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It is natural to expect that small particles in binary mixtures move faster than large ones. However, in
binary glass-forming liquids with soft-core particle interactions, we observe the counterintuitive dynamic
reversal between large and small particles along with the increase of pressure by performing molecular
dynamics simulations. The structural relaxation (dynamic heterogeneity) of small particles is faster
(weaker) than large ones at low pressures, but becomes slower (stronger) above a crossover pressure. In
contrast, this dynamic reversal never happens in glass-forming liquids with hard-core interactions. We
find that the difference of the effective melting temperatures felt by large and small particles can be
used to understand the dynamic reversal. In binary mixtures, we derive effective melting temperatures of
large and small particles simply from the conversion of units and find that particles with a higher
effective melting temperature usually undergo a slower and more heterogeneous relaxation. The
presence (absence) of the dynamic reversal in soft-core (hard-core) systems is simply due to the non-
monotonic (monotonic) behavior of the melting temperature as a function of pressure. Interestingly, by
manipulating the relative softness between large and small particles, we obtain a special case of soft-
core systems, in which large particles always have higher effective melting temperatures than small
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DOI: 10.1039/d4sm00020j ones. As a result, the dynamic reversal is totally eliminated. Our work provides another piece of evidence

of the underlying connections between the properties of non-equilibrium glass-formers and equilibrium
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1 Introduction

The utilization of glassy materials in human civilization has
spanned several millennia, yet a comprehensive understanding
of the nature of the glass transition and glasses still poses great
challenges in physics and materials science.'”® On approaching
the glass transition, supercooled glass-forming liquids exhibit
exotic but universal dynamic properties that distinguish them
apparently from simple liquids. These universal properties
include the super-Arrhenius behavior in the temperature evolu-
tion of the structural relaxation, the dynamic heterogeneity,® '
and the breakdown of the Stokes-Einstein relation,?*”** which
have undergone extensive investigations over the past decades
and are still ongoing subjects of study.

Actually, there have been numerous common dynamic features
reported to be shared by a wide swath of glass-formers; however,
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when going to a quantitative level, one could find that some
dynamic properties could exhibit great diversity over glass-
formers under different conditions.***® For instance, some
dynamic properties of glass-formers with different interaction
potentials could exhibit vastly different pressure evolutions: it
was reported that the glass transition temperature and fragility
both increase monotonically when pressure increases in hard-core
potential systems,*** whereas they exhibit a non-monotonic
pressure dependence in soft-core potential systems.*> *>**

What is more complicated is that the dynamics of different
particle species in the same glass-forming liquid could differ
remarkably, in addition to the temporal-spatial difference in
dynamics, i.e., the dynamic heterogeneity. One is that, in binary
glass-forming liquids composed of small and large particles,
smaller particles usually exhibit faster relaxation rates, which is
commonly observed and hence naturally accepted. However, to
the best of our knowledge, the reasons behind the faster
relaxation of smaller particles remain largely unknown to date.
As a result, we cannot yet exclude the possibility that larger
particles may have a faster relaxation under certain conditions.

In this work, we systematically compare the dynamics of large
and small particles in binary glass-forming liquids. Two widely
studied particle interactions, soft-core harmonic and hard-core
repulsive Lennard-Jones (RL]) potentials, are studied. We find
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that small particles exhibit faster structural relaxations at all
pressures in RLJ systems. In harmonic systems, it is the fact,
only at low pressures, above a crossover pressure large particles
relax unexpectedly faster instead. Interestingly, by constructing
effective melting temperatures for large and small particles,
respectively, we find that particles with a higher effective
melting temperature can always relax more slowly. The correla-
tion between the relaxation and the effective melting tempera-
ture of particle species rationalizes the distinct pressure
evolution of particle dynamics between harmonic and RLJ
systems. Using this correlation, we successfully eliminate the
dynamic reversal in harmonic systems by optimizing the rela-
tive softness between large and small particles and hence
making the effective melting temperature of large particles
higher at all pressures.

