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ABSTRACT: Configurational entropy (Sconf) is known to be a key
thermodynamic factor governing a glass transition process.
However, this significance remains speculative because Sconf is
not directly measurable. In this work, we demonstrate the role of
Sconf theoretically and experimentally by a comparative study of a
Zr−Ti−Cu−Ni−Be high-entropy metallic glass (HE-MG) with
one of its conventional MG counterparts. It is revealed that the
higher Sconf leads to a glass that is energetically more stable and
structurally more ordered. This is manifested by ab initio molecular
dynamics simulations, showing that ∼60% fewer atoms are agitated
above Tg, and experimental results of smaller heat capacity jump,
inconspicuous stiffness loss, insignificant structural change during
glass transition, and a more depressed boson peak in the HE-MG
than its counterpart. We accordingly propose a model to explain that a higher Sconf promotes a faster degeneracy-dependent kinetics
for exploration of the potential energy landscape upon glass transition.

I f a liquid is cooled fast enough to depress crystallization, theliquid structure can be vitrified at a glass transition
temperature, Tg,

1 with the viscosity of the supercooled liquid
(SCL) increasing dramatically to a reference magnitude
(usually 1012 Pa·s). The resultant glass possesses all the salient
microscopic features of a liquid except that it does not flow.
Such a phenomenological definition of glass transition (GT)
brings up an open question in condensed matter physics,
namely, how atoms slow down and become constrained in a
narrow temperature regime near Tg.

2 Gibbs and Dimarizo3

formulated a classic description of GT in which a glass below
Tg is frozen in a single configuration, while the equilibrium
liquid above Tg is free to explore all possible configurations.
This formulation lays a robust foundation for the Adam−Gibbs
relation,4,5 which provides a connection between dynamics and
configurations of a glass; that is, relaxation time is a function of
configurational entropy. The classic Gibbs−Dimarizo descrip-
tion also inspired an entropic description of glass relaxation
and GT based on the concept of the potential energy
landscape (PEL), which was originally proposed by Goldstein6

and later employed in many studies.2,7 The minima of PEL are
referred to inherent structures (ISs), and the entropy of a
glassy material is dependent on both IS and temperature. The
precipitous increase in viscosity and decrease in heat capacity
during cooling is due to the constraint in exploring IS based on
the Arrhenius kinetics of barrier crossing. To validate this
entropic picture, the configurational and vibrational contribu-
tions to an excess entropy during glass transition have been

separately evaluated for molecular and network glasses,8,9

Lennard-Jones liquids,10,11 as well as metallic glasses (MGs).12

In the SCL of MGs, Smith et al.12 suggested that the
vibrational entropy is trivial in comparison to its configura-
tional counterpart, and the excess entropy of MGs is almost
entirely configurational, which is consistent with the
conception of Gibbs and Dimarizo.3 Through molecular
dynamics (MD) simulations, Han et al.13 recently revealed
that the hidden structural mechanism underlying a configura-
tional entropic kink at glass transition is the proliferation of a
high degree of centrosymmetric (rigid) structures.
Although these investigations confirm the entropic picture in

understanding GT and the associated critical phenomena, it is
still unclear how to modify the entropy of an amorphous
system and study its effect on the GT-associated critical
phenomena. Recently, developing new materials by employing
the concept of mixing entropy (Smix) has been emerging as a
hot topic in materials science. Maximizing the Smix in
crystalline materials leads to the family of high-entropy alloys
(HEAs).14 It was argued that the maximum Smix stabilizes the
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melts (avoiding phase separation in cooling)15 and renders
simple solid solutions with attractive properties.16−18 Analo-
gous to HEAs, the equiatomic multicomponent alloys with an
amorphous structure are termed as high-entropy metallic
glasses (HE-MGs). In terms of atomic structure, HE-MGs
exhibit similar structural features compared with conventional
glassy solids, i.e., mazelike selected area electron diffraction
pattern and broad diffraction maxima characteristics in X-ray
diffraction data.19,20 However, HE-MGs exhibit some unique
properties, such as large magnetocaloric effect,21 tunable
catalytic performance,22 and improved mechanical properties
and corrosion resistance.23 In particular, our previous studies
revealed that HE-MGs have sluggish crystallization ki-
netics,24,25 which was related to slow diffusion, a conceptual-
ized effect induced by high Smix.
The emergence of HE-MGs has filled in a missing part in the

