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Particles in glass-forming liquids may form domains of locally favorable structures (LFSs) upon
supercooling. Whether and how the LFS domains would relate to the slow relaxation of the glass-
forming liquids have been issues of interest. In this study, we employ tracers of which structures
resemble the LFS domains in Wahnstrom and Kob-Andersen (KA) glass-forming liquids and inves-
tigate the translation-rotation decoupling of the tracers. We find that the tracer structure affects how
the translation and the rotation of tracers decouple and that information on the local mobility around
the LFS domains may be gleaned from the tracer dynamics. According to the Stokes-Einstein rela-
tion and the Debye-Stokes-Einstein relation, the ratio of the translational (D7) and rotational (Dg)
diffusion coefficients is expected to be a constant over a range of 7/n, where n and T denote the
medium viscosity and temperature, respectively. In supercooled liquids and glasses, however, Dr and
Dg decouple due to dynamic heterogeneity, thus D7/Dg not being constant any more. In Wahnstrdm
glass-forming liquids, icosahedron LFS domains are the most long-lived ones and the mobility of
neighbor particles around the icosahedron LFS domain is suppressed. We find from our simulations
that the icosahedron tracers, similar in size and shape to the icosahedron LFS domains, experience
drastic translation-rotation decoupling upon cooling. The local mobility of liquid particles around
the icosahedron tracers is also suppressed significantly. On the other hand, tracers of FCC and HCP
structures do not show translation-rotation decoupling in the Wahnstrom liquid. In KA glass-forming
liquids, bicapped square antiprism LFS domains are the most long-lived LFS domains but are not
correlated significantly with the local mobility. We find from our simulations that Dy and Dy of
bicapped square antiprism tracers, also similar in size and shape to the bicapped square antiprism LFS
domains, do not decouple significantly similarly to tracers of other structures, thus reflecting that the
local mobility would not be associated strongly with LFS domains in the KA liquid. Published by
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. INTRODUCTION

The dynamics of glass-forming liquids slows down dra-
matically and becomes heterogeneous upon supercooling.'~”
Supercooled liquids consist of regions of different mobility:
molecules in some regions diffuse fast while molecules in other
regions hardly diffuse. Such intriguing dynamic behaviors
have been also observed in biological systems such as cell cyto-
plasm 8% and cell membranes:>>2® the protein diffusion was
slow, subdiffusive, and spatially heterogeneous. Understand-
ing the mechanism for the slow relaxation and the dynamic
heterogeneity should be, therefore, an issue of importance,
but still remains a challenge. There has been especially no con-
sensus on whether there exists a structural origin for the slow
relaxation of the supercooled liquids.>*** It is partly because
of the lack of simulation and experimental tools to investi-
gate various kinds of glass-forming liquids. For example, it is
formidable in experiments to identify a structural motif in var-
ious glass-forming liquids and investigate how the structural
motif would relate to the mobility. In this paper, we show that
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the translation-rotation decoupling of tracer molecules, one of
the signatures of supercooled liquids, may be used as a measure
to obtain the information on how local structure relates to local
mobility.

Several structural motifs are found in supercooled liquids,
some of which are relatively stable and form the domains of
locally favorable structures (LFSs).?**->3 For example, icosa-
hedron and bicapped square antiprism (BSA) are long-lived
LFSs observed in Wahnstrom and Kob-Andersen (KA) glass-
forming liquids, respectively. The LFS domains grow signifi-
cantly upon supercooling such that the long-lived LFS domains
even construct a percolating network at a sufficiently low tem-
perature. This indicates that the growth of LFS domains might
relate to the slow relaxation of supercooled liquids. But the for-
mation of the percolating network does not necessarily imply
structural arrest because the lifetime of LFS domains is finite.
Therefore, how LFS domains affect the local mobility is still
an open and important question. A recent study showed that
icosahedron LFSs in the Wahnstrom liquid lowered the mobil-
ity of neighbor particles around the icosahedron LFSs.??-3%47
On the other hand, other studies illustrated that LFS domains
in the KA liquid were not strongly correlated with the
mobility.”°
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Both the Stokes-Einstein (SE) relation and the Debye-
Stokes-Einstein (DSE) relation originate from the fluctuation-
dissipation theorem, which relates the translational (D7) and
rotational (D) diffusion coefficients of colloids to a balance
between thermal fluctuation (kpT) and friction (17). Here, kg,
n, and T denote the Boltzmann constant, medium viscos-
ity, and temperature, respectively. In homogeneous solutions,
Dy ~kpT /1 and Dg ~ kgT /5. This implies that Dy and Dg
should couple: if the value of 7 were to be doubled (for exam-
ple, by introducing viscogens), both D7 and Dg should be
halved. Therefore, the ratio of D7/Dg should remain con-
stant over a range of 7'/n. In supercooled liquids and glasses,
however, the diffusion becomes spatially heterogeneous such
that the decoupling of the translation and rotation of colloids
occurs. In some cases, the SE relation breaks down !> while
the DSE relation holds. Dy displays the fractional viscos-
ity dependence of Dy ~ (/T)~¢ with & < 1 such that D7/Dg
does not remain constant any more. In other cases, the DSE
relation breaks®®®” and Dy displays the fractional viscos-
ity dependence, thus resulting in decoupling. In this study,
we investigate the translation-rotation decoupling of tracers
of different shapes [icosahedron,%® bicapped square antiprism
(BSA), FCC, and HCP®] in glass-forming liquids. We find
that whether the decoupling occurs or not depends strongly on
the tracer structure.

