclic loading to a sub-basin state.
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Fig. 2. The variations of 5(y) in (al-a2) two representative cases for the K-A model, and (b1-b2) two representative cases for the MG model, respectively.

considerable property changes. The nearly invariant behavior of §(y) in
the intra-cage regime suggests a featureless bottom within the sub-basin.

For comparison, in Fig. 2c we present results from two typical
metallic glass (MG) samples, which is a widely adopted many-body
interacting system. Note that to facilitate the quantitative comparisons
between various glass models, RMS(Aai[N]) is further normalized to the
RMS of the sample’s own atomic-level stress at the initial state, defined
as 6= RMS(Aai [N] )/RMS(aﬁni [N]). It can be seen that, although 5(y) still
exhibits an abrupt change at the cage-breaking strain, its intra-cage
behavior differs significantly. Unlike the flat trend observed in the K-A
model, 8(y) in MG samples shows clear dependence on vy, indicating
richer features at the sub-basin bottom.

2.2. Stark distinction between pairwise and many-body glasses

To gain a deeper perspective, in Fig. 3a we examine the histograms of
individual atoms’ stress changes in both the K-A and MG systems up to
the cage-breaking points. Note that to make a meaningful comparison,
the marked strains have been renormalized with respect to each sam-
ple’s cage-breaking strain y.p, and to improve the statistical reliability
each histogram represents the average results of 10 samples.

In the K-A model (Fig. 3 al), the histograms are very narrowly
distributed around zero and collapse with each other, until a sudden
broadening of the distribution occurs at the cage-breaking strain. The

inset plot tracks the variation of the full width at half maximum (FWHM)
of the histograms, which shows an apparent step-like profile. In stark
contrast, the MG model (Fig. 3 a2) exhibits distinct and continuously
varying profiles even before cage breaking. As seen in the inset plot, the
FWHM gradually broadens almost in a linear pattern in the log-log scale,
indicating a scale-free power law between the intra-cage loading
magnitude y and the resultant property changes.

In addition to the K-A model, we have also examined other glasses
with pairwise interaction, including a 50:50 LJ model with different
parameters [33], as well as a modified Johnson model [34,35], which
gives different asymmetry of the pair-interacting potential well from
that of LJ type. To eliminate the potential size effect, here all the samples
across different models have the same geometry and contain the same
number of atoms (more details in Sec. 4). As depicted in Fig. 3b,
although all the glass models exhibit quantitatively consistent behaviors
beyond the cage-breaking strain, within the intra-cage regime, the re-
sults can be evidently divided into two distinct groups. Compared with
the models with pairwise interaction where 8(y) remains small and
almost flat, in the MG model with many-body interaction the variations
of 8(y) are several orders of magnitude larger and, more importantly,
dependent on the y. This reflects a more complex sub-basin in MG that
contains very fine structures/traps in the intra-cage PEL. And the origin
of these subtle features naturally becomes a subsequent question to
discuss below.
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strain . , for (al) the K-A model, and (a2) the MG model. Inset plots represent the corresponding variations of FWHM of the histograms; (b) Quantitative com-
parisons on 8(y) across various glass models. Each data point represents the average result of 10 independent samples, and vertical bars represent the standard errors

based on the results of those 10 independent samples.

2.3. Topologies of constraining force-fields to individual atoms

A condensed matter system’s behavior is ultimately comprised of the
responses of individual atoms to external stimuli. Therefore, to tackle
the problem, we first probe the topologies of the constraining force-field
zones for individual atoms in various glass models (i.e. equivalently the
local dynamical matrix). As illustrated in Fig. 4a, while fixing the spatial
coordinates of all other atoms, we introduce small perturbations dr
along various directions (6,¢) to a selected atom and examine its
resultant energy variation dEgom. If the atom’s energy increases (i.e.
dEgtom > 0) it would mean a normal restoring force and thus an effective
confinement; otherwise, the atom is not confined along the perturbing
direction. And to focus on the intra-cage regime, the magnitude of |dr| is
set to be much smaller than the nearest neighbor distance (Ryy) of the
sample. For the convenience of visualization, we employ the Mollweide
projection [36] (see Sec. 4 for details) to project the 3D information to a
series of 2D maps at controlled |dr| magnitudes. Fig. 4 b1-b2 shows the
angular dependence of dEg,, for a typical selected atom in the K-A
model and in the MG model, respectively. The most striking contrast is
that, while in the K-A model dEg,n, is positive-definite, in the MG model
dEqom can be negative along certain directions. Another noteworthy
observation is that the fraction of the negative area does not shrink as |
dr| decreases, implying that the asymptotic behaviors of dEgm upon
vanishing perturbations are fundamentally different in the two models,
and that in the MG model the confinement zones of individual atoms are
inherently more complex and less bounded.

