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ABSTRACT

Structural relaxation in supercooled liquids slows by many orders of magnitude as the glass transition is
approached, yet whether this slowdown is governed primarily by energetic barriers or by the shrinking number of
accessible configurations, that is, entropic barriers, remains actively debated. We map the free energy landscape of
a model glass-forming binary Lennard-Jones mixture (Kob-Andersen composition, N = 10,000 particles) across 22
temperatures spanning the onset temperature down to 0.85 times the mode-coupling temperature T_c, using
metadynamics-based free energy sampling along an inherent-structure-based reaction coordinate, combined with
direct configurational entropy estimates from the vibrational density of states of 500 inherent structures per
temperature. Configurational entropy density, S_conf, decreased approximately linearly with inverse temperature
above T_c but showed pronounced downward curvature below it, falling to 0.31 k_B per particle at 0.85 T_c, 42% of
its onset-temperature value. Structural relaxation time, extracted from the intermediate scattering function, followed
the Adam-Gibbs relation, log(tau) proportional to 1/(T * S_conf), with an R"2 of 0.976 across all 22 temperatures,
and deviations from this fit grew systematically only below 0.95 T_c, reaching 0.4 decades at the lowest
temperature studied. Free energy barrier heights extracted directly from the metadynamics landscape increased
from 3.1 k_BT at the onset temperature to 11.8 k_BT at 0.85 T_c, and decomposing these barriers into energetic
and entropic (T*Delta S) contributions showed that the entropic contribution grew from 38% to 61% of the total
barrier height over this range, indicating a progressive crossover from an energy-dominated to an
entropy-dominated relaxation mechanism as the glass transition is approached. A finite-size check on a subset of 8
temperatures using N = 2,000 and N = 20,000 systems found barrier heights and S_conf estimates consistent within
statistical uncertainty (differences under 5%), supporting the robustness of the reported trends. These results
provide direct, quantitative evidence that entropic barriers increasingly dominate structural relaxation in the deeply
supercooled regime, consistent with the Adam-Gibbs picture, and offer a decomposed barrier dataset that can
constrain future landscape-based theories of the glass transition.
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1. INTRODUCTION

As a liquid is cooled below its melting point without
crystallizing, its viscosity and structural relaxation time
can increase by up to fifteen orders of magnitude over a
modest temperature interval, a phenomenon known as
the glass transition that remains one of the most
persistent open problems in condensed matter physics
[1,2]. Unlike most phase transitions, the glass transition
shows no obvious diverging length scale or discontinuity
in thermodynamic derivatives at the point where the
system falls out of equilibrium on experimental
timescales, making its microscopic origin unusually
difficult to pin down [2,3].

Energy landscape theory reframes this slowdown
geometrically: the system's dynamics are viewed as a
trajectory exploring a high-dimensional potential energy
surface, and relaxation proceeds by hopping between
local minima (inherent structures) separated by saddle
points or transition regions [3,4,5]. Within this picture,
two broad classes of explanation for the dramatic
slowdown have been proposed: energy landscapes may
become progressively rougher, with taller energetic
barriers between minima, or the number of accessible
minima may shrink so severely that the entropic cost of
finding a path between them dominates, an idea
formalized in the Adam-Gibbs relation linking relaxation
time to configurational entropy [5,6,7].

Distinguishing between energy-dominated and
entropy-dominated pictures of the barrier matters
because they imply different microscopic mechanisms
and different extrapolations to the deeply supercooled
regime inaccessible to direct simulation, including
whether an ideal glass transition with vanishing
configurational entropy exists at a finite temperature, as
some theories predict [7,8,9,10]. Most computational
tests of the Adam-Gibbs relation compare relaxation time
against configurational entropy  without directly
decomposing the free energy barrier itself into its
energetic and entropic parts, leaving the relation's
apparent success only indirectly connected to the
underlying landscape geometry [9,10,11].

The present study addresses this gap by directly
mapping the free energy landscape of a well-studied

model glass former using metadynamics-based
sampling, extracting barrier heights and their
energetic-versus-entropic  decomposition across 22

temperatures spanning from well above to below the
mode-coupling temperature, and testing the Adam-Gibbs
relation against directly computed configurational entropy
over the same range. We quantify how the entropic
share of the total barrier evolves with supercooling and
assess whether deviations from Adam-Gibbs scaling
emerge in the deeply supercooled regime accessible to
our simulations [11,12].
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2. MATERIALS AND METHODS

We simulated a binary Lennard-Jones glass former
across 22 temperatures, mapped its free energy
landscape along an inherent-structure-based reaction
coordinate using metadynamics, and independently
estimated configurational entropy from the vibrational
density of states of sampled inherent structures to test
the Adam-Gibbs relation and decompose free energy
barriers into energetic and entropic contributions.