“jigsaw” of the entropic picture, as one is able to tweak the
configurational entropy by simply adjusting the alloy
composition. Most importantly, this is easily doable in
experiments. Thus, questions naturally arise regarding how
an amorphous system with a well-defined increase in Sconf is
changed in terms of GT phenomena, structure, and dynamics.
In an effort to answer these questions, we have conducted ab

initio molecular dynamics (AIMD) simulations and experi-
ments to comparatively investigate the glassy structure and
GT-associated phenomena of a conventional MG and its HE
counterpart. Our results reveal that a higher Sconf leads to a
glass that is energetically more stable and structurally more
ordered. Computationally, the higher stability and homoge-
neity are evidenced by the smaller change in average atomic
mobility (or less structural changes) during GT and the
suppressed boson peak in the vibrational density of states
(VDOS), respectively. Experimentally, they are supported by
the cryogenic and near-Tg calorimetry measurements, in situ
Young’s modulus measurements, and synchrotron X-ray
characterizations. Moreover, it was revealed that the HE-MG
exhibits a higher degree of structural order than the
conventional MG does, consistent with the existing findings26

and explaining the higher structural stability and homogeneity.
Considering these results, we proposed a simplified kinetic
picture of GT to understand the effects of Smix in glass; that is,
the increase in Sconf due to higher Smix corresponds to a faster
degeneracy-dependent PEL exploration kinetics.
The prototypical HE-MG Zr20Ti20Cu20Ni20Be20 (H1) and

its conventional MG counterpart Vitreloy 1 with the
composition of Zr41.2Ti13.8Cu12.5Ni10Be22.5 (V1) were com-

Figure 1. Ab initio molecular dynamics (AIMD) simulated data. (a) The reduced vibrational density of states (VDOS) D(ω)/ω2 simulated at 300
K for H1 and V1. Inset: VDOS D(ω). (b−e) The movement trajectory of liquid-like atoms (LLAs) from the glass state to supercooled liquid state
for H1 and V1. (f) Quantification of LLAs at a given moment of the glass state (GS) and supercooled liquid state (SLS) for V1 (blue and gray) are
20% and 67%, and for H1 (red and green) are 18% and 28%, respectively. (g−j) Distribution of Voronoi polyhedra of V1 and H1 from the glass
state to supercooled liquid state. The peak center at the middle represents the Voronoi polyhedron ⟨0, 4, 4, 2⟩.
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pared (note that the constitutional elements of H1 are
identical to those of V1). The AIMD simulations were
performed to investigate the atomic dynamics of H1 and V1
(for more details, see the Supporting Information). Figure 1a
displays the reduced vibrational density of states (VDOS) of
H1 and V1, and the corresponding VDOS D(ω) is in the inset.
The VDOS D(ω) of the glass was calculated by taking the
Fourier transformation of the computed velocity autocorrela-
tion functions (VACFs)27 at 300 K (Supporting Information).
For glasses lacking long-range order, their VDOS usually
display an excess peak over the Debye square-frequency law at
low frequencies, leading to the boson peak (BP),28,29 which
manifests the intrinsic structural heterogeneity of a glass
(known as the “fingerprint” of a glass).29−31 The BP can be
characterized in terms of the BP frequency ωBP and the
intensity IBP, defined as IBP = D(ωBP)/ωBP

2 where D(.) is the
VDOS function. Note that the BP intensities in these two
samples are significantly different. The BP intensity of H1 is
much more depressed than that of V1, implying that the
inherent structure in H1 is more homogeneous. Conceptually,
a spatially heterogeneous system can be regarded as a
distribution of IS with various compactness or potential

energy. Those with high potential energies are considered to
be liquid-like regions.32 It is found that the increase in their
volume fraction, through the methods such as hyperquench-
ing,33 addition of foreign atoms,34 or plastic deformation,31

leads to the more heterogeneous structure and the higher BP.
Along this line, the depressed BP in the HE-BMG indicates the
smaller or rarer liquid-like regions, and more likely, it is the
increase in Sconf that makes H1 more homogeneous with less
liquid-like regions.
With the structural information on H1 as implied by the

depressed BP, we move on to unveil how it influences atomic
mobility in GT. In AIMD simulations we quantified liquid-like
atoms (LLAs) at temperatures between Tg − 50 K and Tg + 50
K to represent the glass state and supercooled liquid state for
both MGs. The simulated Tg for H1 and V1 is estimated to be
950 and 850 K, respectively, which was determined by the
temperature when the splitting of the second peak in pair
distribution function curves occurred. The Debye−Waller
factor (DWF), defined as the mean squared deviation of an
atom from its equilibrium position,35 was employed to
differentiate LLAs from solid-like atoms (SLAs). Specifically,
according to the Lindeman criterion,36,37 the atoms with DWF