The long time translational diffusion coefficient (D7) of
a colloid (or a tracer) may be obtained only after the tracer
diffuses through several domains of different mobility in super-
cooled liquids. In such a case, the translational relaxation does
not occur in one domain but the tracer diffusion enters a Fick-
ian regime’%7% after several domains emerge and disappear.
D7 should be, therefore, a measure of the overall mobility
of the supercooled liquids. On the other hand, the rotational
relaxation (and Dg) of a tracer is sensitive to the local mobility
around the tracer in supercooled liquids. If the local mobility
around tracers were to be different significantly from the over-
all mobility of supercooled liquids, the DSE relation would
break down and the translation-rotation decoupling would
occur. Then, the trend of the translation-rotation decoupling
may be employed to investigate the local mobility around the
tracer in supercooled liquids.

We take an advantage of tracers that resemble LFSs and
investigate their trend of translation-rotation decoupling. In
case the translation-rotation decoupling is sensitive to the
local mobility around the tracer, the decoupling trend would
reveal how LFSs would affect the local mobility. We find
that D7 and Dg of icosahedron tracers decouple significantly
in Wahnstrom liquids because Dy shows fractional viscosity
dependence. On the other hand, the bicapped square antiprism
tracers do not display decoupling in KA liquids, which is con-
sistent with previous observations that the bicapped square
antiprism LFS was not correlated strongly with the mobil-
ity.® Our simulation results suggest that investigating the
translation-rotation decoupling of tracers of LFSs would be
an indirect but feasible route to studying the relation between
LFSs and local mobility. It is usually formidable in experi-
ments to identify LFS domains, measure, and investigate the
local mobility around LFSs. Because the translation-rotation
decoupling is associated with the correlation between LFS
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domains and local mobility, one may obtain information on
the local mobility from the studies on the translation-rotation
decoupling.

The rest of this paper is organized as follows. Our model
and simulation details are described in Sec. II. Simulation
results are discussed in Sec. III and Sec. IV contains the
summary and conclusions.

Il. MODELS AND METHODS
A. Models for glass-forming liquids

We consider two different glass-forming liquids: Wahn-
strom’’ and Kob-Andersen (KA)"330 glass-forming liquids.
The Wahnstrom liquid is an equimolar binary mixture of A and
B particles. Our simulation systems for the Wahnstrom liquid
are composed of 12000 particles. A and B particles interact
via a truncated and shifted Lennard-Jones (LJ) potential as
follows:

12 6
Uap(r) = 4e€op [(@) - (@) ] U, r<r.

=0,r >re.. @)

Here, r is the distance between two particles, and (a, 8)
€ {A, B}. €,p = € for all pairs of particles, i.e., €44 = €ap = €pp
= €. € is taken as an energy unit. In this study, the diameter
and the mass of A particles are used as the units of length and
mass, respectively, i.e., o044 =0 and my =m. cap=1.10 and
opp = 1.20 are used for simulations. The mass of a B particle
is 2m. The time unit is, then, T = \mo?2/e.

The KA liquid is an 80:20 binary mixture of A and B par-
ticles. The masses of A and B particles for the KA liquid are
identical (m4 =mp=m). Particles in KA liquids also interact
via the identical form of the truncated and shifted LJ poten-
tial but with different interaction parameters: oaa =0, 0ap
=0.80, ogg = 0.880, €aa = €, eap = 1.5¢, and epg = 0.5¢.
We construct simulation systems for the KA liquid by using
12000 particles.

We employ four different types of tracers [icosahedron,
bicapped square antiprism (BSA), HCP, and FCC]. Three types
of tracers except bicapped square antiprism tracers are com-
posed of 12 spherical particles of diameter o and mass m.
Bicapped square antiprism tracers are composed of 11 spheri-
cal particles. The intramolecular interaction between particles
within a single tracer is described by using both a harmonic
bond potential (Up(r) = 100e(r — 70)?) and a harmonic angle
(U4(8) = 100€(6 — 6y)?) potential. Here, 6 denotes an angle
between two bonding vectors of three neighbor particles.
is the value of 6 at a potential energy minimum. For icosahe-
dron and bicapped square antiprism tracers, g is 60° and 90°,
respectively. For HCP and FCC tracers, on the other hand, 8
is either 60° or 90° (Fig. 1). There are 60 angles in a single
tracer for icosahedron, 8 angles in bicapped square antiprism
tracers, and 48 angles for HCP and FCC tracers. rg used in this
study corresponds to the position of the first peak of the radial
distribution function of liquids. The force constants of 100e
for Uj and U, are large enough to maintain the structures of
tracers during our simulations. The particles of a tracer inter-
act with other particles (that do not belong to the tracer) via

U(xﬁ(r)-
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FIG. 1. Four different types of tracers used in this study: (a) icosahedron
(red), (b) FCC (green), (c) HCP (blue), and (d) bicapped square antiprism
(BSA) (orange) tracers. Angles in figures indicate the values of 6y used in
simulations.
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The radii of the tracers in this study are almost 1.50 except
BSA. In the case of BSA, the distance between its center of
mass and its constituent particle ranges from 1.36 to 1.68c .
We estimate the asphericity (6*) defined as follows:®!