I 2.1 Model system and simulation protocol

We used the standard Kob-Andersen binary
Lennard-Jones mixture (80:20 composition, particles A
and B) with N = 10,000 particles in a cubic box at fixed
density rho = 1.2 (Lennard-Jones units), simulated with
molecular dynamics in the canonical ensemble across 22
temperatures ranging from T 1.0 (near the onset
temperature of slow dynamics) down to T = 0.34,
corresponding to 0.85 times the mode-coupling
temperature T_c = 0.40 estimated for this model.

I 2.2 Inherent structure sampling

At each temperature, equilibrated configurations were
periodically quenched to their nearest local energy
minimum (inherent structure) via conjugate-gradient
minimization, with 500 independent inherent structures
sampled per temperature from well-separated points
along the equilibrium trajectory to ensure statistical
independence.

I 2.3 Configurational entropy estimation

Configurational entropy density was estimated as the
difference between the total entropy, obtained via
thermodynamic  integration from a  reference
high-temperature state, and the vibrational entropy
computed from the harmonic vibrational density of states
of each sampled inherent structure, averaged over the
500 inherent structures per temperature.

I 2.4 Metadynamics free energy landscape mapping

Free energy as a function of an inherent-structure-based
reaction coordinate, defined via the overlap function
between a reference inherent structure and the evolving
configuration, was mapped using well-tempered
metadynamics with Gaussian bias deposition (height 0.5
k_BT, width 0.02 in overlap units, bias factor 12), run
until the estimated free energy profile changed by less
than 0.05 k_BT between successive 10°6-step blocks.

I 2.5 Barrier decomposition

The dominant free energy barrier along the mapped
landscape was decomposed into energetic and entropic
contributions by separately computing the average
potential energy and, via the temperature-derivative of
the free energy profile at fixed reaction coordinate, the
entropy along the same coordinate, yielding Delta F =
Delta U - T * Delta S at the barrier location relative to the
reference minimum.

Frontiers in Entropy | ISSN 2989-5413 (Online) | https://trpubonline.org/index.php/Entropy


https://doi.org/10.5281/zenodo.22698561

DOI: 10.5281/zen0d0.22698561  VIk et al. (2025)

I 2.6 Relaxation time and Adam-Gibbs test

Structural relaxation time tau was extracted from the
alpha-relaxation decay of the self-intermediate scattering
function at the wavevector corresponding to the first
structure-factor peak, and tested against the
Adam-Gibbs prediction log(tau) proportional to 1/(T *
S_conf) via linear regression across all 22 temperatures.
I 2.7 Finite-size and convergence checks

A subset of 8 temperatures spanning the full range was
repeated at N = 2,000 and N = 20,000 to check finite-size
sensitivity of both S_conf and metadynamics barrier
heights, and metadynamics runs were repeated with
three independent bias-deposition seeds at 4
temperatures to estimate statistical uncertainty on barrier
heights.

3. RESULTS

Configurational entropy density decreased with cooling
across the full temperature range studied, from 0.74 k_B
per particle at the highest temperature (T = 1.0) to 0.31
k_B per particle at the lowest (T = 0.34, 0.85 T_c), a
reduction of 58% relative to the onset value, or
equivalently, the lowest-temperature value equalled 42%
of the onset value. The decrease was approximately
linear in 1/T above T_c but showed pronounced
downward curvature below it, consistent with a slowing
approach toward a hypothetical vanishing-entropy state
at a temperature below the range accessible to our
simulations. Table 1 reports S_conf, relaxation time, and
free energy barrier height at six representative
temperatures.

Table 1. Configurational entropy, structural relaxation time,

and free energy barrier height at representative
temperatures.

Tempe_rature T S_conf ; IoglO(Fau) E;gihir
(LJ units) (k_B/particle) (LJ units) (k_BT)
1.00 250 0.74 1.2 3.1
0.80 2.00 0.66 1.9 4.4
0.60 150 0.55 3.1 6.5
0.48 1.20 045 4.4 8.3
0.40 1.00 0.37 5.6 10.1
0.34 0.85 0.31 6.8 11.8

Mode-coupling temperature T_c = 0.40 (Lennard-Jones units).
Relaxation time tau extracted from the self-intermediate scattering
function alpha-relaxation decay.

The Adam-Gibbs relation, log(tau) proportional to 1/(T *
S_conf), fit the full 22-temperature dataset with R"2 =
0.976, supporting the general validity of the
entropy-based scaling across nearly the entire
temperature range studied. Systematic deviations from
the fit, however, grew below 0.95 T_c, reaching 0.4
decades of relaxation time at the lowest temperature
simulated (0.85 T_c), suggesting a modest breakdown of
strict Adam-Gibbs scaling in the deepest part of the
supercooled regime accessible here.
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Free energy barrier and its energetic/entropic decomposition
crossover to entropy-dominated relaxation with cooling

Free energy barrier (kgT)
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Figure 1. Free energy barrier height and its energetic and entropic
components as a function of reduced temperature T/T_c, showing
the crossover from an energy-dominated to an entropy-dominated
relaxation barrier with cooling.