2 Simulation details

We perform molecular dynamics simulations at constant par-
ticle number N, pressure p, and temperature 7. A binary
mixture of N, A (large) and Ng B (small) particles with the
same mass m is placed in a three-dimensional cubic cell with
side-length L. Periodic boundary conditions are applied in all
directions. We use two widely studied particle interactions,
namely, harmonic (soft-core)

and RL]J (hard-core)
_li
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where r; represents the separation between particles i and j,
o; = (0; + 0))/2 with ¢; being the diameter of particle i, ¢; is the
characteristic energy scale of the interaction, and ©(x) denotes
the Heaviside step function. A comparison between the harmo-
nic and RL]J potentials is illustrated in Fig. 1.

To fight against crystallization, we use a diameter ratio of
y = oalog = 1.4 and a concentration ratio quantified by the
composition concentration of B particles cg = Ng/(Na + Ng) = 0.5.
We define exp = (1 + A)epp and epp = (1 — A)epp with 4 € [-1,1] in
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Fig. 1 Schematic illustration of the scaled harmonic and RLJ potentials
U(I’U)/CU
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order to adjust the relative softness of particle species.*>*® We
set the units of mass, length, and energy to be m, og, and &g,
respectively. The time and temperature are thus in units
of opm?eay V> and ek ' with ks being the Boltzmann
constant.

In molecular dynamics simulations, we solve numerically
equations of motion of this form:*’

%:‘7}+;Lﬂ (3)
47 1= =
Vf S Fy - (A O (4)
m
J#i
L
— =T 5
= LA (5)

where v; and 7; are the velocity and position of particle i,
respectively, f’,-j = —VUj is the force of particle i exerted by
particle j, and 4 and & are the Lagrange multipliers to maintain
constant p and T.*”

To quantify the structural relaxation, we calculate the self-
part of the intermediate scattering function:*®

5o Sewli [0 7o), ©

where o is A or B specifying particle species, the sum is over all o
particles, 7;(¢) is the position of particle j at time ¢, and ¢ is
chosen in the x-direction with g = |g| satisfying the periodic
boundary conditions and being approximately the value at the
first peak of the static structure factor. The structural relaxation
time t,, is determined as the time when F, ,(¢) decays to e .

To characterize the dynamic heterogeneity, we calculate the
four-point dynamic susceptibility:‘“’"“g‘0

74,4 [<Qr7 a, Z > - <Q1((1, t)>2]7 (7)

which evaluates the fluctuation of an overlap function,
0,(a, 1) = ZWM (|7 (2)

W) =1 1f r < a and 0 otherwise. For glass-forming liquids,
a,.(t) usually exhibits a non-monotonic time dependence with

—7(0)]), where a = 0.3 and

a Maximum 4 max,,- HEre, We US€ )4 max to quantify dynamic
heterogeneity at various temperatures or pressures.
The local bond-orientational order of particle 7 is defined as

4117 6 h ) Nb(")Y . ith
- ) wit
? 32 104(0F. where Q4(i) = s 32 Vi) wi

Ni(i) belng the number of nearest neighbors of particle i
determined by the Voronoi tessellation and Yg(7;) the spherical
harmonics. We employ (Qes) averaged over particles and con-
figurations to quantify the overall structural order.

The data were collected after the systems had been equili-
brated for several to 100 times of t, (depending on the tem-
perature and pressure). We will primarily present the results of
systems with N = 1000 particles; however, we have verified
partially that there are no apparent finite-size effects on our
findings.

This journal is © The Royal Society of Chemistry 2024
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3 Results

In binary mixtures of large and small particles, the mobility of
small particles is intuitively larger than that of larger ones since
small particles usually possess larger free volumes. In this
section, we will show that this is always true in hard-core RLJ
binary glass-forming liquids. In sharp contrast, it is violated in
soft-core harmonic systems at high pressures.

Fig. 2(a) and (b) compares the intermediate scattering func-
tions of A and B particles, F; () and F; g(t), for both harmonic
and RL]J systems. We vary the pressure at a fixed temperature
above the glass transition. Here we first show results for 4 = 0,
so that gxa = egp = €ap. This setup of the characteristic energy
scales of the interaction has been widely used in previous
modeling of glass-formers.”>*'™* As can be seen from
Fig. 2(a) and (b), Fsg(?) (dashed lines) decays faster than Fj A(t)
(solid lines) at low pressures for both harmonic and RLJ
systems, so small particles undergo a faster structural
relaxation than large ones, as expected. Fig. 2(b) indicates that
F, A(t) > F,p(t) holds at all pressures for RL] systems. However,
Fig. 2(a) shows that, for harmonic systems, F; () < Fs (t) when
the pressure is above pqy &~ 0.18, so large particles relax
counterintuitively faster than small ones. The crossover pres-
sure pq signals the dynamic reversal between large and small
particles, at which F; () ~ F; g(t), as illustrated by the compar-
ison of the red curves in Fig. 2(a).