513 B3+ A5+ 47145 )
A2+ 22+ 222

where 41, A2, and A3 are the eigenvalues of gyration tensors of
tracers. 6™ ranges from O to 1 and 6" = O for spherical tracers.
In this study, the values of §* are all close to zero (6* = 0.002
for icosahedron, FCC, and HCP tracers and §* = 0.069 for
BSA), indicating that our tracers are of spherical shape.

B. Molecular dynamics simulations

Initial configurations for simulations are generated by
inserting 2 tracers and 12000 particles at random positions
in a primary simulation cell. If any overlap between parti-
cles occurs, we discard the configuration and try new random
positions for the particles. The dimension (L = (N/p)'/?)
of the cubic simulation cell is about 25.10" in Wahnstrom
liquids and 21.60 in KA liquids. N is the total number of
particles including tracer particles. p is the number density,
which is 0.75 in Wahnstrom liquids and 1.2 in KA liquids.
Initial velocities for particles are sampled randomly from
the Maxwell-Boltzmann velocity distribution with zero total
momentum.

We perform canonical molecular dynamics (MD) simula-
tions by employing the LAMMPS simulator with a velocity-
Verlet integrator and Nosé-Hoover thermostat.®? The time step
for MD simulations is 0.0017, and periodic boundary condi-
tions are applied in all directions. We equilibrate systems by
performing MD simulations at least 1000 times longer than
the translational relaxation time (77) of tracers. We change T’
from 2 to 0.6 for the Wahnstrom liquid and from 2 to 0.485
for the KA liquid. Because the onset temperature 79 and the
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critical temperature 7' is (To, T.) = (0.8, 0.55) for the Wahn-
strom liquid and (T, T'.) = (1, 0.435) for the KA liquid, 7 =0.6
for the Wahnstrom liquid and T = 0.485 for the KA liquid are
sufficiently low temperatures at which dynamic heterogeneity
is significant.

We estimate the mean-square displacement {(AF))?))
and the non-Gaussian parameter (a»(f)) of Wahnstrom and
Kob-Andersen (KA) liquids as follows:

((AF())*y = (|F(r) - FO)%), 3)
_ X@ryh
“O= Sqaroy " @

where 7(¢) is the position vector of the particles of Wahnstrom
and Kob-Andersen (KA) liquids at time . (- --) denotes an
ensemble average over all particles in the system.

The mean-square displacement ({(AF(1))?),) and the trans-
lational diffusion coefficient (D7) of tracers are also estimated,
ie.,

(AF)*) = ([Feom(t) = Feom(0)[7), (5)
AF(1))?

Dr = i {&EOPN, ©
where Feom (1) is the position vector of the center of mass of
a tracer at time 7. We also estimate the mean-square angular
displacement (((A@(r))*))*” and the rotational time correlation
function (U(?)) of tracers as follows:

(MG = (I80) = GO, 0
Ca(r) - i(0))

U =7, 8

® |(0) - @(0)| ®

where u(7) is a normalized vector that points one particle of
a tracer at its perimeter from the center of mass of the tracer.
We investigate the rotation of the tracer by tracking the vector
i(r). @(1) is the unbounded angle vector of i(¢) given by @(¢)
= u(0) x #(t). The rotational diffusion coefficient (Dg) of trac-
ers can be obtained by using either ((A@(#))?) (Einstein formal-
ism) or U(¢) (Debye formalism). In the Einstein formalism, Dg
= lim;,((A@(1))*)/(4t) is used. In the Debye formalism,
on the other hand, we calculate the rotational relaxation time
(1g) of U(?) by using the relation U(t = 7g) = 1/e and estimate
DR =1 / (27’ R)-

C. Topological cluster classification

We employ the topological cluster classification (TCC)3?
analysis to investigate the local structure of Wahnstom and
Kob-Andersen (KA) liquids. TCC analysis detects the mini-
mum energy clusters made of 5 to 13 particles and allows us
to investigate high-order local structures in supercooled liq-
uids. The first step of the TCC analysis is to estimate bonds
between pairs of neighbor particles. The bonds are identified
using a modified Voronoi construction with a four-membered
parameter (f,) and a maximum bond length cutoff (), which
were used in previous studies to detect long-lived clusters
in Lennard-Jones fluids.*”**#3 In this study, we use (f., r.)
= (0.82, 1.620) for Wahnstom liquids and (f,, r.) = (1, 20)
for KA liquids. The shortest-path rings composed of 3 to 5
particles are, then, searched within the bond network. These
shortest-path rings define the basic clusters. By either com-
bining basic clusters or adding a few bonded particles to these

1€:6G:10 ¥20z Atenuer g1
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clusters, larger clusters are determined. We compare the bond
network of each cluster with those of the minimum energy
clusters and assign the topology to the cluster.

According to a recent study,*’ the fraction of liquid par-
ticles that belong to each local structure, in general, increased
with a decrease in the temperature 7. Some clusters maintained
their structure for sufficiently long times, while other clusters
were broken due to thermal fluctuation before the transla-
tional relaxation time. In the Wahnstom liquid, 13-membered
icosahedron was a long-lived locally favorable structure and
crystalline structures (FCC and HCP) were short lived struc-
tures. In the case of the KA liquid, 11-membered bicapped
square antiprism was a long-lived locally favorable structure,
while icosahedron and FCC structures were relatively short
lived structures.

lll. RESULTS AND DISCUSSIONS

A. The diffusion and dynamic domains
of glass-forming liquids

Wahnstrom and KA glass-forming liquids have been
investigated extensively in previous studies.37-3%43-48:56.77.78
In this subsection, we investigate whether the presence of
tracers would influence the structure and dynamics of the
glass-forming liquids. We find that g(r), ((A7(1))?), and a,(f)
of glass-forming liquids are hardly sensitive to the pres-
ence of tracers of any kind. This indicates that the tracers
employed in this study would be proper stand-ins to examine
the glass-forming liquids.