Such a distinction is also reflected in the profiles of cluster curves
dEqom (dr) along different solid angles shown in Fig. 4 c1-c2. Clearly, in
the K-A model all the curves are monotonically increasing, and the
different ascending rates reflect the diverse confinement strengths along

various directions that are expected in disordered solids. However, the
MG model exhibits a qualitatively different behavior, as manifested by
that a fraction of the curves turn negative first. It is worth emphasizing
that, although the individual atom’s energy variations dEqm could be
negative in MG model, the system’s total energy variations dEs,; under
the same perturbations are always positive-definite, as seen in the inset
plots of Fig. 4c. On the one hand, such a positive definiteness of the total
energy variation is entirely anticipated and required by physics, because
as mentioned earlier all the samples are prepared via energy minimi-
zations, meaning that they are initially located at mechanically stable
states. On the other hand, the correlations between dE;om and dEgy; are
subjected to the detailed interatomic interactions. Specifically, consider
a system that only comprises pairwise interactions:

X 1 .
E:ztam = 5 Z(ﬁflﬁ (rij) ’ E—‘.}'S = ZE:ztom = Z¢aﬂ (rij)

J#i i i<j

€8]

Then, upon a small perturbation to atom i while keeping all other
atoms fixed, there is a rigorous correlation of dE,, = 2dE.,,, because
each “bond” energy in the pairwise-interacting system is equally shared
by two atoms. And this is the case seen in Fig. 4 c1. However, if many-

body interactions are included in the system such as the EAM potential:

(Zpﬁ (rU)> ’ES)'S = ZEfztam
J#i i
Then the linear correlation between dE.,,, and dEy no longer holds,

because the embedded energy in the 2nd term attributed to atom i is not
linearly shared with other atoms. In other words, due to this intrinsic

; 1
E:ztam = 5 Z¢a/i (rif) +Fq (2)

J#

many-body interaction, F, (Z#ipp (h‘j))» it becomes possible that

dEom < 0 while dEy,; > 0. And such a breakdown of the simple linear
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coordination between dE,.,m» and dE;, makes the constraining force
fields of individual atoms fundamentally more complex in the MG
model. In particular, the atoms become less confined and can in prin-
ciple move even under vanishing perturbations. Notably, very recent in-
situ coherent x-ray scattering by Maass’s group [37] shows that MGs,
while macroscopically stable, exhibit strong atomic-scale transport
under essentially arbitrary low stress, corroborating our present results.

2.4. Statistics and spatial distributions of Q2(dEgom < 0) zones in many-
body glasses

In addition to probing the behaviors of a few representative atoms
discussed above, we also conducted more statistical analysis. Specif-
ically, Fig. 5a shows the histograms of the dEy,m < 0 occurrence prob-
ability — namely the corresponding solid angles to the negative energy

dr/Ryy

Fig. 4. (a) Probe of individual atom’s constraining force field by introducing small perturbations in spherical coordinate while fixing all other atoms; Typical features
of the probed force fields for (b1) the K-A model and (b2) the MG model, at the scaled distance of dr/Ryy = 1.0¥1073, 7.4*10°3, and 1.1*1072, respectively; The
profiles of cluster curves of the perturbed atom’s energy variations, dE,om(dr), along different solid angles for (c1) the K-A model and (c2) the MG model. Inset plots
are the total energy variations of the whole system under the same perturbations, dEgy(dr).

