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Opposite quantum fluctuation effects on the vitrification of two atomic model liquids
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Path-integral computer simulations are used to investigate nuclear quantum effects on the glass transition
of a Lennard-Jones binary mixture and a waterlike monatomic model liquid, the Fermi-Jagla liquid. As in
previous studies, we find that introducing realistic atoms delocalization (nuclear quantum effects) suppresses
atomic diffusivity in the Lennard-Jones binary mixture. Instead, nuclear quantum effects enhance the dynamics
of the Fermi-Jagla liquid. Hence, nuclear quantum effects can either inhibit or promote the vitrification of
atomic liquids depending on the atomic interactions. Notably, both systems exhibit qualitatively similar atoms
delocalization and become less structured upon the inclusion of nuclear quantum effects, despite the divergent
effects on their dynamics. A qualitative explanation of the different nuclear quantum effects on the dynamics of
the Lennard-Jones binary mixture and Fermi-Jagla liquid is provided in terms of the features in the corresponding
pair potential interactions. Our observations can be naturally interpreted through the potential energy landscape
(PEL) formalism for quantum liquids. At a given temperature, introducing nuclear quantum effects forces the
Lennard-Jones binary mixture to explore deeper regions of the PEL, where topographical features significantly
affect the dynamics, while the Fermi-Jagla liquid is driven to explore higher regions of the PEL, where the PEL
topography plays a secondary role. This is ultimately due to the opposite nuclear quantum effects on the PEL

basins’ shape (curvature) of the Lennard-Jones binary mixture and Fermi-Jagla liquid.

DOLI: 10.1103/xfmw-ynv4

I. INTRODUCTION

The liquid-to-glass transition, a process characterized by
a dramatic slowing down in dynamics without any major
structural ordering, remains a central unsolved problem in
condensed matter physics [1,2]. While most theoretical and
computational studies have justifiably treated liquids classi-
cally, a complete understanding requires considering nuclear
quantum effects (NQEs). These effects are crucial in low-
temperature liquids composed of light elements, such as H;
and He, and can be non-negligible in molecular systems con-
taining hydrogen even near room temperature, as evidenced
by the isotope effects in water [3,4]. The glassy state is not
exclusive to atomic systems; it also manifests in quantum
systems like electron liquids and spin ensembles [5-7].

The intuitive expectation is that NQEs—through
zero-point energy and tunneling—should always enhance
atoms/molecules’ mobility, thereby fluidizing the system
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and suppressing glass formation. However, theoretical and
computational studies on atomic liquids have fundamentally
challenged this picture [8,9]. Specifically, path-integral
simulations and quantum mode-coupling theory revealed
a counterintuitive reentrant phenomenon in a quantum
Lennard-Jones binary mixture (LJBM): Introducing weak or
moderate quantum fluctuations slows the liquid’s dynamics,
pushing it deeper into a glassy state, while introducing
sufficiently strong quantum fluctuations eventually restores
the expected fluidizing effect [8,10]. Theoretical calculations
based on a quantum replica method also show that NQEs
slow down the dynamics of a Lennard-Jones liquid [9].
These studies raise fundamental questions: Do quantum
fluctuations always suppress the dynamics of atomic
liquids? If not, what physical principles determine whether
quantum fluctuations promote or inhibit glass formation?
More generally, how can we describe the role of quantum
fluctuations in atomic liquids near their glass transition from
a statistical-mechanics/thermodynamics perspective?

In this work, we address these questions and show that
the influence of NQEs on the dynamics of atomic quantum
liquids is dictated by the nature of the interatomic interactions.
Specifically, we perform path-integral computer simulations
of two distinct atomic liquids: (1) the canonical glass-former
Kob-Andersen LJBM [11] and (2) the waterlike monatomic
Fermi-Jagla liquid (FJL) [12,13]. We find that for weak and
moderate quantum fluctuations, NQEs suppress the dynamics
of the LIBM, consistent with previous work [8]. However,
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FIG. 1. (a) Pair interaction potentials between A-A, A-B, and B-B atoms in the LJBM studied [11]. (b) Pair interaction potential in the
FIL. The Fermi-Jagla pair potential has a core-softened part for, approximately, particle separations 1 < r/a < 2, and it is characterized by
two length scales, r/a =~ 1 (hard-core radius) and r/a = 2 (close to the attractive potential energy minimum); see Ref. [13] for details.

