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ABSTRACT
The microstructure determines properties paradigm applies well to crystalline materials but struggles with 

amorphous systems. While researchers have long sought to link amorphous structures to macroscopic 
properties, traditional analyses focus on geometric packing, which our study reveals to be insufficient. 
We demonstrate this using two Pd-based metallic glasses, Pd 40 Cu 40 P 20 and Pd 40 Ni 40 P 20 , which exhibit 
nearly identical geometries but different secondary relaxations. Electronic structure analysis uncovers 
the key distinction: Pd 40 Cu 40 P 20 has weaker Cu–P bonds and a less developed covalent network, 
enabling string-like atomic motions that drive pronounced relaxation, whereas Pd 40 Ni 40 P 20 ’s stronger 
Ni–P interactions create a more constrained network. These findings highlight the critical role of 
electronic interactions and bonding fluctuations—beyond geometry—in governing glass dynamics. By 
integrating experiments and deep-learning simulations, we bridge the gap between local bonding 
heterogeneity and macroscopic behavior, offering new design principles for amorphous materials that 
prioritize electronic structure over purely geometric order. This advances glass physics by emphasizing 
the need to incorporate chemical interactions into structural analyses. 
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lap of atomic positions (SOAP) and inherent- 
structure minimal displacements [31 –33 ]. While 
significant efforts have been made to link these 
features to atomic motions and global relaxation 

dynamics, their success varies [13 ]. A frequently 
neglected factor is the fluctuation of chemical in- 
teractions, or bonding heterogeneity. This may 
be less critical in simple models based on, for ex- 
ample, hard-sphere systems, but becomes crucial 
in real multi-element materials such as metallic 
glasses (MGs) [20 ,34 –38 ]. 

Metallic glasses that incorporate metalloid el- 
ements such as phosphorus (P), sulfur (S), oxy- 
gen (O) and silicon (Si) cannot simply be mod- 
eled as hard-sphere systems due to their complex 
chemical interactions, and such systems often have 
intriguing properties [39 –42 ]. A notable example 
is Pd 40 Ni 40 P 20 , which possesses the highest GFA 

among all known ternary metallic glasses [43 ]. 
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NTRODUCTION 

lasses are an significant focus of contemporary
asic research and technological development [1 –
8 ]. Although the composition of a glass obvi-
usly dictates its mechanical and other functional
haracteristics, even minor variations may lead to
ubstantial differences in properties such as glass-
orming ability (GFA), mechanical strength and
agnetic behavior [19 –24 ]. The composition af-

ects both atomic and electronic structure [13 ,25 ],
nd fully determining the connection between
omposition, structure and dynamics remains a
ormidable task. 

Currently, structural analysis of glassy materi-
ls focuses mainly on short- and medium-range
eometries, including free volume, common-
eighbor analysis, local five-fold symmetry and
cosahedral orders [26 –30 ], along with advanced

ethods such as cluster alignments, smooth over- 
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ubstituting Ni with Cu to create Pd 40 Cu 40 P 20 
ramatically reduces the GFA and simultaneously
esults in another extreme: the most pronounced
econdary β-relaxation peaks observed to date in
etallic glasses [20 ]. 
Why do seemingly minor compositional

hanges—such as substituting chemically and
tructurally similar elements—in some cases lead
o pronounced differences in GFA and dynamics,
.g., in the β-relaxation behavior? Despite similar
tomic sizes and comparable chemical affinities,
uch substitutions can lead to unexpected and
ometimes drastic changes in dynamics and stabil-
ty. This paradox underscores the complexity of
etallic glasses, where a delicate balance between
etallic, covalent and even ionic interactions
ften plays a critical role in governing structural
nd dynamic properties [13 ,44 –47 ]. 

Density-functional-theory (DFT)-based sim-
lations by Guan et al. [48 ] attribute the ex-
eptional GFA of the Pd 40 Ni 40 P 20 glass to its
ntriguing short-range order and localized elec-
ronic distributions. However, the limited model
ize (200 atoms) and relatively short simulation
ime of DFT simulations make it difficult to prop-
rly capture relaxation processes such as the β
elaxation, a point of focus below. Although classi-
al force fields offer a route to simulate larger sys-
ems over longer time scales [33 ,36 ,49 –55 ], the ac-
uracy of these simulations may be compromised
y such simplified potentials, and they often fail to
eplicate the experimental dynamics. 