Figure 2 depicts ((A7(t))*) of Wahnstrém and KA liquids
with and without tracers. For a given temperature 7, the pres-
ence of tracers does not affect ((A7(1))?). ((A#(t))?) at a high
temperature of T = 2 enters a Fickian regime (((A7(¢))*) ~t!)
quickly after a short ballistic regime (((A7(1))*) ~ 2). As T is
decreased, a subdiffusive regime develops with ((A7(1))?) ~ t¢
and a < 1. The subdiffusive regime becomes longer at a lower
temperature. In the case of Wahnstrom liquids at 7' =0.65, the
subdiffusive regime lasts for about two orders of magnitude
of times before a Fickian regime appears. Such a subdif-
fusive behavior of ((A%(?))?) has been observed in various
glass-forming liquids.

The glass-forming liquids often display non-Gaussian
dynamics at low temperatures, which is characterized by the
non-Gaussian parameter a(f). a,(t) for glass-forming liquids
is usually very negligible at short times but increases sharply
when the dynamic heterogeneity begins to appear at inter-
mediate time scales. Once a»(t) reaches its maximum value,
a;(t) decays back to zero. a, () usually reaches its maximum
right before ((AR(1))?) enters the Fickian regime, which cor-
responds to the time when the dynamic heterogeneity is the
most significant.

Figure 3 depicts @, (#) of Wahnstrom and KA liquids with
and without tracers. a,(¢) at T = 2 is quite small compared
to those at low temperatures, thus implying that the liquid
diffusion should be Gaussian at 7 = 2. As T is decreased, a,(?)
is increased significantly. For example, @(¢) reaches about 1
att ~ 100 for the Wahnstrom liquid without tracers at 7 =0.65,
thus indicating that the Wahnstrom liquid diffusion becomes

J. Chem. Phys. 147, 124503 (2017)
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FIG. 2. Mean-square displacements {((AR(1))?) of (a) Wahnstrom particles (A
particles) and (b) KA particles (A particles) at various temperatures with and
without tracers. BSA indicates bicapped square antiprism tracers.

quite non-Gaussian at # = 100. When tracers are inserted into
the liquids, a(¢) is increased slightly: a»(¢) is increased by
about 10% at the peak position of @,(¢). This may be attributed
to our observation that the local mobility around the tracer is
decreased (Fig. 11). The peak position of a;(f) (the time when
the dynamic heterogeneity is significant), however, does not
change with the presence of tracers.

Figure 4 depicts the radial distribution functions (g(7))
of particles of both Wahnstrom and KA glass-forming lig-
uids with and without tracers at T = 2. g(r) is not affected
by the presence of tracers at all temperatures in this study.
Because the tracer concentration is quite small in this study, the
presence of tracers does not interrupt the overall structure (at
least the second order correlation) of particles of glass-forming
liquids.

B. Structure of glass-forming liquids around tracers

Icosahedron and bicapped square antiprism are long-lived
locally favorable structures (LFSs) in Wahnstrém and KA lig-
uids, respectively. Previous studies showed that the clusters
of LFSs grew upon supercooling and formed percolating net-
works. 354548 The percolating networks were, however, tran-
sient. It remains unanswered whether and how the percolating
networks would lead to the slow-down of the relaxation of
glass-forming liquids.

We perform topological cluster classification (TCC) anal-
ysis for configurations obtained from MD simulations. We
also find that icosahedron and bicapped square antiprism clus-
ters grow in Wahnstrom and KA liquids, respectively, as T is
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(A) Wahnstrom
0.84 — Without tracers
With tracers
O Icosahedron
_ 0694 O Hcp
= A FCC
S 0.4
0.24
T=2
O'O-
0% 10°  10°  10°
(B) 1.09 KA
— Without tracers
With tracers
0.8+ O Icosahedron
BSA
= 069 A Fcc
3
0.4
0.2+ R
T=2 "mo
004 —=F i
T T rr T T

FIG. 3. Non-Gaussian parameter a; () of (a) Wahnstrom particles (A par-
ticles) and (b) KA particles (A particles) at various temperatures with and
without tracers.

decreased. Figures 5(a) and 5(c) depict the fractions (fyyerair)
of all liquid particles that participate in icosahedron, bicapped
square antiprism, HCP, and FCC clusters with and without
tracers of different shapes. Figures 5(b) and 5(d) depict the
fractions (fi,cq1) of local neighbor particles around tracers (of
various kinds) that participate in icosahedron, bicapped square
antiprism, HCP, and FCC clusters.