NQEs markedly enhance the dynamics of the Fermi-Jagla
liquid. Notably, despite this contrasting dynamical behavior,
both liquids become less structured, with delocalized atoms,
upon the inclusion of NQEs. The contrasting behaviors ob-
served in the LJIBM and FJL can be naturally understood
within the potential energy landscape (PEL) framework re-
cently extended to study quantum liquids [14,15]. At a given
temperature, NQEs drive the LIBM to explore deeper regions
of its PEL where the topography of the PEL becomes relevant
and leads to slowing relaxation. Conversely, NQEs drive the
FIL into higher-energy regions of its PEL where the topog-
raphy of the PEL plays a secondary role, leading to faster
atoms’ mobility. Ultimately, the reported observations can
be tracked down to the NQEs on the PEL basins’ shape of
the LJBM and FJL. We show that the contrasting effects of
quantum fluctuations on the dynamics of the LJBM and FIL
can be quantified by a single PEL variable, b, which may serve
as a predictor for the (enhancing/suppressing) NQEs on the
dynamics of atomic liquids.

Our motivation to study the FJL. and LIBM is rather fun-
damental [8-10]. The LJBM is a prototypical well-studied,
classical glass former that serves as an ideal model system
to explore the role of quantum fluctuations (NQEs) in liquids
and glasses. However, it is also possible that binary mixtures
of isotopes or light elements, such as H, and He, could ex-
hibit some of the properties observed in the quantum LIBMs
studied (the corresponding LJ pair potential interactions may
have to be reparametrized). Indeed, in a study of He, the pair
interactions have been modeled through an LJ pair interaction
potential [9]. Similarly, the FIL was proposed as a model
liquid to reproduce many of the anomalous properties of water
[12,16,17]. In particular, the NQEs observed in this model
system [18,19], such as the role of quantum fluctuations in the
FJL phase behavior and liquid-liquid critical point, have been
like those observed in real water models [20,21]. In addition,
we note that NQEs are not limited to H, and He, and can be
observed in molecular systems at relatively high temperature
[22], where isotope substitution effects (ultimately, due to
NQEs) may be of interest. In this context, and depending on
the application, computer simulations of molecular systems
could benefit from the use of coarse-grained models. In this
regard, LJ and effective potentials such as the Fermi-Jagla pair
potential could be useful.

II. METHODS

Our results are based on ring-polymer molecular dynamics
(RPMD) simulations [23] of the LJBM defined in Ref. [11]
and the FJL defined in Ref. [13].

The LIBM defined in Ref. [11] is a well-established model
liquid for studying glassy dynamics. It consists of Ny type-A
atoms and Np type-B atoms with N4 /(N4 + Ng) = 0.80. Pair
interactions are given by the Lennard-Jones pair potential,

Vip(r) = 4eaﬂ[(‘%ﬂ)12 _ ("Lﬂﬂ )

r

where o, B € {A, B}; see Fig. 1(a). We use standard reduced
units where o4 = 1.0, €44 = 1.0, and mass my = mp = 1.0.
The remaining interaction parameters are ogg = 0.80, o4p =
0.88, egg = 0.5, and €45 = 1.5. The pair interactions are
truncated and shifted at a cutoff distance 7. 4 = 2.504p. To
ensure the forces are continuous functions of the interparti-
cle distance, a switching function is applied between 7 g =
0.97¢ 4 and 7 o as implemented in Ref. [24].

The FJL was introduced in Ref. [12] to model the proper-
ties of water in the liquid and glassy states. It can reproduce
many of the anomalous properties of water, including the den-
sity maxima and the liquid-liquid and glass-glass transition
[12]. The FJL is a monatomic liquid with pair interactions
given by an isotropic, core-softened pair potential with two
characteristic length scales (r = a and r = 2a). Specifically,

U(r) =e « + Ao
r)= 0
rt 14 exp [f\—(‘)(r/a—Az)]

- b @)
I +exp[3L(r/a — By)]

with the parameters {a,e€p,Ai—0 1.2, Bi=0,1,2} given in
Refs. [12,13]; see Fig. 1(b). All properties are reported
in reduced units where the energy unit is €g, the length unit
is a, and the mass is m = 1. The Fermi-Jagla pair potential
is truncated at r. = 4.0a and a switching function is applied
for r € [3.6a, 4.0a] to ensure that the forces are continuous
functions of the interparticle distance; see details in Ref. [13].