To date, no simulation frameworks have suc-
essfully reproduced the strikingly different re-
axation dynamics observed for Pd 40 Ni 40 P 20 and
d 40 Cu 40 P 20 . We address this challenge below by
tilizing a set of realistic PdNi(Cu)P deep poten-
ials (DPs) under the DeepMD framework, trained
n extensive DFT calculations [18 ,56 ]. This ap-
roach allows the scalability of traditional force
ields to be merged with the precision of DFT [57 –
1 ], enabling the capture of subtle chemical differ-
nces that dictate the unique relaxation dynamics
compare Figs S1–S4). 

ESULTS AND DISCUSSION 

e begin by demonstrating that our PdNi(Cu)P
Ps capture key relaxation characteristics of ex-
eriments. Panels a and b of Fig. 1 show high-
ngle annular dark-field scanning transmission
lectron microscopy (HAADF-STEM) images of
d 40 Cu 40 P 20 and Pd 40 Ni 40 P 20 glasses at room tem-
erature. The Pd 40 Cu 40 P 20 glass features a visibly
ore heterogeneous microstructure at long range

62 –65 ]. Figure 1 c presents calorimetric data for
Page 2 of 10
the two glasses, showing that Pd 40 Cu 40 P 20 ex- 
hibits a lower glass-transition temperature than 

Pd 40 Ni 40 P 20 . Further details of the experimental 
results can be found in Figs S5–S8. 

Figure 1 d shows the heat-flow evolution of 
the two model glasses during cooling simula- 
tions. These data are consistent with the experi- 
mental finding that the Pd 40 Cu 40 P 20 glass transi- 
tion takes place at a lower temperature (see also 
Fig. S8). Panels e, g and f, h of Fig. 1 respec-
tively present relaxation spectra of the two glasses 
from experiments and simulations; additional re- 
laxation spectra with different oscillation periods 
can be found in Figs S6 and S15. From experi- 
ments, the loss spectrum of Pd 40 Cu 40 P 20 exhibits 
two distinct peaks: a high-temperature peak cor- 
responding to the primary ( α) relaxation and a 
low-temperature peak corresponding to the sec- 
ondary ( β) relaxation. The intensity of the β re- 
laxation in Pd 40 Cu 40 P 20 is almost 40 % of that of 
the α relaxation, making it one of the strongest 
β relaxations observed in metallic glasses. In con- 
trast, Pd 40 Ni 40 P 20 exhibits only an excess wing in 

the low-temperature range [20 ]. Panels f and h 

of Fig. 1 show the computed loss spectra of the 
two glasses from our DP DMS simulations. These 
spectra show remarkable consistency with the ex- 
perimental results (Fig. 1 e and g). To the best of
our knowledge, this represents the first example in 

which experimental relaxation data of glasses are 
reproduced by atomic-level simulations. 

Which structural rearrangements govern the 
β relaxation? Our findings, detailed in Fig. 2 and 
Figs S9–S19 align with previous classical MD 

simulations. Specifically, atoms exhibit string- 
like motion as they escape their cages, a be- 
havior observed in prior studies [50 ,66 ]. In the 
Pd 40 Cu 40 P 20 glass, the high mobility of Cu atoms 
significantly increases the occurrence of string- 
like motion [67 ,68 ]. A recently proposed double- 
percolation scenario suggests that the percola- 
tion of mobile clusters, composed of these strings 
and other fast atoms, directly drives the β relax- 
ation ( Figs S20–S24) [49 ,69 ,70 ]. A larger sepa- 
ration between the percolation thresholds of the 
slow and fast domains correlates with a lower acti- 
vation energy for particle movement, as observed 
in Pd 40 Cu 40 P 20 ( Fig. S25). This observation is fur- 
ther supported by the differential activation ener- 
gies derived from their diffusion coefficients and is 
consistent with the fragile-to-strong crossover 
commonly found in systems exhibiting well- 
defined β relaxations ( Fig. S12) [71 ,72 ]. Sun 