In order to verify that the results in Fig. 2(a) and (b) are not
limited to some specifically-chosen temperatures, in Fig. 2(c)
and (d), we compare 14(p) and 7g(p) at different temperatures.
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Fig. 2 Intermediate scattering functions of A and B particles, Fg(t) (solid
lines) and Fg(t) (dashed lines), for (a) harmonic systems at T = 0.003 and
p = 0.04 (dark blue), 0.18 (red), and 0.3 (dark green), and for (b) RLJ
systems at T = 0.01 and p = 0.04 (dark blue), 0.18 (red), and 0.24 (dark
green). Here 4 = 0. (c) and (d) Comparison of the structural relaxation
times of A and B particles, ta(p) (solid symbols) and tg(p) (empty symbols),
for harmonic and RLJ systems, respectively, with the solid lines being a
guide to the eye. In (c), T = 0.05 (dark blue), 0.0045 (dark green), 0.004
(red), and 0.003 (orange). In (d), T = 0.15 (dark blue), 0.015 (dark green),
0.012 (red), and 0.01 (orange). The vertical dot-dashed line in (c) marks the
crossover pressure pg at which 14 ~ 1 at low temperatures.
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Fig. 3 The temperature T dependence of the density p, enthalpy per
particle H, and average local bond-orientational order (Qg) for mono-
disperse harmonic systems at p = 0.01. The lines are a guide to the eye.
The vertical dot-dashed lines mark how we determine the melting tem-
perature, T o.

At temperatures far beyond the glass transition, the difference
between 1,(p) and tp(p) is tiny. With the decrease of tempera-
ture, an observable gap between t,(p) and tg(p) emerges and
grows. For RL] systems, Fig. 2(d) shows that 7,(p) > 7s(p) at all
temperatures. However, for harmonic systems, there is always a
dynamic reversal across a crossover pressure pg, which is
roughly insensitive to temperature, as shown in Fig. 2(c).

Fig. 2 raises a couple of questions: (1) what makes harmonic
and RLJ systems exhibit so different pressure evolutions, and
(2) what determines the crossover pressure pgq for harmonic
systems? Recent studies suggest that the equilibrium melting
temperature plays an unexpected but crucial role in under-
standing the properties of glasses, such as the glass-forming
ability®® and the effective temperature of aging glasses.” It is
interesting to know if the melting temperature can also shed
light on the distinct particle dynamics observed here. Next we
will show that it actually does and in a robust way.

For monodisperse systems, the equilibrium melting tem-
perature is well-defined and can be determined operationally as
the temperature at which there is a discontinuous change in
the density p(7), the enthalpy per particle H(T), or the average
bond-orientational order (Qs) under a constant pressure, as
illustrated in Fig. 3. The three parameters are consistent in the
determination of the equilibrium melting temperature.>®

For binary glass-forming liquids, it seems strange to define
melting temperatures and hard to believe such temperature
matter. The basic idea is that in binary mixtures large and small
particles are under the same pressure p in the common units of
eap0p °; however, in their own units (eaacs > and eppop >,
respectively), A and B particles ‘feel’ different pressure values,

Soft Matter, 2024, 20,1565-1572 | 1567
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pa and pg, which can be simply derived from the conversion
of units:

3

Pa X eaAOA > = pa X eap(1 + 4)(yop)~

3 0
= P X €ABOB
DB X 8330’373 = pB X CAB(I — A)O'}373
3 ©
= P X éABOB
leading to
7
= 10
PA 1 ¥ AP7 ( )
- (1)
B 1= AP-

Let us denote Ty, as the equilibrium melting temperature of
monodisperse systems. Assume there is a monodisperse system
of A particles at pressure p, (in units of ess04 >). The melting
temperature is thus Tp, o(pa) (in units of ¢xzks™"). Applying the
same approach, we have Tp,o(ps) (in units of ¢ggks ') for B
particles. By converting T, o(pa) and Ty, o(ps) to the common
units of exgks ", we can define effective melting temperatures
‘felt’ by particles A and B in binary mixtures at the common
pressure p, Tm a(p) and T, g(p):