For both model liquids, RPMD simulations are performed
for a system composed of N = 1000 atoms at a fixed density
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FIG. 2. Diffusion coefficient D (filled circles) as a function of the thermal de Broglie wavelength A for (a) the LIBM and (b) FJL. In panel
(a), only type-A atoms are considered; however, similar results are obtained when considering only type-B atoms, or when including both
type-A and type-B atoms in the system. With growing quantumness of the system (as quantified by an increasing A), the dynamics of the
liquid slows down (LJBM) or speeds up (FJL), depending on the interatomic interactions. (c), (d) Radius of gyration R,(A) as a function of
A evaluated from the same path-integral computer simulations included in panels (a) and (b). In all cases, R,(A) is normalized by the radius
of gyration of the corresponding free atom, Ri;‘ee(A). Despite the different dynamics, for both liquids, the ratio Rg(A)/Ri,‘”(A) decreases
with increasing A in the weak and moderate quantum regimes (approximately A < 0.5). Dashed lines in panels (a) and (c) are taken from
Refs. [8,10] at T = 2.0 (green dashed line) and 7 = 0.7 (blue dashed line); filled crosses in panel (a) mark the values of D(T") for the classical
LJBM (A = 0) reported in Ref. [11]. Filled stars in panels (a) and (c) mark the de Broglie thermal wavelength of He for two of the isotherms
studied, Ape(T) = hi//muckgT; for each isotherm, Ay, (stars) indicates approximately the largest physically realizable value of A for atomic
liquids. Snapshots in panels (c) and (d) show an atom/ring polymer in yellow and its neighbors (LJBM: T = 2.0, A =~ 0.25, blue and cyan are

type-A and type-B atoms; FIL: T = 0.15, A = 0.21).

(0 =N/V = 1.2 for the LIBM and v = V/N = 2.2 for the
FJIL) and different temperatures. In RPMD simulations, NQEs
are incorporated by representing each atom as a ring polymer
with n, beads. In this study, we use n, € [10,256] (LJBM)
and n;, € [10, 40] (FJL), depending on the temperature and
quantumness of the system, so all studied thermodynamic
and dynamical properties converge with respect to n,. We
also confirm that, at a given temperature, the value of n,
chosen satisfies the empirical relationship n, > h,i‘;"‘T“*, where
wmax 1S the largest normal-mode frequency in the system
[25]. Classical molecular dynamics (MD) simulations are
performed by running RPMD simulations with n, = 1. All
RPMD/MD simulations were performed using the OpenMM
(v7.3.0) software package where we modified the value of
h as needed [24]. The temperature was controlled using
a local path-integral Langevin equation thermostat with a
stochastic collision frequency y = 0.1. At each state point,
we started the RPMD/MD simulations from a configuration
obtained at high temperature. The system was equilibrated
for a time t,q = 1007,, where 7, is the structural relaxation
time (defined as the time needed for the atoms in the sys-
tem to move over a distance equal to, approximately, the
separation between nearest neighbors). Following equilibra-
tion, production runs were carried out for an additional time

interval #,,0q = 1007, to calculate properties of the system
and to collect configurations for PEL analysis. The simu-
lation time step for the LJBM was dr = 0.01 (in reduced
LJ units) for 7 < 1.0 and dt = 0.001 for T € (1.0, 5.0]
(for all values of A considered). For the FJL, we used
dt = 0.0005 (reduced Fermi-Jagla units) for all state points
studied.