et al. [50 ] also reported that the Al 90 Sm 10 metal- 
lic glass exhibits well-separated β and α relax- 
ations. Specifically, they identified a pronounced 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
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Figure 1. Significant differences in the thermal and dynamic mechanical properties of the two systems are established by experiments and 
simulations. (a and b) HAADF-STEM images (scale bars: 10 nm) of Pd 40 Cu 40 P20 and Pd 40 Ni 40 P20 glasses at room temperature. The insets show 

selected-area electron diffraction patterns, confirming the amorphous nature of the samples. (c) Differential scanning calorimetry heat-flow 

curves for as-cast Pd 40 Cu 40 P20 (yellow) and Pd 40 Ni 40 P20 (blue) glasses at a heating rate of 20 K/min. The glass-transition temperatures Tg are 
535 and 595 K, respectively. (d) Simulated heat-flow evolution during a continuous cooling at the rate of R = 2 K/ns for Pd 40 Cu 40 P20 (yellow) 
and Pd 40 Ni 40 P20 (blue) glasses, with corresponding Tg of 580 and 720 K, respectively. (e and g) Loss modulus obtained from experimental 
DMA for as-cast Pd 40 Cu 40 P20 and Pd 40 Ni 40 P20 glasses at 1 Hz. (f and h) Loss modulus from deep-potential-based DMS simulations with an 
oscillation period of 100 ns for Pd 40 Cu 40 P20 and Pd 40 Ni 40 P20 glasses. The corresponding α-relaxation temperatures Tα are 510 and 675 K, 
respectively (marked by the arrows). 
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-relaxation peak dominated by string-like mo-
ions, closely analogous to that observed in
d 40 Cu 40 P 20 glass. However, as shown in Fig. S23,
obile and immobile clusters exhibit slight dif-

erences in their fractal dimensions, with clus-
ers in Pd 40 Cu 40 P 20 showing a somewhat smaller
ractal dimension; whether this corresponds to
igher mobility remains to be investigated in fu-
ure work. 

We proceed to investigate the structural ori-
in underlying the distinct relaxation behaviors of
he two glasses. For this purpose, Voronoi analysis
73 ] is used to examine the short-range geomet-
ic features of both systems. The Voronoi index
istributions are quite similar ( Fig. S26), suggest-
ng that the overall structural characteristics of the
wo glasses are nearly identical. 

To further explore possible structural patterns,
e employ the pairwise cluster-alignment strategy
74 ], a data-mining technique designed to identify
nd align atoms with similar packing motifs. This
nvolves a preprocessing step in which the spatial
istribution of each neighboring atom is calculated
Page 3 of 10
relative to the central atom. After alignment, con- 
sistent structures are identified using alignment 
scores below 0.20 (a smaller score indicates bet- 
ter alignment; compare Figs S31–S33). The high- 
density regions are then visualized as isosurfaces. 
Figure 3 a displays such isosurfaces of the aligned 
clusters with a high degree of match, centered 
around the Pd, Cu/Ni and P atoms, respectively. 
Both glasses exhibit nearly identical aligned mo- 
tifs, further reinforcing the strong similarity in 

their short-range orders. 
We employ SOAP descriptors to encode the lo- 

cal atomic environments and quantify the struc- 
tural similarity between the Pd 40 Cu 40 P 20 and 
Pd 40 Ni 40 P 20 glasses. The SOAP descriptors cap- 
ture detailed atomic environments by expanding 
a Gaussian-smeared atomic density within a cut- 
off radius using spherical harmonics and radial ba- 
sis functions [31 ], providing a robust framework 
for structural characterization of disordered sys- 
tems. Based on these descriptors, the global sim- 
ilarity between two configurations is computed 
using the regularized-entropy match kernel, as 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
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(a) (d)

(b) (c) (e)

(f)

(g)

Figure 2. Structure rearrangements governing β relaxation. (a and b) Probability distributions of atomic displacements p(u ) of Pd (blue), Cu/Ni 
(yellow/green) and P (red) atoms in Pd 40 Cu 40 P20 (upper panel) and Pd 40 Ni 40 P20 (lower panel), over an oscillation period tω = 100 ns at 0.85 Tα