In the Wahnstrom liquid, HCP and FCC clusters hardly
grow with a decrease in 7. On the other hand, the overall frac-
tion (fyyerqnr) Of particles that belong to icosahedron clusters
increases sharply upon cooling [Fig. 5(a)]. Interesting is that

— KA w/o0 tracers
= \Wahnstrém w/o tracers
2 O KA w/ tracers
O Wahnstréom w/ tracers
~
o
N
22 14 PO E3o6RRA00330000000
04

FIG. 4. Radial distribution function g(r) of Wahnstrom particles (blue) and
KA particles (red) at T = 2 with (symbols) and without (lines) tracers.
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the presence of tracers hardly changes f,yerq. In Fig. 5(a),
different symbols represent different types of tracers in the
liquid and different colors represent LFSs of different struc-
tures: red, blue, orange, and green lines for icosahedron, HCP,
bicapped square antiprism (BSA), and FCC LFSs, respec-
tively. foveran’s of each LES without tracers are depicted with
filled diamond symbols. For example, f,yerq’s of icosahedron
clusters (red lines) in the Wahnstrom liquid with (open sym-
bols) and without (filled symbols) tracers overlap well with
one another.

A similar trend is observed in KA liquids [Fig. 5(c)]. As T
is decreased, bicapped square antiprism (BSA) clusters, which
are long-lived LFSs in the KA liquid, grow more significantly
than FCC and icosahedron clusters. FCC clusters hardly grow.
Even in the KA liquid, the presence of tracers does not change
Sfoveran Tor clusters significantly. Note that f,,..q; of the long-
lived LFSs (icosahedron clusters) in the Wahnstrom liquid
increases up to 20%, whereas f,yerqn Of the long-lived LESs
(bicapped square antiprism clusters) in the KA liquid increases
only by about 12%.

Icosahedron tracers induce the formation of icosahedron
clusters in the Wahnstrom liquid, whereas bicapped square
antiprism tracers do not in the KA liquid. We estimate the local
fraction (fjycqr) of liquid particles around tracers that partici-
pate in the clusters of different structures. We consider liquid
particles that are located within the distance of 30~ from the
center of mass of tracers. The distance of 30~ corresponds to
the 2nd peak position of the pair correlation function of liquid
particles and tracers. Figures 5(b) and 5(d) depict the fraction
(fiocar) of local liquid particles around tracers that participate
in icosahedron, bicapped square antiprism (BSA), FCC, and
HCP LFSs. In Figs. 5(b) and 5(d), different symbols represent
different types of tracers present in the liquid, whereas differ-
ent colors represent LES clusters of different structures: red,
blue, orange, and green lines for icosahedron, HCP, bicapped
square antiprism (BSA), and FCC liquid clusters just like in
Figs. 5(a) and 5(c).

It is interesting that about 40% of local Wahnstrom par-
ticles around icosahedron tracers become the parts of icosa-
hedron clusters, i.e., fioca1 = 0.4 [Fig. 5(b)] at T =0.6. Con-
sidering that the overall fraction (f,erq;) of Wahnstrom par-
ticles in icosahedron LFSs is about 20% at T =0.6 [Fig.
5(a)], this indicates that icosahedron tracers induce the for-
mation of icosahedron LFSs around themselves significantly.
Around HCP and FCC tracers in the Wahnstrom liquid,
about 20% of Wahnstrom particles participate in icosahe-
dron clusters (fiocar = 0.2), which is close to f,erqn of Wahn-
strom particles in icosahedron structures. Tracers in the Wahn-
strom liquid do not facilitate the formation of HCP and FCC
clusters.

In the KA liquid, even the bicapped square antiprism
tracers, which resemble a long-lived LFS domain, does not
promote the formation of any kind of clusters. The fraction of
KA particles around tracers (of any kind) that participate in a
particular structure is almost identical to the overall fraction
of KA particles in the structure, i.e., fiocai = foveran [Fig. 5(d)].
This indicates that even though the bicapped square antiprism
structure is a long-lived LFS in the KA liquid, it might not
induce any structural change locally.
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C. The translation and rotation of tracers

Tracers enter the Fickian regime {(AF@))?), ~ th quickly
at high temperatures but display a subdiffusive regime at low
temperatures. Tracers enter the Fickian regime much later than
liquid particles due to the large tracer size. For example, when
T = 0.65, icosahedron tracers in the Wahnstrom liquid enter
the Fickian regime at ¢ = 600, while Wahnstrom particles enter
the Fickian regime at ¢ = 50.

Interesting is that the tracer diffusion depends on the struc-
ture of tracers even though the tracer sizes are similar. In the
case of the Wahnstrom liquid, as T is decreased, the diffusion
of icosahedron tracers is suppressed more than HCP and FCC
tracers [Fig. 6(a)]. For a given T, ((AF(1))*); of HCP and FCC
tracers are almost identical to each other. The dependence of
((AF(1))?); on the tracer shape in the KA liquid is not as signif-
icant as in the Wahnstrom liquid. However, the translational
diffusion of FCC tracers in the KA liquid is slightly slower than
those of icosahedron and bicapped square antiprism tracers
[Fig. 6(b)].