To elucidate the role of quantum mechanics in the dynam-
ics of the LIBM and FJL, at each temperature studied, we
performed a set of RPMD simulation using different values
of the (reduced) Planck constant /. Tuning 7/ allows one
to control the de Broglie thermal wavelength of the atoms
A = h/+/mkpT and hence the atoms delocalization; see, e.g.,
Refs. [8,14,15,26]. The classical limit is recovered as A — 0
and the liquid quantumness increases with growing A. In
the case of the LIBM, we investigate de Broglie thermal
wavelengths in the range 0 < A < 1.5, where lengths are
expressed in units of 044, depending on the temperature con-
sidered. As discussed below, these values of A are comparable
to the corresponding de Broglie’s thermal wavelength for
helium [Ape; see stars in Fig. 2(a)]. In the case of the FJL,
we investigate de Broglie thermal wavelengths in the range
0 < A < 0.4, where lengths are expressed in units of a, de-
pending on the temperature considered.
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To rationalize the contrasting NQEs on the dynamics of
the LJBM and FJL, we employ the PEL formalism [27] ex-
tended to quantum liquids [15]. To analyze the PEL of the
LJBM and FIL, we perform potential energy minimizations
of ring-polymer configurations obtained during the production
run. Specifically, for each 7 and A, we extract over 100
independent configurations (separated in time by At = t,)
and calculate the corresponding potential energy minima,
or inherent structures (ISs) [14,15]. Potential energy mini-
mizations were performed using the L-BFGS-B algorithm as
implemented in the scipy.optimize Python library [28].
The forces and potential energy required by the minimiza-
tion algorithm were calculated using the OpenCL platform in
OpenMM with double precision.

The local curvature of the PEL about the corresponding IS
is quantified by the basin shape function,

3Nny, i
SNV, T, els)~<1n[]_[ (%’))D , 3)

Jj=1 ers

where {w;};—12,. 3vs, are the normal mode frequencies of
the ring-polymer system at the IS. The squared frequencies
{a)?} j=12,...3nn, are the eigenvalues of the mass-weighted
Hessian matrix and are evaluated following the procedure in
Ref. [26]. Additional computational details for the IS calcula-
tion of the LJBM and FJL can be found in Refs. [26] and [15],
respectively.

III. RESULTS

Figures 2(a) and 2(b) show the diffusion coefficient D
of the atoms in the LJBM (type-A atoms) and FJL as a
function of the thermal de Broglie wavelength A for se-
lected isotherms. The temperature ranges explored in both
cases are comparable; for example, the onset temperatures
for these model liquids, as defined in Ref. [29], are Ty =~ 1.0
(LIBM) [29] and Ty =~ 0.25 (Fermi-Jagla) [13]. Consistent
with Refs. [8,10] [dashed lines in Fig. 2(a)], we find that D(A)
for the LJBM exhibits a reentrant behavior, decreasing in
the weak and moderate quantum regimes (A < 0.5-1.0) and
increasing sharply in the strong quantum regime (A > 1.0).
The stars on the isotherms in Fig. 2(a) mark the de Broglie
thermal wavelength of He at the corresponding temperature
and hence, the largest values of A that are physically feasi-
ble for atomic systems. In this physically accessible regime,
introducing quantum fluctuations has the counterintuitive ef-
fect of slowing down the dynamics of the LIBM [8,10,30].
Surprisingly, we observe the opposite NQEs on the dynamics
of the Fermi-Jagla liquid, where introducing quantumness in
the system (increasing A) speeds up the liquid dynamics. The
filled crosses in Fig. 2(a) indicate the values of D obtained
from classical MD simulations of the LIBM (type-A atoms)
reported in Ref. [11]. As expected, our RPMD simulation
results converge to the classical values for A — 0 (the results
from Ref. [8] for the LIBM, dashed lines in Fig. 2(a), exhibit
a small shift relative to our data and the classical values of
Ref. [11]). The main point of Figs. 2(a) and 2(b) is that
quantum fluctuations (in the physically accessible regime) can
either increase or decrease the dynamics of atomic liquids
at low temperatures, shifting its glass transition temperature

to lower or higher temperatures, respectively, depending on
the atomic interactions in the liquid. The results for the
waterlike monatomic Fermi-Jagla liquid are consistent with
path-integral simulations of water [31,32] and experiments
[3] where the diffusion coefficient increases upon the D — H
isotope substitution, as NQEs become more pronounced.