during DMS simulations. The dashed lines indicate the region corresponding to jumps between atoms. (c) Cage-breaking fraction C(T ) of all 
atoms (gray) as well as of Cu (yellow) and Ni (green) atoms over 100 ns. The inset illustrates the definition of cage breaking. (d and e) String- 
like motions at 0.85 Tα for Pd 40 Cu 40 P20 and Pd 40 Ni 40 P20 glasses. The color scale represents the string size ξ , where strings with fewer than 
six atoms ( ξ < 6 ) are not shown. (f and g) Correlation between relaxation and string-like motions in Pd 40 Cu 40 P20 and Pd 40 Ni 40 P20 glasses. 
In each panel, the upper plot shows the normalized loss modulus G′′ as a function of reduced temperature ( T /Tα). The lower plot shows the 
fraction of string-like atoms among fast-moving atoms ( Nstr /Nfast , blue) and the fraction of atoms in long strings among all string-like atoms 
( Nlong /Nstr , yellow). Error bars represent the standard deviation across multiple simulation cycles. 

i  

A  

i
g  

W  

d  

h  

s  

g  

r  

(
 

t  

o  

s  

v
s  

P  

r  

r  

P  

F  

s  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/13/5/nw

ag006/8426300 by R
oyal Library R

oskilde U
niversity user on 04 M

arch 2026
mplemented in the DScribe package [75 ,76 ].
cross the entire temperature range, a strong sim-

larity between the Pd 40 Cu 40 P 20 and Pd 40 Ni 40 P 20 
lasses is evident from the upper panel of Fig. 3 b.
hile the similarity decreases somewhat with

ecreasing temperature, it remains consistently
igh, always exceeding 96.4%. At longer length
cales, structural differences between the two
lasses are further masked by intrinsic disorder,
esulting in an even higher apparent similarity
 Fig. S34). 

The lower panel of Fig. 3 b shows the struc-
ural evolution of each glass during the continu-
us cooling process, measured relative to their re-
pective structures at 1.3 Tg . Both glasses exhibit
ery high similarity ( > 99%), with Pd 40 Ni 40 P 20 
howing a smaller structural deviation than
d 40 Cu 40 P 20 . This trend is consistent with their
espective fragilities m (obtained from calorimet-
ic measurements): 40 for Pd 40 Ni 40 P 20 and 55 for
d 40 Cu 40 P 20 , as shown in Table S3 and Fig. S7.
or reference, Fig. 3 c compares the structural
imilarity between the two Pd-based glasses with
hat of other typical glass systems ( La 50 Ni 35 Al 15 
Page 4 of 10
[25 ], Zr 46 Cu 46 Al 8 [77 ] and Ge 2 Sb 2 Te 5 [78 ]). 
These different metallic glasses have moderate 
structural similarity, while the similarities be- 
tween the metallic glasses and the covalently 
bonded glass GeSbTe are notably lower. Fur- 
ther structural similarity analyses are provided 
in Fig. S34. In summary, the Voronoi anal- 
yses, cluster-alignment analyses and advanced 
featurization using SOAP all testify to a re- 
markable structural similarity between the two 
glasses. This shows that knowledge of atomic 
structure alone is insufficient to explain the 
distinct relaxation behaviors of the two glasses, 
emphasizing the need to include additional factors. 

To uncover what determines the contrasting 
dynamic behaviors of the two glasses, we proceed 
to study their electronic structures and bonding 
characteristics ( Figs S35–S40). Panels a and d of 
Fig. 4 show the partial electronic density of states 
(DOS). The region below roughly −5 eV (‘hy- 
brid’) is dominated by strong orbital hybridization 

between the Pd-4d, Cu-3d and P-3p orbitals, re- 
flecting covalent-like bonding interactions. From 

−5 eV to the Fermi energy EF (‘local’), the states 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
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rimarily arise from the d orbitals of Pd and Cu,
hich are more localized to individual atoms and
o not contribute to covalent-like bonding. Above
F (‘anti-bond’), the states correspond to anti-
onding orbitals. 
Between the ‘hybrid’ and ‘local’ regions, a

seudo-gap emerges in both glasses. As the tem-
erature decreases, as shown in panels b and e
f Fig. 4 , this pseudo-gap gradually deepens and
hifts towards lower energy. As shown in pan-
ls c and f of Fig. 4 , the pseudo-gap forms earlier
or Pd 40 Ni 40 P 20 , in fact already at 1.3 Tg . Similar
ehavior is observed across different quenching
ates ( Figs S41 and S42). The early formation of a
seudo-gap indicates that the electronic structure
n Pd 40 Ni 40 P 20 quickly becomes energetically sta-
ilized during cooling. This shows that the bond-
ng interactions in Pd 40 Ni 40 P 20 are more robust
nd well defined. 
Page 5 of 10
To compare the bonding interactions in 