Figure 2. Experimental data for H1 and V1. (a) Low-temperature specific heat capacity for H1 and V1. The arrow indicates the lower boson peak
intensity of H1 in comparison to that of V1. It is seen that the experimental boson peak intensity shows the same trend as the simulated data. (b)
Diagram of normalized in situ Young’s modulus as a function of temperature for H1 and V1. E0 is Young’s modulus at room temperature. The inset
is the temperature dependence of the actual Young’s modulus of H1 and V1, and the higher Young’s modulus at room temperature of H1 indicates
the stiffer atomic bonding or higher compactness in the HE-MG. (c) Specific heat capacity, Cp, and the jump of heat capacity, ΔCpH1and ΔCpV1,
during GT, respectively, for H1 and V1, as illustrated by the dashed lines. (d) Correlation of the reduced heat capacity jump, 2ΔCp/R (R, the gas
constant), with the glass transition temperature, Tg, in our HE-MGs, as compared with a variety of glasses.

45−52
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larger than (0.1 × a)2 are identified as LLAs and others as
SLAs, where a is the average bond length defined at the first
minimum in the pair distribution function g(r) for each type of
element, as marked by the arrows in Figure S2, and the
detailed data of (0.1 × a)2 for each element are listed in Table
S1. Our computational models have 200 atoms, and their
DWFs are shown in Figure S3, where the critical magnitude of
(0.1 × a)2 is indicated for each type of atom. Comparing the
atomic models at Tg − 50 K and Tg + 50 K, it is observed that
the increase in the number of LLAs in H1 is much smaller than
that in V1 when the system underwent a GT event.
We further scrutinized the trajectories of LLAs in the glassy

and supercooled liquid states and present the results in Figure
1b−e. In the glassy state, both H1 and V1 possess a very small
number of LLAs, with the quantity in V1 slightly higher than
that in H1, as shown in Figure 1b,d. When the systems were
heated into their supercooled liquid regions, many more atoms
in V1 (Figure 1e) become LLAs than those in H1 (Figure 1c).
The comparison of panels c and e in Figure 1 brings about the
impression that the regions experiencing the SLA-to-LLA
transition are overwhelming in V1 but indistinct in H1. Figure
1f compares the percentage of LLAs at a moment during
relaxation in the supercooled liquid states of H1 and V1. The
average contents of LLAs are 28% and 67% for H1 and V1,
respectively; that is, the increase in Sconf by maximizing Smix
causes ∼60% fewer atoms being agitated during GT. According
to the percolation theory,38−40 there is a percolation threshold
pc (basically a constant ∼15%) for a perfectly random three-
dimensional system with spherical particles, above which
unbounded clusters of connected sites occur. In H1, the LLA
fraction of 28% in the supercooled liquid state is above this
theoretical threshold pc; therefore, it is expected that the
macroscopic GT behavior of H1 can still be observed (e.g., low
viscosity can be measured24,25). Furthermore, fewer LLAs
involved in the GT of H1, as shown in Figure 1c, means a large
quantity of atoms remains constrained and stays relatively
intact as the solid-like skeletons; therefore, it is inferred (and
verified by experiments) that the loss of the stiffness of H1 is
insignificant during GT. Note that the values of the average
content of LLAs at Tg − 50 K for both H1 (18%) and V1
(20%) are still higher than the percolation threshold pc because
the ultrahigh cooling rate of 5 × 1012 K/s in AIMD renders
relatively loosely packed glasses at Tg − 50 K, leaving a certain
level of atomic mobility. However, the contents of LLAs in H1
and V1 at Tg − 50 K have become very close to each other,
indicating the trend of vitrification.
To obtain more detailed structural information, Voronoi