Free energy barrier heights extracted directly from the
metadynamics landscape increased substantially with
cooling, from 3.1 k_BT at the onset temperature to 11.8
k_ BT at 0.85 T_c, nearly a fourfold increase over the
studied range, consistent with the steep growth of
relaxation time over the same interval (Figure 1).

Table 2. Decomposition of the dominant free energy barrier
into energetic and entropic contributions.

Total barrier

Energetic share

Entropic share

(k_BT) (%) (%)
2.50 (onset) 3.1 62 38
1.50 6.5 51 49
1.00 (T_c) 10.1 44 56
0.85 11.8 39 61

Decomposing the dominant barrier into energetic and
entropic contributions showed a clear crossover in the
character of the relaxation barrier: the entropic
contribution (T*Delta S) accounted for 38% of the total
barrier height at the onset temperature but rose to 61%
at 0.85 T_c, meaning the barrier changed from
predominantly energetic to predominantly entropic in
character across the studied range, as summarized in
Table 2.

4. DISCUSSION

These results provide direct, landscape-level support for
the Adam-Gibbs picture of glassy relaxation, in which the
slowdown of structural relaxation is tied to the shrinking
configurational entropy available to the system
[5,6,13,14], while also identifying where the simplest
version of that picture begins to break down. The
growing deviation from strict Adam-Gibbs scaling below
0.95 T_c, while modest in magnitude, is consistent with
reports elsewhere in the glass literature that dynamic
heterogeneity and cooperative rearrangement become
increasingly important as the mode-coupling temperature
is approached, effects not captured by the
mean-field-like Adam-Gibbs relation [14,15,16].

The direct decomposition of the free energy barrier into
energetic and entropic contributions is, to our knowledge,
a more granular test than most prior Adam-Gibbs
validations, which typically test the aggregate
relaxation-time-versus-entropy scaling without resolving
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the barrier's internal structure [16,17,18]. The crossover
from an energy-dominated (62% energetic at onset) to
an entropy-dominated (61% entropic at 0.85 T_c) barrier
over the studied range offers a concrete, quantitative
picture of how the microscopic character of structural
relaxation shifts with supercooling, complementing
landscape-geometry arguments made in earlier
theoretical work [18,19,20].

These findings are relevant to broader efforts to predict
glass-former fragility, the degree to which relaxation time
deviates from simple Arrhenius behavior with cooling,
from landscape properties alone [19,20,21,22]: a system
whose barriers become increasingly entropic with
cooling, as found here, is expected to show more fragile
(super-Arrhenius) behavior than one with
temperature-independent, purely energetic barriers,
consistent with the well-documented fragile character of
the  Kob-Andersen model relative to strong,
network-forming glass formers.

Several limitations should be kept in mind. First, the
lowest temperature reached (0.85 T_c) remains well
above the experimental glass transition temperature, and
extrapolating the observed entropic-crossover trend to
lower temperatures assumes, rather than demonstrates,
that the same mechanism continues to operate deep into
the experimentally relevant regime. Second, the reaction
coordinate used for metadynamics sampling, based on
structural overlap with a single reference inherent
structure, captures the dominant relaxation pathway but
may not represent the full multidimensional barrier
structure relevant to highly heterogeneous relaxation
events. Third, the vibrational density of states used for
the entropy estimate was computed in the harmonic
approximation, which can introduce systematic error at
the higher temperatures studied where anharmonic
effects are more significant. Fourth, all results pertain to
a single model glass former (Kob-Andersen
composition), and the generality of the reported
entropic-crossover fraction across other glass-forming
compositions remains to be tested.

5. CONCLUSION

Direct free energy landscape mapping of a model
glass-forming liquid across 22 temperatures showed that
configurational entropy falls to 42% of its onset value by
0.85 T_c, that the Adam-Gibbs relation between
relaxation time and configurational entropy holds with
R"2 = 0.976 across most of the studied range, and that
decomposed free energy barriers shift from 62%
energetic at onset temperature to 61% entropic at 0.85
T_c. These results provide direct, barrier-resolved
evidence for a progressive crossover from
energy-dominated to entropy-dominated structural
relaxation as the glass transition is approached, offering
a quantitative benchmark for landscape-based theories
of glassy dynamics and refining the microscopic
interpretation of the Adam-Gibbs relation's empirical
success.
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