Pd 40 Ni 40 P 20 and Pd 40 Cu 40 P 20 , we plot, in panels 
g and h of Fig. 4 , the charge density distribu-
tions in the ‘hybrid’ region (below −5 eV). Orbital 
hybridization in this energy range gives rise to nu- 
merous Pd–P and Cu/Ni–P covalent-like bonds, 
collectively forming a global covalent network. 
Comparing the two systems, Pd 40 Ni 40 P 20 exhibits 
a more uniform and interconnected covalent 
network than Pd 40 Cu 40 P 20 , which has a sparser 
structure with more isolated Cu atoms (Fig. 4 g). 
In contrast, in the ‘local’ region, the electrons are 
highly localized around the Pd and Cu/Ni atoms. 

Next the bond orders (BOs) between nearest- 
neighbor atoms identified by Voronoi tessel- 
lation analysis are considered ( Figs S43–S46). 
The density-derived electrostatic and chemical 
(DDEC6) method is employed, providing an ad- 
vanced computational framework for determin- 
ing BOs in a wide range of materials [73 ,79 ,80 ].
Bond order quantifies the strength of chemical 
bonds between atoms, with larger BO values in- 
dicating stronger bonds. Figure 5 a compares the 
BO distributions for Cu–P and Ni–P bonds at three 
typical temperatures (1.3 Tg , 0.85 Tα and 300 K). 
A distinct pre-peak on the low-BO side is ob- 
served for Cu–P bonds, with an intensity signif- 
icantly higher than that of Ni–P bonds in the same
region, demonstrating the presence of numerous 
weak Cu–P bonds. Moreover, the primary peak 
position of the BO distribution for Cu–P bonds is 
slightly lower than that for Ni–P bonds, indicating 
that Cu–P bonds are generally weaker than Ni–P 

bonds. 
Figure 5 b provides a structural visualization 

of BOs between P atoms and their nearest- 
neighbor Cu/Ni atoms for both model glasses. 
Thicker and darker lines indicate larger BOs for 
the Cu/Ni–P bonds. Clearly, Pd 40 Cu 40 P 20 has 
fewer strong Cu–P bonds than the Ni–P bonds 
in Pd 40 Ni 40 P 20 , which is consistent with the 
results discussed above. We focus on the Cu/Ni–
P bonds because the Pd–P bonds primarily serve 
to form and stabilize the overall bonding net- 
work and remain largely immobile, whereas other 
types of bonds are fewer in number and gener- 
ally weaker (as detailed in Fig. S45). Figure S46
further presents the distributions of average BOs 
and of Cu–P BOs around Cu/Ni atoms with 

the 10% largest and 10% smallest displacements, 
again highlighting the correlation between bond 
strength and atomic mobility. 

The formation and early stabilization of a rel- 
atively uniform and strong bonding network in 

Pd 40 Ni 40 P 20 results in a reduced atomic mobil- 
ity that limits the ability of atoms to undergo 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
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arge-scale rearrangements. Consequently, this
ystem has fewer mobile regions available for in-
ependent β relaxation. Such a strong bonding
etwork and reduced atomic mobility can notably
nhance the GFA. Robust hybridization and the
onding network stabilize the liquid-like struc-
ure and promote resistance to crystallization, en-
bling Pd 40 Ni 40 P 20 to form glasses more readily. In
ontrast, Pd 40 Cu 40 P 20 , with its delayed pseudo-
ap formation and weaker bonding network,
xhibits increased atomic mobility that facili-
Page 6 of 10
tates crystallization. This explains the pronounced 
β relaxation and the relatively poor GFA of 
Pd 40 Cu 40 P 20 compared with Pd 40 Ni 40 P 20 . Consis- 
tent with experiments [65 ], strong orbital hy- 
bridization and early stabilization of bonding in- 
teractions contribute to a more rigid local atomic 
environment in Pd 40 Ni 40 P 20 . However, it remains 
unclear whether, and how, the long-range hetero- 
geneity of weak bonds contributes to the relax- 
ation behavior and GFA, which warrants further 
investigation. 
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ONCLUSIONS 

o summarize, by means of deep-learning-based
nteratomic potentials, we have explored the intri-
ate relationship between atomic structure, chem-
cal bonding and relaxation dynamics in two
d-based metal-metalloid glasses. By combining
tructural and electronic analyses, we have uncov-
red that key differences in bonding interactions
ay strongly affect the dynamic properties. Our

indings demonstrate the necessity of incorporat-
ng electronic structure analysis for a proper un-
erstanding of metallic-glass dynamics, and they
how why even small variations in structure can
ead to significant differences in glass properties. 