variation zone Q(dEaom(0 < ) normalized by 4n — based on the scruti-
nization on the confinement zones of every individual atom in the MG
model (see Sec.4 for details). The results exhibit broad distributions, and
on average upon random perturbations to an individual atom there is
about 30 % chance such an atom will lose the confinement and not re-
turn to its initial position. The broad distributions reflect that the spatial
characteristics of constraining force fields to individual atoms in MGs
are diverse, and a natural question to ask is whether or not there exists
any correspondence between the individual atoms’ local structures and
those characteristics. With further data scrutinization (see Supplemental
Materials), we discover that the atoms embedded in relatively high 5-
fold-symmetry local environments may have lower abnormality of
Q(dEaom(0 < ) compared with other atoms. However, the discovered
dependence is rather weak and more like a propensity instead of a strong
correlation. To extract more useful insights into the structure-property
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relationship near the bottom of the energy landscape, some data-driven
techniques such as interpretable machine learning algorithm [38] may
be warranted.

The effect of sample’s processing history is also probed. We discover
that, compared with a fast quenched sample, a relatively slowly cooled
sample presents a histogram that is slightly shifted toward the left,
indicating an enhanced level of confinement. However, such a shift is
rather weak, implying that the widely populated dEom < O spots and
the lack of confinement to perturbed atoms are intrinsic features in the
many-body MG model. Notably, such a weak cooling rate dependence
inside a sub-basin is in stark contrast to the known strong effect of
cooling rate on the entire energy landscape, such as the density and
distribution of sub-basins [13,39], as well as the aging/rejuvenation
behaviors [20,40]. Therefore, the present results indicate a new gov-
erning physics in the intra-cage regime.

In Fig. 5b we also examine the directional distributions of those
dEqom < 0 areas in the (6, ¢) space for all atoms. A relatively uniform
distribution is observed, and along each specified direction there are on
average 30 % atoms exhibiting the dE4,m < 0 behavior upon perturba-
tion. This is not surprising, because the samples considered in the pre-
sent work are thermally prepared (and then minimized), and hence a
statistical isotropy should be expected. It would be of interest to probe
how external (deviatoric) loadings would impact such an isotropy,
although it is beyond the scope of the present work and will be discussed
in a future study.

3. Discussions and conclusion

To summarize, by examining the behaviors of various energy-
minimized glassy samples under small intra-cage cyclic loadings we
discover that the MG model exhibits a fundamentally distinct perfor-
mance from that in the glass models with pairwise interaction (e.g.
Fig. 3b). In particular, the bottoms of sub-basins in the PEL of MG model
are inherently non-smooth. We further demonstrate that the smoothness
of sub-basin bottoms is closely related to the nature of the interatomic
potential. Specifically, upon single-atom perturbations, for pairwise
interatomic potentials both the perturbed atom’s energy variation and
the overall sample’ energy variation are positive-definite, and there
exists a rigorous linear coordination as dEsy; = 2dEqom. This means that
under infinitesimal stimuli each individual atom is well-confined and

intended to return to its original position. In other words, the very
bottom of PEL is smooth. However, in the presence of embedded many-
body interactions, the linear synchrony between dEqom and dEgy; is not
longer guaranteed. And there is intrinsically ~30 % chance, at least for
the EAM-typed interaction we consider here in the present study, that
the perturbed atom is no longer confined (i.e. dEy,m < 0) while the
overall sample’s energy variation is still positive-definite (i.e. dEs; > 0).
In other words, the sub-basins bottoms are no longer smooth, and some
very fine structures, i.e. the “ripples” [28], would emerge. This explains
why the MG model does not return to the initial state as other pairwise
models do after small intra-cage cyclic loading. It is worth clarifying that
both MG model [39] and models with pairwise-interaction [41,42] are
known to have globally rugged PEL that consists of countless sub-basins
(i.e. inherent structures) with the barrier heights distributed down to
nearly zero, and the distinction of PEL smoothness discussed here in the
present study lies only within the interior of a sub-basin.