Tm,a(p) % eapks " = m,0(a) X eanks ", (12)
Tm,B(p) X eapkp” ' = m,o(pB) X eppkp . (13)
The combination of eqn (10)-(13) results in
7
Ta(p) = (14+4)Tmo {I—F—AP]’ (14)
1
Tap) = (1= )T [0 (13)

Apparently, Ty, A(p) and Ty, g(p) can be simply obtained from
Tm,o(p). Note that the procedures used to get eqn (14) and (15)
as well as eqn (17) have been discussed in our previous work.*>

For the case with 4 = 0 shown in Fig. 2, Ty A(P) = Tin,0(7°p)
and T g(p) = Tm,o(p). Therefore, Ty, A(p) can be simply obtained
from Ty, o(p) by multiplying p by y>. Fig. 4(a) and (b) compares
Tm,a(p) and Ty, g(p) for harmonic and RL]J systems, respectively,
with 4 = 0. The remarkable difference between harmonic and
RLJ systems is that Ty o(p) is monotonic for RL], but non-
monotonic for harmonic, due to their soft- and hard-core
natures, respectively.”> Actually, the non-monotonic evolution
of the melting temperature with pressure in soft-core potential
systems has been studied intensively."***®* Because of this
difference, the relative standing between Ty, (p) and T (p)
shows rather different pressure evolutions between the two
systems. For RL]J systems, Ty, 4 is always larger than Tj, y at all
pressures, simply because Ty, o(p) is monotonic. In contrast,
because of the non-monotonicity, the Ty, a(p) and Ty p(p) of
harmonic systems intersect at a crossover pressure p,,. When
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Fig. 4 Effective melting temperatures of A and B particles, T a(p)
(squares) and T g(p) (circles), for (a) harmonic and (b) RLJ systems with
A = 0. The vertical dot-dashed line in (a) marks the crossover pressure pn,
at which Ty alP) = T s(p).

? < Pmy Tma > Tmp, while Ty, < Tp,p otherwise in the
pressure regime studied here.

It is interesting that the effective melting temperature
difference strongly correlates with the relaxation time differ-
ence between the two particle species. For RLJ systems,
Tma(pP) > Tmp(p) at all pressures, and we always have 1,(p)
> 1g(p). For harmonic systems, T A(p) > Tms(p) and tA(p) >
7g(p) at low pressures, while Tr, s(p) < Tmp(p) and ta(p) <
7p(p) at high pressures. As shown in Fig. 4(a), Tma = T, at Pm
= 0.18, in excellent agreement with pq & 0.18 at which 7, = 5.
All these suggest that particle species with a higher effective
melting temperature undergo a slower structural relaxation.

Fig. 2 and 4 show the results for 4 = 0. As can be seen from
eqn (14) and (15), Tm a(p) and Ty, g(p) vary with 4, so does the
crossover pressure pp,. In order to see whether there is always a
dynamic reversal in harmonic systems and whether py always
agrees with p,, we present results for various 4 values in Fig. 5.
For two arbitrarily chosen values of 4, — 0.35 and 0.2, Fig. 5(a),
(b), (d) and (e) indicates that T, o(p) and T, g(p) intersect at a
A-dependent pp,; meanwhile, the dynamic reversal always
occurs at pyg(4) & pm(4). The robust agreement between py(4)
and pny(4) convincingly supports our argument about the
correlation between effective melting temperature and particle
dynamics.

The non-monotonicity causes the intersection between
Tm,a(p) and Ty, s(p). However, it is not guaranteed that Ty, A(p)
and T, p(p) have to intersect. There is a special value of 4,
denoted as 4*, which can be easily derived from the condition
of pa = ps, i.e., by equating eqn (10) and (11):

3
* Y -1
A" = . 16
By substituting 4* into eqn (14) and (15), we have
TimaP) = 7° T p(p)- (17)