In Refs. [8,10], it is argued that the slowdown in the dy-
namics of the LJBM, in the weak and moderate quantum
regimes [Fig. 2(a)], is due to the atoms delocalization and
associated caging effects in the liquid. To explore this idea,
included in Fig. 2(c) is the radius of gyration R, of the LIBM
atoms (type A) normalized by the corresponding value for
the free atom Rgee. Consistent with Refs. [8,10], the ratio
Rg/Rg,ree decreases with increasing A in the weak and moder-
ate quantum regimes, and is reentrant for very large values of
A, following the behavior of D(A) in Fig. 2(a). Surprisingly,
our results for the Fermi-Jagla liquid [Fig. 2(d)] also show
that the ratio R,/ Rgee decreases monotonically with increasing
A, following the opposite behavior of D(A) in Fig. 2(b).
It follows that the NQEs on the liquids dynamics are not
necessarily related to the introduction of atoms delocalization
(and associated caging effects).

To explore whether the opposite NQEs on the dynamics of
the LJIBM and FJL can be tracked down to particular structural
changes, we include in Fig. 3 the bead-bead radial distribu-
tion function g, (r) for the ring-polymer system associated
with the atoms in the corresponding liquids. For both liquids,
increasing the quantumness of the system leads to a less
structured liquid: g;,(r) develops peaks that are progressively
smaller in height and wider as A increases. Therefore, the
opposite NQEs observed in the dynamics of the LIBM and
FJL cannot be explained solely by a decrease in the liquid
structure.

A closer comparison of the radial distribution functions
in Figs. 3(a) and 3(b) reveals qualitatively distinct structural
responses to NQEs in the LJBM and FJL. In the LIBM,
increasing quantum fluctuations (increasing A) primarily re-
duces the height of the first peak in gy, (r) while slightly
broadening it. This broadening reflects a modest expansion
of the first solvation shell as quantum effects become signif-
icant. Notably, the peak positions remain largely unchanged
indicating that NQEs do not substantially alter the solvation
shell structure in LJBMs. In contrast, the FJL exhibits dra-
matic structural reorganization. As A increases, the first two
maxima of gp,(r) approach each other and merge, with the
first peak shifting to larger r values while the second peak
shifts to smaller r. This results in a monotonic increase of
gup(r) across the range 1 < r < 2, leading to the formation
of a very broad first solvation shell. Classically (small A),
the first solvation shell is localized at r &~ 1 and spans the
range 1 < r < 1.4; with increasing quantumness (large A), it
shifts to » ~ 1.4 and extends across the distances 1 < r < 2.
These structural changes with increasing quantumness are
related to the nature of the Fermi-Jagla pair potential; specif-
ically, the beads’ separations 1 < r < 2 correspond to the
core-softened part of the Fermi-Jagla potential [Fig. 1(b)]. In
the range 1 < r < 2, the bead-bead forces (within a replica)
are repulsive, suggesting that such beads are transitioning be-
tween the hard-core distance (» = 1) and the Fermi-Jagla pair
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FIG. 3. Bead-bead radial distribution function of (a) the LIBM at T = 0.70 and (b) the FIL at T = 0.15 for different levels of quantumness
(A). In both cases, including NQEs leads to a less structured liquid with a smaller first peak in the bead-bead radial distribution function, g ().
For comparison, included in the insets are the centroid-centroid radial distribution functions, g..(r), of the LIBM and FJL. Black, purple, and
crimson curves correspond, respectively, to A = 0.047, 0.190, and 0.427 for the LJBM, and to A = 0.026, 0.206, and 0.411 for the FJL.

potential minimum (r =~ 2). This dynamic mobility within a
wide range of separations provides a plausible explanation to
the enhanced diffusivity observed in FJL. Such a mechanism
is absent in the LIBM.