Interestingly, recent studies on the jamming transition in glassy
materials also show that existence of marginal phase is not guaranteed
but sensitively dependent on the bonding nature of the constituent
particles. In particular, the Gardner transition discovered in the hard-
sphere glass model, as well as its associated marginal stability and
fractal energy landscape [24], may disappear under continuous pairwise
interactions [43,44]. These studies are in line with the findings in our
present work. Such an agreement is encouraging because it not only
reveals the profound roles of atomic interactions in dictating the phys-
ical behaviors of glassy systems, but also stimulate new experiments to
control the properties of amorphous materials. For example, the
many-body interaction in MGs stems from itinerant electrons [45,46].
Local electronic orbitals are strongly affected by the neighbors through
orbital hybridization (ligand-field effects), and small changes in local
structure can have significant effects on the local electronic states. Such
local interactions are many-body in nature, and provide added degrees
of freedom, not represented by pairwise interactions. It is possible that
such additional degrees of freedom contribute to the increased
complexity at the bottom of the PEL basins. Therefore, by exploiting
various chemical elements to tune such local electronic states — e.g. co-
valent vs. metallic — one may modulate the density and magnitude of the
“ripples”, and, subsequently, the dissipations via the NCL phenomenon.
In addition to MGs, there also exist many other amorphous systems
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where many-body interaction could play an indispensable role, such as
the interaction between charged colloids with long screening lengths
[47,48], colloid-polymer mixture with depletion effect [49], space-tiling
cells from foam and tissues [50], highly deformable particles [51], as
well as granular particles mediated with an interstitial fluid [52]. Hence,
the insights obtained from the present study may also be broadly
applicable to a range of important materials and problems. We would
like to mark that here we mainly considered the effects of bonding na-
tures but did not examine the thermal effect. At finite temperature, the
non-vibrational entropy could impose another layer of complexity to the
fine structures near the bottom of energy landscape [53]. And the
compounding effect of many-body interaction and entropy term would
warrant future investigation.

As a final remark, it is worth noting that the basic functions in the
EAM potential used here for the MG model [30] —namely ¢4, p, and Fq
in Eq. (2) — are actually all smooth and differentiable. Therefore, a
natural question arises is that how come these smooth bases could build
up an inherently non-smooth and infinitely rugged energy landscape.
We would like to remark that such a scenario, although not immediately
intuitive, is indeed possible. For example, consider a well-known
Weierstrass function W(x) = Y ja" cos(b"zx), 0 < a < 1, which is
bounded and consists of only simple and smooth cos(x) function series. It
is known that [54,55] the smoothness of such Weierstrass function is not
guaranteed and depends on the coefficients a and b: under the circum-
stance of ab<1, W(x) is a regular curve with continuous derivative;
while in case of ab>1, the function becomes fractal, namely continuous
everywhere but differentiable nowhere. In a physical system, the
restoring force is essentially the derivative of the underlying PEL.
Therefore, once the PEL becomes fractal the restoring force can no
longer be well defined, and, subsequently, arbitrary small perturbations
would drive the system leaving its initial state. In other words, even
though the elemental functions ¢, Pps and F, are all smooth, there is
reason to speculate that the system’s structural order or disorder could
modulate the coefficients in front of those elements and lead to different
natures of the global PEL. To validate this idea, we examine a B2 crys-
talline structure of the Cu-Zr alloy using the exact same EAM potential.
As seen in Fig. 6, both dEqom and dEyy are clearly positive definite,
indicating effective confinements to individual atoms under infinites-
imal perturbations and hence a smooth bottom of the PEL. In a nutshell,
the non-smoothness of the sub-basins in MGs is an outcome due to the
mutual impacts of structural disorder and many-body interaction.
Admittedly, this further raises a new intriguing question, that is, what is
the critical level of structural disorder that the PEL switches from
smooth to fractal? It is beyond the scope of the present work and war-
rants future investigations.
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Fig. 6. The profiles of cluster curves of the perturbed atom’s energy variations,
dEatom (dr), along different solid angles for the B2 CuZr model. Inset plots are
the total energy variations of the whole system under the same perturba-
tions, dEgy(dr).
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4. Methods and materials
4.1. Model set up