Apparently, when 4 = 4%, Ty, o(p) is always larger than T, p(p)
without any intersection, as shown in Fig. 5(g). Interestingly,
Fig. 5(h) indicates that 7, > 7 at all pressures and the dynamic
reversal is completely eliminated, even though the melting
temperature is non-monotonic in pressure. This result is
another strong evidence to support the correlation between
effective melting temperature and particle dynamics.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Manipulation of the dynamic reversal in harmonic systems by tuning the relative softness of A and B particles 4. The top row compares the melting
temperatures T a(p) (squares) and T, g(p) (circles) in systems with (a) 4 = —0.35, (d) 4 = 0.2, and (g) 4 = 4* = 0.466, respectively. The vertical dot-dashed lines
in (a) and (c) mark the pressure p,, at which T alp) = Trms(p). The middle row compares the structural relaxation times za(p) (squares) and tg(p) (circles) at
T =4 x 1073 in systems with (b) 4 = —0.35, () 4 = 0.2, and (h) 4 = 4* = 0.466, respectively. The vertical dot-dashed lines in (b) and (d) mark the pressure pq at
which t4(p) = 75(p). The bottom row compares the maxima of the four-point dynamic susceptibility 74 maxa(0) (squares) and x4 maxs(P) (circles) at T =4 x 10~ %in
systems with (c) 4 = —0.35, (f) 4 = 0.2, and (i) 4 = A4* = 0.466, respectively. The vertical dot-dashed lines in (c) and (f) mark the pressure pq.

We have compared the dynamics of large and small particles
by calculating their structural relaxation times and revealed a
connection between the difference in the dynamics and the
difference in the effective melting temperatures. In addition,
the dynamics usually exhibits spatio-temporal fluctuations in
glass-forming liquids, which is referred to as dynamic hetero-
geneity. It has been well documented*®*® that a slower
dynamics usually corresponds to a more heterogeneous
dynamics. Since there could be a reversal in the structural
relaxation times between large and small particles under cer-
tain circumstances, it is interesting to see whether there could
be a reversal in the dynamic heterogeneity as well. Further-
more, if the reversal in dynamic heterogeneity exists, does it
start at Pp,?

We use the maximum of the four-point dynamic suscepti-
bility )4 max,a and x4 max,s to quantify the dynamic hetero-
geneity of A and B particles, respectively. The comparison of
Za,max,a aNd Y4 maxp is shown in Fig. 5(c) with 4 = —0.35,
Fig. 5(f) with 4 = 0.2, and Fig. 5(i) with 4 = 4*. Interestingly,
the evolution of the difference between )4 maxa(p) and
%4,max,8(P) With pressure follows nearly the same trend as
that of the difference between Ty, a(p) and Ty g(p), in
particular x4 maxa(®) = Xa,max,s(p) at pm where Ty A(p) =
Tm,s(p). Therefore, one could conclude that there is also a
good correlation between the effective melting temperature
and the dynamic heterogeneity.

This journal is © The Royal Society of Chemistry 2024

It is worth noting that we have excluded that the dynamic
reversal observed in harmonic systems is a direct consequence of
the particle demixing; see Fig. 6 and related discussions in the
Appendix. Moreover, in Fig. 7 in the Appendix, we also find that
our major conclusions do not depend on the diameter ratio or the
concentration ratio of A and B particles within an appropriate
range. However, in extreme cases where the diameter ratio or the
concentration ratio is large and hence the good glass-forming
ability®* could not be maintained anymore, we find that our
conclusions could not work. Therefore, we believe more work is
needed to study systems in these extreme cases.

It is also worthwhile to note that this work demonstrates a
strong correlation between the glassy dynamics and the effec-
tive melting temperatures. In our previous work,* the glass-
forming ability has been linked to the gap in the effective
melting temperatures. To our knowledge, the glassy dynamics
and the glass-forming ability are two facets of the glass transi-
tion and hence usually studied separately. However, the glass-
forming ability could relate closely to the glassy dynamics if
combining our results in this work and those in ref. 45, which
warrants further studies to investigate.