IV. A DESCRIPTION BASED ON THE POTENTIAL
ENERGY LANDSCAPE FORMALISM

Next, we show that the PEL approach [27,33], extended to
the study of quantum liquids [14,15,26,31], provides a natural
explanation of the opposite NQEs observed in the dynamics
of the LJBM and FJL. To do so, we perform potential energy
minimizations and obtain the local potential energy minima
(or, ISs) sampled by the systems at different 7 and A. Fig-
ures 4(a) and 4(b) show the average IS energy as a function
of A, Eis(A), for the LIBM and FJL at selected temperatures.
A comparison with Figs. 2(a) and 2(b) shows that, for both
liquids, Ejs(A) mimics the behavior of D(A). Indeed, even
the reentrant behavior of D(A) observed in Fig. 2(a) for the
LJBM at T = 2.0 (green line) is present in the corresponding
Eis(A) [green line in Fig. 4(a)]. It follows that for physically
accessible levels of quantumness [A < Ay &~ 0.3-0.5; see
stars in Fig. 2(a)], and at a given temperature, including NQEs
drives the LJBM to explore deeper regions of the PEL while,
instead, it drives the FJL to explore higher regions of the
PEL. Since deeper regions of the PEL are associated with
a slowdown in the dynamics of a liquid [29], the opposite
NQE:s in the dynamics of the LIBM and Fermi-Jagla liquid are
naturally explained within the PEL formalism. We stress that
for quantum liquids for which the ring polymers are collapsed
at the ISs (as it is the case of the quantum Fermi-Jagla liquid
and LJBM), the ISs are independent of the NQEs, and hence,
the distributions of IS energies available in the PEL of the
LJBM and FJIL are A independent (see Refs. [15,26]).

To further expose the connection between the PEL and
dynamics of the LJBM and FJL, included in Figs. 4(c) and
4(d) are the values of Eig as a function of temperature
for selected values of the Planck’s constant 4. The atoms’
delocalization of liquids increases with increasing &
[14,15,26,31] and hence so does the quantumness of the
LJBM and FIJL in Figs. 4(c) and 4(d). The main point
of Figs. 4(c) and 4(d) is that, for the LJBM, the whole
Eis(T) curves shift toward higher temperatures implying that

increasing the level of quantum fluctuations (as quantified by
h) effectively shifts the PEL of the LIBM to higher temper-
atures. Instead, for the FJL, the Ejs(T) curves shift toward
lower temperatures with increasing 4, effectively shifting the
PEL of the FIL to lower temperatures.

We also note that as found in numerous PEL studies, for all
values of A, the Eis(T') of the LIBM and FJL are constant at
high temperatures and decrease rapidly at low temperatures as
the system enters the so-called PEL-influenced regime [29].
The crossover between the high-temperature regime (where
Es(T) is constant) and the PEL-influence regime occurs at
the onset temperature 7y [15,29]. Importantly, at T < Tp, the
dynamics of the liquid slows down considerably upon cooling,
as the liquid samples IS that are located in increasingly deeper
regions of the PEL [14,15,26,31].

The contrasting NQEs on D(A) and Ejs(A) of the LIBM
and FJL [Figs. 2(a) and 2(b), and 4(a) and 4(b)] can, ulti-
mately, be track down to the impact of quantum fluctuations
on the topography of the corresponding PEL. To show this, we
note that the PEL of the (classical and quantum) LIJBM and
FIL are Gaussian [15,26] implying that, at constant (N, V)
[15],

Es(T, A) ~ Ey — o*(B(T, A) + B), )

where E; and o> are PEL variables indepen-
dent of T and A [1526]. In Eq. (4), B(T,A)=
O[BRi(N,V, T, Eis)l/0Eis)n,v,r, Where Fg is  the
vibrational Helmholtz free energy of the liquid [15,31]
that depends only on the shape of the PEL basins with energy
Eys about the corresponding IS [15]. It follows from Eq. (4)
that altering the quantumness of the LIBM and FIL affects
Eis(T) solely through the PEL variable b.