Four different glass models with various types of interatomic po-
tentials are set up and investigated using the Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) software [56,57]. To
eliminate the potential size effect and ensure a meaningful comparative
study, all the simulation samples across various models are set to contain
the same number of atoms (i.e. 50,000 in the present study) and have the
same geometry of simulation box (i.e. the x:y:z ratio). In particular, (i)
for the many-body MG model, we adopt the EAM-type potential [30] at
the composition of CusgZrsy with the simulation box size of 163.4 x
32.68 x 163.4 A3. We generate two sets of samples at different cooling
rates of 1012 K/s and 10! K/s, respectively. Each set includes 10 inde-
pendent samples that are first equilibrated at 2000 K for 10 ns and then
quenched to 0 K; (ii) for the K-A model [32], we adopt a classical 80:20
partition of particles with the simulation box size of 52.15 x 10.43 x
52.15 (LJ unit). We also consider two different cooling rates at 1073 and
1075 (LJ unit), and similarly as in MG model, 10 independent samples
are prepared at each cooling rate by quenching a high-temperature (T =
5.0, LJ unit) equilibrated liquid; (iii) another LJ-type glass model with
50:50 composition [33] is set up with the size of 52.15 x 10.43 x 52.15
(LJ unit), and 10 independent samples are prepared with the cooling
rate of 2 x 1072 (LJ unit); and, (iv) a modified Johnson pairwise glass
model [34,35] is also set up with the size of 143 x 28.6 x 143 A3, and 10
independent samples are prepared via fast quenching at 10'* K/s. Pe-
riodical boundary conditions (PBC) are applied to all the
above-mentioned samples. The atomic-level stress tensor used in Figs. 2

rarh
and 3 above is calculated by ¢ = 7%[ > iafitl [58].

Ury

It is worth noting that, the four different models considered here are
quite generic, and they have been widely employed to represent a
diverse array of glassy materials. In this sense, we therefore believe that
the key findings in our present study are broadly applicable. That said, in
the future it is still beneficial to conduct a full-scope and more
comprehensive study, by including other types of glassy models. For
example, in addition to the isotropic bonding considered here, one
might also want to probe some other special forms of atomic in-
teractions, such as the Stillinger-Weber type [59] anisotropic three-body
bonding model, etc.

4.2. Mollweide projection

In the measurement of energy variations under single-atom pertur-
bations, the small displacement given to the selected atom is controlled
in spherical coordinate notation dr(dr,0,¢), as illustrated in Fig. 7a. With
a fixed dr, the sampling points are uniformly distributed in the (6, ¢)
space, as seen in Fig. 7b. Finally, a mapping to Fig. 7c, namely (6, ¢) —(x,
¥), is conducted via the Mollweide projection algorithm:

2V2

x=——~0cosa
bud

y:\@sin(x

where « is auxiliary angle defined by
20+sin2a =msing

This is how Fig. 4b was constructed in Sec. 2 above.

4.3. Distributions of the dE,,,,, < 0 occurrence probability

As illustrated above in Sec. 4.2, for each individual atom, at a given
selection of dr (to be discussed below), we examine such perturbed

atom’s energy variations dE,

v om along various directions in the (0,¢)
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¢ (b)

& (c)

Fig. 7. Converting data on a spherical shell to Mollweide projection. (a) Data point positions in 3D space; (b) 2D plot with respect to angular data (6, ¢) (c) 2D plot
with Mollweide projection. Pattern with the shape of digits is used only for demonstration.

space. In particular, we measure the corresponding solid angles to the
< 0, defined as:

negative energy variation dE,,,

+8p/2 0+80/2

Q' (dr, dE},,, <0) =Y > H( — dE.,,,(dr,0,4)) sin 6dod¢
¢ 0

o-op/2 0-50/2

where H(-) is the Heaviside function determining whether the energy
change is smaller than 0, and the integral part calculate the solid angle
occupied by the specific direction with 50, 5¢ represent the sampling
distance of 0 and ¢.

The so-obtained Q, further scaled by the total solid angle of 4x, thus
represents the occurrence probability of atom i losing confinement
under perturbations. For each individual atom, there is such an associ-
ated probability, and Fig. 5a in Sec. 2 above represents the histogram of
such probability distributions by scrutinizing all the atoms in the sam-
ple. To conduct the above-mentioned measurements, one has to first
select a value of perturbed distance dr for the analysis. It is worth
emphasizing that, different selection of dr would only cause slight
quantitative changes of the results but will not affect the main conclu-
sion of the present study, namely the nature of infinitely rugged intra-
cage PEL in MG model.