tessellation analysis was conducted for all AIMD models at Tg
± 50 K after structural relaxation. Figure 1g−j displays the
statistical distribution of the occurrence of all polyhedrons
(∼1000 types) and implies that the polyhedral fractions
exhibited a bell-shaped distribution, which can be fitted by the
Voigt function to quantify the full width at half-maximum
(fwhm) of the distribution. It is found that the change of fwhm
during GT (i.e., from Tg − 50 K to Tg + 50 K) is insignificant
for H1, decreasing by only 3.4% from the glassy state (fwhm =
14.6 ± 1.2) to the supercooled liquid state (fwhm = 14.1 ±
1.0). In contrast, the change in fwhm for V1 is remarkable
(from 20.0 ± 1.5 to 17.4 ± 1.3, i.e., 13% reduction). The
implication is, again, the structural rearrangement in H1 is very
insignificant, consistent with the above LLA results. The details
of the 30 most frequent Voronoi polyhedra are shown in

Figure S4, indicating that H1 and V1MGs have similar
polyhedral structures in glassy and SCL states.
The structural analysis exhibited in Figure 1g−j contains

further details worth emphasizing. First, the distribution of
Voronoi polyhedron in the glass state of H1 is narrower than
that in V1 in terms of the sorted histogram as shown in Figure
1g,i. Though this difference is subtle in AIMD simulations
because of the limits of the length and time scales, it implies
that the structures in H1 are more homogeneous, consistent
with the BP result as shown in Figure 1a. Also, the higher
content of polyhedron (Voronoi index: ⟨ 0, 4, 4, 2⟩ and ⟨0, 4,
4, 0⟩) and smaller fwhm spanning the Voronoi polyhedron
peak in H1 than those in V1 imply the higher degree of
structural order in H1. All these implications will be evidenced
by the following experimental results.
Experimentally, the BP depression due to the higher Sconf, as

exhibited by D(ω)/ω2 in Figure 1a, can also be determined by
the temperature dependence of heat capacity (Cp) at low
temperatures.28,32,41 Figure 2a exhibits the measured heat
capacity results in the form of (Cp − γT)/T3 versus T. Note
that the electronic heat capacity has no contribution to a BP,
but it would become considerable at low temperatures. Thus,
the electronic heat capacity needs to be determined and
subtracted from the measured total heat capacity of the glasses
to highlight the BP contribution. Therefore, we fitted the Cp
data in the cryogenic regime (T ≤ 8 K) with the equation Cp/
T = βT2 + γ following refs 42 and 43, where γ and β are the
coefficients signifying the electronic and phonon contributions,
respectively. The values of γ and β are 3.46 mJ/mol K2 and
130.3 μJ/mol K4 for V1 and 3.06 mJ/mol K2 and 80.7 μJ/mol
K4 for H1, respectively. Similar to the simulated BP data
(Figure 1a), experimental measurements of low-temperature
specific heat capacity also indicate that the BP intensity of H1
is much more depressed as compared with that of V1,
indicating the higher structural homogeneity in H1.
We then measured the temperature dependence of Young’s

modulus (E) of the as-cast H1 and V1 from 300 to 750 K, the
temperature ranges below the crystallization temperature Tx
(Figure 2b). The corresponding temperature dependence of
Young’s modulus (E) is shown in the inset of Figure 2b. The
Young’s modulus of H1 is always higher than that of V1,
indicating the stiffer atomic bonding or higher compactness in
the HE-MG. For better illustration, the change in Young’s
modulus as a function of temperature T was normalized by
that obtained at room temperature, E0, and the curves are
replotted in Figure 2b. When T < Tg, all the E−T curves
exhibit two stages: in the first stage, below 450 K for V1 and
below 500 K for the HE-BMGs, the Young’s modulus
decreases linearly with temperature because of the effect of
thermal expansion; in the second stage, the decreasing rate
reduces, caused by the sub-Tg local atomic rearrangements.