At sufficiently low temperatures, the rotational diffusion
of tracers is more sensitive to the tracer shape than the trans-
lational diffusion. Our simulation results show that at a high
temperature of 7 = 2, ((A(ﬁ(t))z)’s of different types of tracers
are almost identical to one another (Fig. 7). Because tracers
in this study are almost spherical with ¢* =~ 0, the DSE rela-
tion should hold at T = 2. At low temperatures, on the other
hand, the DSE relation breaks down and ((A@(r))?) is sensi-
tive to the tracer shape. In the case of the Wahnstrom liquid
[Fig. 7(a)] at T = 0.65, ((Agﬁ’(t))z) of icosahedron tracers is
smaller by about an order of magnitude than those of HCP
and FCC tracers. Similarly in the KA liquid at 7 = 0.485,

((A@(1))*) of FCC tracers is smaller than those of icosahedron
and bicapped square antiprism (BSA) tracers. A recent sim-
ulation study by Taamalli er al.®* showed that not only the
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103 0 Hee
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S 1073 y
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FIG. 6. Mean-square displacements ((AR(D))*); of tracers in (a) the Wahn-
strom liquid and (b) the KA liquid at various temperatures.
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FIG. 7. Mean-square angular displacements <(A<ﬁ(l))2) of tracers in (a) the
Wahnstrom liquid and (b) the KA liquid at various temperatures.

shape but also the size of tracers would make a qualitative
difference in the dynamic heterogeneity of liquid particles.
Since all types of tracers in this study are similar in size, the
differences in translational diffusion and rotational diffusion
among tracers may not be attributed to the size of tracers in our
simulations.

Because the rotational diffusion of all tracers in this study
enters the Fickian regime (((A@(¢))?) ~ t') even at low tem-
peratures, Dg of tracers can be estimated readily by employing
the Einstein relation, i.e., Dg = limHm((AgE(t))z)/(M). How-
ever, previous simulation studies reported several cases where
Dy, of the Einstein formalism differed significantly from Dg of
the Debye formalism, which made the study on the translation-
rotation decoupling complicated.®*-5% In the case of the Debye
formalism, the rotational correlation function U(¢) is obtained
from simulations and is fitted to the exponential function,
exp(—2Dgt), to estimate Dg. We find from our simulations
that the values of Dy of tracers in this study are not sensitive
to the formalism. Figure 8 depicts U(¢) (symbols) of icosahe-
dron tracers in Wahnstrom liquids at different temperatures.
Solid lines represent the graph of exp(—2Dgt) with the value
of Di from the Einstein formalism. Symbols (U(¢) for the
Debye formalism) and solid lines (obtained from the Einstein
formalism) overlap well with each other, indicating that Dg of
tracers is not sensitive to the formalism at all temperatures in
this study.

We estimate the non-Gaussian parameters (a»(¢)) for both
the translation and rotation of tracers (Fig. 9). It is interest-
ing that the translational diffusion of tracers follows Gaussian

J. Chem. Phys. 147, 124503 (2017)
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FIG. 8. Rotational time correlation functions U(¢) of icosahedron tracers in
the Wahnstrom liquid (red symbols) at various temperatures. Lines are drawn
with the equation U(#) = exp(—2Dgt) with Dg obtained from ((AJ(I))Z) and
the Einstein formalism.

statistics faithfully such that @(f) is quite small at all time
scales of this study compared to @ (¢) of liquid particles. While
a;(t) of liquid particles reaches up to 1, a(¢) of the translation
of tracer particles are smaller than 0.2. Because the tracer size
is comparable to the dynamic domain size of Wahnstrom and
KA liquids, the translational diffusion of tracers is slow and the
long time diffusion coefficient may be obtained only after the
tracers diffuse through several dynamic domains. The trans-
lational diffusion of tracers fails to reflect the heterogeneous
dynamics of liquid particles, but instead can be a measure of

(A) 1.0 O Translational a;(t)
O Rotational ax(t)
0.8 — Liquid particles
— Icosahedron
0.6 1
—~
R
0.4+
3
0.2 1

0.0+

Wahnstrom (T=0.65)

10° 10" 10° 10° 10
t

(B) 1.04 0O Translational a;(t)
O Rotational ay(t)
0.8 — Liquid particles

— Icosahedron

KA (T=0.485)

hhl ILELALRLLL | AELEALLL | T
10" 10° 100 10" 10°
t

FIG. 9. The non-Gaussian parameters (@ ()) for the translational diffusion
(squares) and the rotational diffusion (circles) of tracers of different structures
in (a) Wahnstrom at 7 = 0.65 and (b) KA liquids at 7 = 0.485. a,(¢) of liquid
particles (black squares) is also included.
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the overall mobility of the liquids. On the other hand, the rota-
tional diffusion of tracers is quite non-Gaussian with a;(t)
approaching 0.8. This indicates that the rotational diffusion
of tracers could reflect the heterogeneous dynamics of liquid
particles.

D. Translation-rotation decoupling

The extent of decoupling between the translation and
the rotation depends significantly on the shape of tracers.
Figure 10(a) depicts the ratio of Dr/Dg normalized by its value
at 7 = 2. If both SE and DSE relations were to hold and Dr
would couple to Dg, D7/Dg should stay constant over a range
of T. In the case of FCC and HCP tracers in the Wahnstrom lig-
uid, Dr/Dp stays constant over all temperatures in this study.
It is because D7 and Dg of FCC and HCP tracers in the Wahn-
strom liquid follow SE and DSE relations faithfully such that
Dr ~ 77 Uand Dg ~ T 1 [Fig. 10(b)]. 77 is the translational
relaxation time of tracers obtained from the intermediate scat-
tering function F'(k, t) and F'(k,t = 77) = 1/e, where k denotes
the wavevector. k = 1.850-~! and 2.10-~! are used for bicapped
square antiprism tracers and the other three tracers, respec-
tively. 277/1.85 and 27/2.1 correspond to the approximate size
of tracers. According to previous studies,®" 923588 . is pro-
portional to /T, for which 77 is used to represent /7 in this
study. Icosahedron and bicapped square antiprism tracers in
the KA liquid also obey SE and DSE relations, for which D7
and Dp couple to each other.