More specifically in our analysis, the selection of dr was determined
the following way: as seen in Fig. 4 c2 in Sec. 2, for each perturbed atom,
its energy variation 6Eq,m exhibits a minimum at certain displacement of
dr. One could then use the statistical nature of such dr(SEqr ) to guide
the selection of a characteristic dr. Fig. 8 below shows the histogram of
the dr(SEmn ) for the MG model concerned in the present study, where a
peak near 0.01 A occurs. And the results in Fig. 5 in the main text were
hence obtained based on such a selection of dr.

Fig. 8 essentially reflects that the constraining force fields to indi-
vidual atoms in MGs are not identical and exhibit a broad distribution.
There is reason to speculate such a constraining force fields heteroge-
neity must be originated from some sort of “structural inhomogeneity”
at atomic level. As mentioned above in Sec. 2.4, with further data
scrutinization (see Supplemental Materials), we discover a weak pro-
pensity between the local 5-fold-symmetry and the abnormality of
Q(dEaom(0 < ). However, a strong structure-property relationship is yet
to be built. It is also worth clarifying that, the structural heterogeneity
mentioned above is within the intra-cage regime, which is different from
the cage-breaking events-associated structural heterogeneity and the so-
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Fig. 8. The histogram of dr distribution where min{SEq.m} occurs.
caused deformation and relaxation behaviors [60,61].

4.4. Effects of bonding nature on the correlations between dE g, and
dE

(a) For pairwise-interacting system: The individual atom’s energy
and the whole system’s energy can be expressed as:

. 1
Egon (13) = 3 > bup(rs),

J#

By (™) =3 o :gzg%ﬂ ()= 3 ()

i J (<))

where ¢, (r;j) represents the bonding energy between i-j pair and could
in principle adopt any formulism. Now consider a small perturbation to
atom i while keeping all other atoms fixed, which causes a pair distance
update rij—>r3 -+ ory; for all bonds connected to atom i, then the atom i’s
energy change can be written as:
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0¢a/} r,,
BEqom = 22 or;;
jA g

g
As for the energy change of the whole system, among the total of N

(N-1)/2 bonds, only those directly connected to atom i would undergo
an energy variation under such a perturbation. And there is:

1a¢a rl| i
5 ar/i ’| ...| =26E

6y+

atom

1

In other words, there is a rigorous linear covariation between the two
variables as 8Eg; = 28EL,,,. Since the glass samples are prepared via
energy minimizations, the total energy change of the whole system
under arbitrary perturbation would have to be positive definite (i.e.
dEgys > 0). And consequently, due to the above-derived rigorous linear
covariation, the perturbed atorn’s energy change would also have to be
always positive definite (i.e. 8E},,,, > 0). In other words, under vanishing
perturbations, the perturbed atom always undergoes well-defined con-
straining force field and intends to move back to the original position.

(b) For many-body interacting system: Consider an embedded-atom
method (EAM) potential, which has been widely used to
describe the many-body interacting metallic glasses, the indi-
vidual atom’s energy and the whole system’s energy are written
as:

a[um 2Z¢tlﬁ rU +F Zpﬁ rU

J# J#

_ E i
’ ES}'S - Eatum
i

Similarly as above, under a perturbation to atom i, its energy change
would be:

0 (1) 14y (ry)

2
i .
SE., , = 22 ory r969+2 ory? ro(&r,,) + ...
v i
op, (1
AP LU
J# y "J

And for the energy change of the whole system there is:

a¢aﬁ(rij)| 19 ¢ap(ry) 2
aEss: 1+ 6ri' +...
Y ; 0rij |ij v o 01'1]2 ,.3( J)
9pg (13
D File D o pﬁ 2l -
i J#L

ii

Due to the intrinsic many-body interaction, F, (Zj 4iPp (rij)) , there is

no guaranteed simple covariation between the term Fa|,-0'
o

apg (Tij
e &

8r;;. In other words, it
y

arij
5 i
becomes possible that dE,om < 0 while dEg > 0. And such a breakdown
of the simple linear coordination between dE,,m and dEg, makes the
constraining force fields of individual atoms fundamentally more com-
plex in the MG model. In particular, the atoms become less confined and

can in principle move even under vanishing perturbations.

SrU and the term Y F, | ,., #,ap” (fij)
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