44

When T > Tg, the Young’s modulus of V1 reduces much more
precipitously than that of H1. When T > Tx, the sudden
increase of Young’s modulus above Tx is caused by
crystallization. For another HE-MG ZrTiCuNiHf (H2), we
also obtained similar results of Young’s modulus variation
(Figure S5); that is, the reduction of Young’s modulus in an
HE-MG is inconspicuous during GT, indicating the limited
structural relaxation, consistent with the mobility and
structural analyses by AIMD simulations.
Figure 2c shows the temperature dependence of Cp during

GT. In the calorimetry studies with MGs, it is found that the
change of specific heat during GT, denoted by ΔCp, is a nearly

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.2c01234
J. Phys. Chem. Lett. 2022, 13, 7889−7897

7892

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.2c01234/suppl_file/jz2c01234_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


constant 3kB/2.
45 This was interpreted to be the result of the

unconstrained three translational degrees of freedom (DOFs)
for each of the atoms based on the model of simple liquids.46

During heating, the Cp of glass increases; after a maximum, the
Cp of supercooled liquid decreases. ΔCp is then defined as the
difference of glass and supercooled liquid Cp at Tg when they
are extrapolated to Tg.

45 The Tg for H1 and V1, based on
calorimetry studies, are 669 and 629 K, respectively, which is
lower than the simulated Tg because the cooling rate in AIMD
(∼5 × 1012 K/s) is much faster than that of experiments (∼4 ×
104 K/s). We found that the ΔCp of V1 and H1 are
approximately 3kB/2 and kB/2, respectively, as shown in Figure
2c. A similar ΔCp value of kB/2 was also observed for another
HE-MG (H2), as shown in Figure S6. We include the ΔCp
data of various MGs and molecular glasses in Figure 2d. These
data clearly demonstrate that the often-assumed invariance of
ΔCp ≈ 3kB/2 for conventional MGs45 has been severely
violated by the HE-MGs. Instead, ΔCp of HE-MGs is similar to
molecular glasses in which atoms are more constrained by the
covalent bonding.45−52 According to the model of simple
liquids,46 the result of ΔCp (Tg) ≈ kB/2 for HE-MGs signifies
that the translational DOF is significantly constrained when an
HE-MG transforms into the supercooled liquid. This
anomalously low ΔCp is consistent with the previous argument
on the lower atomic mobility in H1 during GT as inferred from
Figure 1; that is, the small number of LLAs gives rise to the
small average DOF per atom and the low ΔCp.
Further structural analyses have been performed by

comparing the real-space pair distribution functions (PDFs),
G(r), of H1 and V1 at their glass and supercooled liquid states
(Figure 3). The PDF data were collected by synchrotron X-ray
diffraction (see details in the Supporting Information). For H1,
the peak position of each shell shifts to the lower correlation
length at both the glass and supercooled liquid states in
comparison to those of V1, as shown in Figure 3a. By
calculating the atomic number density = N

M0 m
A , where M is

the molar mass, NA the Avogadro constant, and ρm the sample
mass density (the densities of H1 and V1 are 6.602 and 6.383
g/cm3, respectively), we found that H1 has 16% higher
number density (∼0.074 Å−3) than V1 (∼0.064 Å−3). In
addition, Figure 3a shows that the G(r) of H1 can oscillate to
the 10th shell, much further than that of V1 in which the 7th
shell cannot be discerned. This result indicates the more
ordered or far-reaching medium range ordered structure in H1.
Figure 3b shows the differences in G(r) between the glass and
supercooled liquid states, ΔG(r) = G(r)Tg−20K − G(r)Tdx−20K. It
is noted that ΔG(r) fluctuates much more significantly in V1
than in H1, particularly in the range from 2.5 to 7.5 Å,
indicating that the structural change during GT is more
insignificant in H1. These structural data further support the
above agreements based on the AIMD simulations and the
measured temperature dependences of Cp and E; that is, the
higher Smix promotes a more ordered and stable atomic packing
structure.
In this work, we follow the concept of HEAs to understand

the effect of high Smix on formation of an HE-MG.14 It is
conceivable that the melt of a multicomponent system can be
regarded as an ideal mixing model. Hence, it is undoubtful that
the H1 melt has a larger Sconf than the V1 melt. In what follows,
we propose a simplified kinetics model to reconcile and make
clear these observations based on the concept of PEL.
Consider that a macroscopic system can be represented by

an atomic subsystem of N atoms with M types of elements. For
glass transition, it was argued that the typical size of such a
subsystem is N ≈ 102.53 The PEL of such a subsystem contains
many basins (i.e., IS) with the basin depth ΔU (negative
value), which is the difference between the minimum of the
basin and the energy of its ergodicity state. The entropy
associated with ΔUk and with a given configuration Ci may be
expressed as54