ETHODS 

xperiments 
aster alloy ingots were prepared by induction
elting high-purity elements ( ≥ 99 . 95% ) under a
Page 7 of 10
Ti-gettered argon atmosphere and re-melted six 
times for homogeneity. Glassy ribbons were pro- 
duced by melt-spinning the alloys onto a cold cop- 
per roller at 40–60 m/s under argon. Transmis- 
sion electron microscopy samples were prepared 
by ion milling and thinned for high-angle annular 
dark-field imaging using a JEOL JEM-2100F mi- 
croscope. 

Dynamic mechanical spectroscopy was per- 
formed using a TA Q-800 analyzer in film ten- 
sion mode under nitrogen at 1 Hz with a heating
rate of 3 K/min. Differential scanning calorime- 
try was carried out on a Mettler Toledo DSC3 at
20 K/min under nitrogen, while flash DSC mea- 
surements were conducted on a Mettler Toledo 
Flash DSC 2+ equipped with a MultiSTAR UFS1 
sensor under an argon flow of 80 mL/min. 

Ab initio molecular dynamics 
All ab initio molecular dynamics (AIMD) simula- 
tions were performed using VASP [81 ] within the 
NVT ensemble with a Nosé–Hoover thermostat. 
Ion–electron interactions were described by the 
PAW method [82 ], and exchange–correlation ef- 
fects were treated using the PBE functional [83 ]. 
A plane-wave cutoff energy of 450 eV and an 

electronic convergence criterion of 10−4 eV were 
adopted. The k -point mesh was chosen according 
to the supercell size ( Tables S1 and S2). A time step 
of 5 fs was used. 

Deep potentials 
Deep potential (DP) models for the PdNi(Cu)P 

systems were constructed using the DeePMD-kit 
package [56 ,84 ,85 ]. The DeepPot-SE descriptor 
was adopted to ensure translational, rotational and 
permutational invariance, with a cutoff radius of 
6.0 Å. The embedding network consisted of layers 
with 25, 50 and 100 neurons, while the fitting net-
work contained three hidden layers with 240 neu- 
rons each. The learning rate decayed from 0.001 
to 3 . 51 × 10−8 every 5000 steps. Initial loss pref-
actors for energy, force and virial were set to 0.02,
1000 and 200, respectively, and gradually adjusted 
to 1 during training. 

DP-driven molecular dynamics 
simulations 
Systems containing 500 and 8000 atoms were 
melted at 2000 K and annealed at 1000 K for 100 ns
until energy stabilization, followed by cooling to 
200 K at rates of 2, 10 and 100 K/ns. Simulations
were performed using LAMMPS [86 ,87 ] with DP 

integration under periodic boundary conditions 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwag006#supplementary-data
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nd a Nosé–Hoover thermostat in the NPT en-
emble with a time step of 2 fs. 

For DMS simulations, a sinusoidal strain
(t ) = ε0 sin (2 πt /tω ) was applied along the x
irection in the NVT ensemble, with oscilla-
ion periods tω of 1, 10 and 100 ns and a time
tep of 10 fs. A strain amplitude of 1.0% en-
ured the linear-response regime, and the result-
ng stress was fitted to obtain the storage and loss
oduli. 

lectronic interaction calculations 
lectronic structure calculations were performed
n 500-atom glassy supercells obtained from DP-
riven cooling simulations. The density of states,
harge density distributions and bond orders
ere calculated using a 2 × 2 × 2 k -point mesh,
ith other parameters consistent with the AIMD

ettings. Bond orders were analyzed using the
hargemol framework [80 ]. 

UPPLEMENTARY DATA 

upplementary data are available at NSR online. 
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