A significant decoupling between D7 and Dy occurs for
icosahedron tracers in the Wahnstrom liquid. Compared to
the value of D7/Dg at T = 2, Dr/Dg is increased by a fac-
tor of 5 at T = 0.6 [Fig. 10(a)]. Such an increase in Dy/Dpg
at low temperatures suggests two possible scenarios: (1) Dr
is enhanced significantly while Dy follows the DSE relation
or (2) Dg is suppressed significantly while D7 follows the SE
relation. Figure 10(b) depicts Dy and Dy of icosahedron trac-
ers in the Wahnstrom liquid as a function of 7. Dg ~ 747
and Dr ~ 77 !, thus implying that the rotational diffusion
of icosahedron tracers is significantly hindered in the Wahn-
strom liquid but the translational diffusion follows the SE
relation faithfully. The breakdown of the DSE relation for

(A) [N] 61 Wahnstrom Liquid

,ﬁ —O— Icosahedron tracers
= —O0— HCP tracers
() —&— FCC tracers
\n— 44 KA Liquid
() —O— Icosahedron tracers
~ —— BSA tracers

~ —A— FCC tracers
~~
a
S

'_
o
N—"

T
0.4
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icosahedron tracers leads to the translation-rotation decou-
pling of icosahedron tracers in the Wahnstrém liquid.

FCC tracers in the KA liquid also display decoupling
between the translation and the rotation, which is not, how-
ever, as significant as icosahedron tracers in the Wahnstrom
liquid [Fig. 10(a)]. D7/Dg at T = 0.485 is increased by about
a factor of 2 compared to that at T = 2. The decoupling occurs
for FCC tracers in the KA liquid also because the rotation of
FCC tracers is suppressed and Dg ~ 7;-'15 while D follows
the SE relation faithfully [Fig. 10(b)].

E. Local mobility of glass-forming liquids
around tracers

Tracers are likely to slow down liquid particles around the
tracers, which is expected because tracers may behave as obsta-
cles to the liquid particles. The mobility u is defined as the aver-
age magnitude of displacement of liquid particles during ¢".
Here, ¢* is the time when the non-Gaussian parameter (a(?))
of liquid particles becomes maximum and liquid dynamics
becomes the most heterogeneous. We estimate the values of
w for all liquid particles (operq) in the simulation system
and local particles (uocq;) around tracers. Local particles are
defined as liquid particles that are located within 30 from
the center of mass of tracers. Figure 11 depicts both poperan
and y,cq- The presence of tracers hardly changes pperqn at
all temperatures regardless of the types of tracers. The val-
ues of fyperqn are obtained for liquid with and without tracers
(of all kinds) and are plotted all together (black symbols) in
Figs. 11(a) and 11(b) where different symbols represent differ-
ent types of tracers in the liquid. The presence of tracers does
not change pyperqi’s much. Not surprisingly, both p,perqn and
MUiocar decrease upon cooling, and ,.,; around tracers of any
kind is lower than .. (because tracers behave as obstacles
to local liquid particles).

In the Wahnstrom liquid, however, the decrease in pocq
around icosahedron tracers is prominent at low temperatures
compared to those around other types of tracers. This relates
closely to the fact that icosahedron tracers facilitate the forma-
tion of icosahedron LFSs around themselves. Because icosa-
hedron LFSs may be stabilized around icosahedron tracers,

.ay _'I
A tracers 5
in KA Liqui
racers i
- nstr id v

A FCC tracers
107 - in KA Liquid
O Icosahedron tracers

in Wahnstrom Liquid

1074 O Other tracers Q
T Ty T Ty T
1 10 100 1000
Tr / Trr-2

FIG. 10. (a) Dy/Dg normalized by its value at T =2 as a function of T for tracers in Wahnstrom (black symbols) and KA (red symbols) liquids. (b) Dg normalized
by their values at 7 = 2 as a function of 77 for tracers in Wahnstrém and KA liquids. Only Dg of icosahedron tracers (red circles) in the Wahnstrom liquid and
FCC tracers (green triangles) in KA liquids are represented with colored symbols. Dotted lines are guides of different exponents. In the inset is D7 normalized
by their values at 7 = 2 as a function of 77 for tracers in Wahnstrom and KA liquids.
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any translational motion that may disrupt the icosahedron
LFSs would need to overcome a certain free energy barrier.
This would slow down the local mobility of liquid particles
around icosahedron tracers. The slow-down of local liquid
particles around the icosahedron tracers hinders the rotation of
the icosahedron tracers, thus breaking down the DSE relation
significantly.

Similarly, in the KA liquid, pjocq; around FCC tracers
is suppressed most significantly, which is, however, not as
prominent as p,q,; around icosahedron tracers in the Wahn-
strom liquid. The decrease in pjye,; around the icosahedron
tracers in the Wahnstrom liquid can be attributed to the facil-
itation of the icosahedron LFS formation around the icosa-
hedron tracer (as shown in the TCC analysis). However, the
FCC tracer in KA liquids does not induce the formation of
FCC LFSs (Fig. 5) but still slows down the local mobility
of liquid particles around the FCC tracer, thus leading to the
breakdown of the DSE relation and the translation-rotation
decoupling. It remains unclear how the FCC tracer slows down
the local liquid particles and needs to be investigated in a future
study.