= |
+ |

S C U S P U

q S P C U

( , ) ( (C , ))

( ( , , ))
i k i k

j
j j k

C P

V i
(1)

where SP is the entropy arising from the permutations of
atoms; the argument P|(Ci, ΔUk) represents all possible stable
permutations based on the configuration Ci to render the basin
depth ΔUk; qj is the possibility of taking the permutation Pj; SV
is the vibrational entropy, and the argument Φ|(Pj, Ci, ΔUk)
represents all vibration modes when the permutation,
configuration, and potential energy minimum are fixed.
Traditionally, the permutation entropy SP is ignored in metallic
systems because an alloy design is generally a microalloying
process; the tiny change in composition does not lead to a
significant change in Sp. With the advent of high-entropy
metallic system, SP becomes no longer negligible. Consider an
ideal scenario that all permutations are possible (i.e., the
induced change in ΔU is negligible), the number of

Figure 3. Structural analysis in real space of H1 and V1. (a) Pair
distribution function (PDF) G(r) curves for H1 and V1 at the glass
and supercooled liquid state. (b) The G(r) difference ΔG(r) =
G(r)T dg−20K − G(r)T dx−20K between glass and supercooled liquid states.
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permutations is = ! !=N c N/ ( )i
M

iP 1 . Using Stirling’s
approximation, the Boltzmann entropy of permutation is

i
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jjjjjj

y
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i iP B P B
1

mix
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Therefore, in the ideal case, the permutation entropy is exactly
the product of N and Smix. We then move on to see how the
mixing entropy enters the configuration entropy. Discarding
the vibrational one, the configurational entropy associated with
a basin k is given by55,56

= + |S U k q q q S P C U( ) ln ( ( , ))k
i

ik ik
i

ik i kC B P

(3)

where qik is the probability of observing a configuration Ci with
the basin k, and the first term on the right-hand side is the
Gibbs entropy associated with the distribution qik. If Sp ≈
NSmix, eq 3 becomes

+S U k q q NS( ) lnk
i

ik ikC B mix
(4)

The total configurational entropy is then

= +S k p p p S Uln ( )
k

k k
k

k kconf B C
(5)

where pk is the probability of occupying the basin k. If the
system is in equilibrium (or detail-balanced), pk assumes a

Boltzmann distribution: pke ∝ ( )exp U TS U
k T

( )k kC

B
(the

superscript e represents equilibrium). For an ideal case,
substituting eq 4 into eq 5 leads to

= +S k p p k p q q NSln ln
k

k k
k

k
i

ik ikconf B B mix

(6)

Equation 6 is the illustration of how the mixing entropy
contributes to the configurational entropy. For nonideal cases,
eq 2 no longer holds, but it is still justifiable that the HE-MG
has a higher Sconf than MG owing to the larger Smix, which, after
multiplying by N, is indispensable.
Still lingering is how the higher Smix leads to the more stable

glass based on the above comparison between H1 and V1. To
answer this question, we shall employ a simplified model of

structural relaxation that involves entropy-dependent kinetics.
Let us first assume that structural relaxation at a temperature is
to let the distribution pk approach the Boltzmann distribution
pke. For such a process, the simplest dynamics can be described
by the following master equations (MEs):

= +
p

t
w p w p

d

d
k

kj k jk j (7)

where wkj (or wjk) is the hopping rate from the potential energy
minimum k to j (or j to k). The analytical solutions of ME eq 7
require further simplifications of the above system, for
example, assuming only two or three basins (i.e., the two-
level57 or three-level models58) or infinitesimal deviation from
an equilibrium state.59 If the hopping between basins k and j
needs to cross the same saddle-point energy Ukj = Ujk, the
hopping rate is expressed as

i
k
jjjjj

y
{
zzzzz=w v

U U TS U

k T
exp

( )
kj

kj k j
0

C

B (8)

where v0 is the attempting rate proportional to atomic
vibration frequency. One can easily verify that the detail-
balanced solution of eqs 7 and 8 is pke. With such a model, a
cooling process shifts the distribution pk toward the low-energy
side. Because the internal kinetics wkj reduces exponentially
with the reciprocal temperature (1/T), at a critical T ∼ Tg, the
shift of pk is stopped and the distribution of the subsystem
configuration is frozen; that is, a glass transition occurs. This
ME-based description of structural relaxation in glass has been
employed to study various complicated relaxation phenomena
(e.g., memory effect or Kovacs hump).58,60,61 Herein, we also
employ it to give a qualitative account on the effect of Smix.
We assume that the configurational entropy SC associated