If the PEL of the system of interest is harmonic, with
parabolic (quadratic) basins about the IS, then b reduces to
the PEL variable b = (0S/9Ejs)y,v,r that is commonly used
in PEL studies of liquids [34]. Here, S = S(N, V, T, Es) is
the basin shape function [34], a quantity that depends solely
on the eigenvalues of the mass-weighted Hessian matrix of
the system at the IS sampled by the system at the working
conditions (N, V,T), and hence, it quantifies the curvature
of the PEL basins about the corresponding IS [15]. The
procedures to calculate the PEL variable b, as well as the
associated basin shape function S, are described in detail
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FIG. 4. Average inherent-structure energy, Es, sampled by the LJBM and FJL. (a), (b) Ejs as a function of A from path-integral simulations
at fixed temperatures. For physically accessible levels of quantumness (A < 0.3—0.5), the Ejs of the LIBM decreases with increasing A; i.e.,
introducing NQEs drives the LJBM to explore deeper regions in the PEL. Instead, NQEs drive the FJL to explore higher regions of the
PEL (higher IS energies). For both liquids, Ejs(A) mimics the behavior of D(A) in Figs. 2(a) and 2(b). (c), (d) Ejs as a function of 7 from
path-integral simulations with modified values of the Planck’s constant 4. At a given temperature, the delocalization of the atoms increases
with increasing & since A = i/+/mkgT . Consistent with panels (a) and (b), increasing # shifts the Ejs(7) curves of the LIBM (FJL) toward

higher (lower) temperatures (see arrows).

in Ref. [26]. If anharmonic contributions are necessary, then
b = b — 0?By, where the last term of this expression includes
contributions to the system due to anharmonic contributions;
see Ref. [26] for details. Usually, anharmonic contributions
for Eig(T) are small or negligible [15,26,31,32], and hence,
b(T, A) =~ b(T, A) to a first-order approximation (for a given
A). Figure 5 shows the calculated b(A) for the LIBM and
FIL at selected temperatures. For the LIBM system, b(A) > 0
and increases with increasing quantumness (A), consistent
with the corresponding shift of Eig(7") to higher temperatures
[Eq. (4) and Fig. 4(c)]. In stark contrast, for the FJL, b(A) < 0
and decreases with increasing A, consistent with the shift
in the corresponding Es(7") to lower temperatures [Eq. (4)
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and Fig. 4(d)]. Overall, our results indicate that the opposite
NQEs on the dynamics of the LJBM and FJL are related to
the manner in which NQEs affect the shape of the basins in
the PEL of these model liquids: A positive (0b/dA)r signals
NQE-enhanced vitrification, while a negative (db/dA)r sig-
nals NQE-suppressed vitrification.

V. SUMMARY AND DISCUSSION

In conclusion, our path-integral simulations of the LIBM
and FJL indicate that the effects of quantum fluctuations
(NQES5s) on the dynamics and glass transition temperature of
atomic liquids are not universal but depend on the specific
interatomic interactions [Figs. 2(a) and 2(b)]. NQEs on the
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FIG. 5. PEL variable b as a function of the de Broglie thermal wavelength, A, at selected temperatures. (a) For the LIBM, b > 0 and
increases with increasing A, while (b) for the FJL, b < 0 and decreases with increasing A. The opposite NQE on the topography of the PEL,
as quantified by b, correlates with the contrasting NQE on the dynamics of the LIBM and FJL.
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atoms delocalization of the LJBM and FJL are qualitatively
similar [Figs. 2(c) and 2(d)] and hence cannot explain the
contrasting NQEs on the dynamics of these liquids. Similarly,
both liquids become less structured as NQEs are included
(Fig. 3). Our results based on the PEL formalism indicate that,
at a given temperature, the introduction of quantum fluctu-
ations drives the studied liquids to explore different regions
of the corresponding PEL (Fig. 4). In the case of the LIBM,
introducing NQEs drives the system to explore ISs located
in deeper regions of the PEL, which explains the slowdown
of the atoms’ mobility; in the case of the FJL, introducing
NQE:s drives the system to explore ISs located in higher re-
gions of the PEL, which explains the speedup of the atoms’
mobility. Path-integral computer simulations suggest that the
contrasting NQEs on the dynamics of these systems are, ulti-
mately, related to the opposite NQEs on the PEL basins’ shape
(curvature) of the LJIBM and FIL, providing a topographic
explanation of the contrasting dynamical behavior of these
liquids. Our results suggest that the dependence of the PEL
parameter b on A may be a good predictor of the NQEs on
the liquid dynamics and glass transition temperature (Fig. 5).
Specifically, including quantum fluctuations is expected to

shift the glass transition temperature to higher [lower] tem-
peratures for a liquid with (0b/dA)r > 0 [(db/dA)r < O].
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