F. Tracers as stand-ins to interrogate the local mobility
around LFSs of glass-forming liquids

Previous simulation studies suggested that icosahedron
LFSs in the Wahnstrom liquid should suppress the mobility of
Wahnstrom particles around icosahedron LFSs, which is con-
sistent with our observation that Wahnstrom particles are slow

J. Chem. Phys. 147, 124503 (2017)

around icosahedron tracers.?*>% Hocky et al. also performed
simulations and reported that the correlation between LFSs and
particle mobility was strong in the Wahnstrom liquid but rela-
tively weak in the KA liquid.>® This is also in agreement with
our results that the translation-rotation decoupling does occur
not for bicapped square antiprism tracers in the KA liquid but
for icosahedron tracers in the Wahnstrom liquid. While the
translational diffusion of tracers of LFSs obey the SE relation
in both Wahnstrom and KA liquids, their rotational diffusion
is dependent on systems: the rotation of icosahedron tracers in
the Wahnstrom liquid is highly suppressed due to the low local
mobility, while the rotation of bicapped square antiprism trac-
ers in the KA liquid follows the DSE relation. We also observe
in our simulations that yu;,.,; around icosahedron tracers in the
Wahnstrom liquid is suppressed significantly, whereas t,cqr
around bicapped square antiprism in the KA liquid is hardly
affected, which is also consistent with previous studies.’® This
suggests that the trend of the translation-rotation decoupling
of tracers could be associated with the correlation between
the LFS domains and the local mobility in glass-forming
liquids.

In order to obtain the information on the effect of LFSs,
one has to identify LFSs via structural analysis such as TCC
and estimate the local mobility using trajectories of particles
around the LFSs, which are possible only in molecular simula-
tions. It would be usually infeasible in experiments to identify
LFSs and investigate the effect of LFESs on the mobility (and
the slow-down of relaxation of glass-forming liquids). Our
simulation results suggest that the trend of the translation-
rotation decoupling should relate to how the LFS domains and
the local mobility would be correlated. Therefore, if one were
to measure Dy and D7 and investigate the translation-rotation
decoupling of tracers, it could be an indirect approach to inves-
tigate the local mobility around LFSs. Because the synthesis of
nanoparticles of different structures becomes feasible thanks
to advances in nanotechnology, one would be able to observe
the translation and rotation of various types of tracers in glass-
forming liquids. Even though it would be still challenging to
determine LFSs in polymeric and molecular glasses beyond
colloidal glasses, the trend of translation-rotation decoupling
may still provide information on the heterogeneous dynamics
of host liquids.

IV. SUMMARY AND CONCLUSIONS

We perform MD simulations for tracers of different struc-
tures in glass-forming liquids to investigate whether the tracers
and their translation-rotation decoupling would be used as
stand-ins to study the correlation between LFSs and particle
mobility. We find from our simulations that the translation-
rotation decoupling of tracers depends strongly on the structure
of tracers. Dy/Dg of icosahedron tracers in the Wahnstrom
liquid is increased by about a factor of 5 upon cooling, while
Dr/Dg of FCC and HCP tracers in the Wahnstrom liquid stays
constant over a whole range of 7.

We find from the TCC analysis that icosahedron trac-
ers facilitate the formation of icosahedron LFSs around
themselves, which reduces the local mobility around the icosa-
hedron tracers significantly. Such reduced mobility around
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icosahedron tracers hinders the rotation of icosahedron trac-
ers, thus resulting in the breakdown of the DSE relation and
the fractional viscosity dependence of Dg, i.e., Dg ~ T 1.27,
On the other hand, FCC and HCP tracers in the Wahnstrom
liquid do not affect the local structure around those tracers and
the decrease in the local mobility is moderate. FCC and HCP
tracers, therefore, follow both SE and DSE relations faithfully
such that the translation and the rotation of those tracers stay
coupled.

Bicapped square antiprism clusters are long-lived LFSs in
the KA liquid. We investigate three types of tracers of bicapped
square antiprism, icosahedron, and FCC structures in the KA
liquid. We find from our simulations that the bicapped square
antiprism tracers (that resemble long-lived LFSs in the KA
liquid) do not show decoupling behavior even at low tempera-
tures. This is because tracers in the KA liquid do not influence
the formation of LFSs around the tracers significantly and the
presence of tracers has only a moderate effect on the local
mobility around the tracers. Rather, even though FCC tracers
do not induce any structural change around tracers, FCC trac-
ers, which are believed to be short-lived structures in the KA
liquid, display a moderate decoupling behavior between the
translation and the rotation with slow local mobility around
tracers and rotational motion compared to other tracers. Our
results are consistent with previous simulation results that the
correlation between LFSs and particle mobility was relatively
weak in the KA liquid.”®

It is usually not a trivial task to identify LFSs in a glass-
forming liquid and elucidate the effects of LFSs on the particle
mobility. On the other hand, it becomes feasible to synthe-
size and design various tracers of the desired structure and
size. Therefore, one may investigate the translation-rotation
decoupling of various types of tracers in glass-forming lig-
uids not only in simulations but also in experiments. Even
though investigating the translation-rotation decoupling would
be an indirect route to studying the effects of LFSs on parti-
cle mobility, we believe that studying the translation-rotation
decoupling of tracers in various glass-forming liquids would
shed light on how structural motifs in glass-forming liquids
may relate to the particle mobility and slow relaxation of
glass-forming liquids.
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