with a minimum Uk can be analytically expressed. As an
example, for simple systems such as Lennard-Jones liquid,62

silica,63 or selenium,64 it was shown that SC(ΔU) was
approximately a half Gaussian with a fast-decaying tail in a
low-energy regime. For the MGs herein, as the relation
SC(ΔU) is unknown, we draw the schematics of SC(ΔU) for
H1 and V1 in Figure 4a following the above references. Owing
to the difference in Smix and based on eq 4, it is shown that the
SC(ΔU) of H1 is higher than that of V1, and the upper shift
must be bounded by NΔSmix. For V1 and H1 with N = 102 (N
∼ 102 represents the typical size of such a subsystem53),
NΔSmix = 14.5kB (the difference in Smix between V1 and H1 is

Figure 4. Understanding the effect of Smix on different glass-forming liquids from the PEL perspective. (a) A schematic description of the relation
between configurational entropy SC and basin depth ΔU for different metallic glassy systems. (b) The probility distribution of subsystem
configuration with respect to ΔU upon cooling. (c) Schematic representation of the basin depth ΔU for metallic glasses with high and low Smix. For
the system with high Smix, the atomic configurations exhibited more ergodicity with a wider energy drop (ΔU) from the melt. In the system with
low Smix, the energy drop (ΔU) is small. ΔU is a negative value.
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approximately 0.145kB). With eq 8, it means that the hopping
in the PEL of H1 is much faster than that in the PEL of V1;
that is, for the same energy barrier, 1 ≪ wkjH1/wkjV1 ≤ exp
(NΔSmix/kB) = 2 × 106. Note that both V1 and H1 alloys were
obtained with the same cooling rate in experiment; the higher
hopping rate (i.e., the lower viscosity for H1 melts have been
measured than that of V124) in H1 can allow the system to
explore a larger energy regime than that of V1 before the
amorphous system is frozen, as illustrated in Figure 4b. That is,
the atomic subsystems in H1 can reach deeper basins during
cooling. Also, the distribution pk in H1 can be narrower
because the faster kinetics regulated by wkj push pk into the
region of the fast-decaying tail of SC(ΔU) as indicated by the
brackets in Figure 4a; this explains qualitatively the higher
structural stability and more ordered structure in H1, i.e., the
HE-MG exhibits the suppressed boson peak intensity (Figures
1a and 2a) and larger atomic correlation length (Figure 3a).
Figure 4c depicts schematically the energetic minimum
landscape of the systems with crystalline phases. These results
demonstrate the higher thermal stability (i.e., low atomic
motion ability, as shown in Figure 1b,c), higher resistance to
softening (Figure 2b), smaller translational DOFs (Figure 2c),
and insignificant structural changes during GT (Figure 3b) in
HE-MGs. The quenched H1 should be situated in a more
stable and more ordered energy state than that of V1, but it can
still have a large number of configurations because of the
higher Smix (Supporting Information, Table S2), corresponding
to the greater number of permutations of atoms. Therefore, the
Sconf in the more ordered HE-MG does not have to be low
(Supporting Information, Figure S7).
In summary, with AIMD simulations as well as experimental

observations, we have revealed that upon cooling, the higher
Sconf can lead to the more stable and ordered glass. In the
heating process, atoms in an HE-MG with a large Sconf in have
low atomic motion ability and small translational DOFs,
leading to the insignificant structural change, higher resistance
to softening, and smaller latent heat jump during GT. With the
master equations-based model of GT, we propose a qualitative
explanation for all the observations: the increase in Sconf due to
higher Smix corresponds to a faster degeneracy-dependent
kinetics for exploration of PEL. This Sconf effect results in a
structurally more ordered and energetically more stable atomic
packing, with extremely insignificant atomic structural changes
during GT in HE-MGs, as compared with their conventional
MG counterparts. In a nutshell, the entropy stabilizing effect is
that with similar chemical compositions, the HE-MG exhibits
larger energy drops from the melt and becomes more ordered
than the conventional MG. Our findings provide important
implications for understanding the nature of glass transition
and developing novel glassy or disordered materials that are
favored by high Sconf.
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