4 Conclusions

In summary, we compare the dynamics of large and small
particles in binary glass-forming liquids with two distinct

Soft Matter, 2024, 20, 1565-1572 | 1569
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Fig. 6 Correlation between the dynamic reversal and particle demixing. (a) Comparison of the structural relaxation times ta(p) (squares) and tg(p)
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Fig. 7 Effect of the particle concentration cg and diameter ratio y on the dynamic reversal in harmonic systems with 4 = 0. The top row compares the
melting temperatures T, alp) (squares) and T, g(p) (circles) in systems with (a) y = 1.4, (c) y = 1.6, and (e) y = 1.8, respectively. The vertical dot-dashed lines
in (a), (c) and (e) mark the pressure pn, at which T alP) = T s(p). (b) Comparison of the structural relaxation times ta(p) (squares) and tg(p) (circles) at
T = 4.3 x 1072 in systems with the same y = 1.4 but different cg = 0.4 (red), 0.5 (blue) and 0.6 (orange), respectively. (d) and (f) Comparison of the
structural relaxation times t4(p) (squares) and tg(p) (circles) at T = 4 x 1072 in systems with y = 1.6 and y = 1.8, respectively; cg = 0.5 for (d) and (f). The

vertical dot-dashed lines in (b), (d) and (f) mark the pressure pq at which za(p) = g(p).

particle interactions. For soft-core harmonic systems, we
observe the unexpected and counterintuitive dynamic reversal
at high pressures: small particles relax faster and exhibit
weaker dynamic heterogeneity than large ones at low pres-
sures, while large particles relax faster and exhibit weaker
dynamic heterogeneity at high pressures. In contrast, the
dynamic reversal is absent in hard-core RLJ systems, in
which small particles normally undergo a faster relaxation
and less heterogeneous dynamics. We find that the differ-
ence in effective melting temperatures between large and

1570 | Soft Matter, 2024, 20, 1565-1572

small particles can rationalize the anomalous dynamic
reversal in harmonic systems and the distinct dynamics
between the two systems. Our results convincingly suggest
that particle species with a higher effective melting
temperature will undergo a slower structural relaxation in
binary glass-forming liquids. Therefore, the non-monotonic
pressure dependence of the melting temperature is the
necessary condition for the dynamic reversal to occur.
These findings provide us the freedom to manipulate the
occurrence of the dynamic reversal and even eliminate it in

This journal is © The Royal Society of Chemistry 2024
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soft-core systems with a non-monotonic pressure depen-
dence of the melting temperature.

It is surprising that the equilibrium melting temperature of
monodisperse crystal-formers can take effect to control the
dynamics of binary glass-formers. The correlation between
the effective melting temperature and the particle dynamics
revealed by this work is another piece of evidence of the
underlying connections between non-equilibrium systems
and their equilibrium counterparts.**>> Here we are concerned
about binary mixtures. Even for polydisperse harmonic sys-
tems, if we divide all particles into larger and smaller ones,
separated by the average diameter, we expect to see the
dynamic reversal as well and interpret it in terms of melting
temperatures.
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Appendix

In order to check whether the reported dynamic reversal
observed in harmonic systems is due to the phase separation,
we quantify the degree of mixing for A particles and B particles
using™®

1
QC{ = E z]: 6"5,‘,7!,‘7 (18)

where the sum is over all « particles, 6, _, is the Kronecker
delta, n; is the number of nearest neighbors of particle i, and n;
is the number of nearest neighbors which are the same type as
particle i. Q5 and Qg are close to 0 when A and B components
mix up very well, whereas larger values of 2, and Q2 mean
stronger demixing.

Fig. 6 compares the structure relaxation times of A and B, 7,
and g, in (a) and the mixing degree of A and B particles, Q, and
Qg, in (b) for harmonic systems for 4 = 0. In addition, we also
show some snapshots at pressures below, around, and above
the pressure at the dynamic reversal. We find it is hard to
conclude there is a conclusively direct connection between the
dynamic difference and the difference in the mixing degree.
However, the demixing (or partial phase separation) seems to
become stronger with the increase of pressure at very high
pressures,> and thus future work should check how this affects
the particle dynamics.

In the main text, we have focused on y = 1.4 and ¢ = 0.5.
Fig. 7 shows our further results for cg = 0.4 and ¢ = 0.6 at fixed
y = 1.4, and for y = 1.6 and y = 1.8 at fixed ¢z = 0.5. For each
combination of (y, cg), the agreement between particle
dynamics and effective melting temperature could be reproduced.

This journal is © The Royal Society of Chemistry 2024
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However, we find that the agreement will disappear when y or cg
becomes large, which deserves further study.
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