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Plastic Crystal-to-Crystal Transition of Janus Particles under Shear
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Colloidal Janus spheres in the bulk typically spontaneously assemble into plastic crystalline phases,
while particle orientations exhibit glasslike dynamics without long-range order. Through Brownian
dynamics simulations, we demonstrate that shear can trigger a phase transition from an isotropic crystal
with orientational disorder to an orientationally ordered crystal with lamellae along the shear direction. This
nonequilibrium transition is accompanied with the orientational ordering following a nucleation and
growth mechanism. By performing a phenomenological extension of free energy analysis, we reveal that
the nucleation originates from the orientation fluctuations induced by shear. The growth of the
orientationally crystalline cluster is examined to be disklike, captured by developing a lattice model
with memoryless state functions. These findings bring new insights into the mechanisms for the ordering
transition of anisotropic particles at nonequilibrium states.

DOI: 10.1103/PhysRevLett.122.198002

Concentrated suspensions of colloidal particles are
known to undergo self-organization due to the entropy
maximization [I1-3], leading to a fascinating range of
ordered phases at equilibrium states [4-8]. Whereas
shape-anisotropic colloids are able to form liquid crystals
[7], spherical colloids with surface anisotropy, e.g., Janus
spheres [9-13], can assemble into plastic crystals that
possess long-range translational order but orientational
disorder [14-16]. In particular, free energy calculations
[17,18] theoretically confirm that orientational crystals of
Janus spheres can be more thermodynamically favored
than plastic crystals under certain conditions. However,
possibly owing to the kinetic trapping in local free-energy
minima, such a prediction has been largely superseded in
both experiments and simulations by plastic crystalline
phases with slow orientationally glassy dynamics [14].
Nevertheless, the theoretical evidence of orientational
crystals gives us confidence in controlling and reconfigur-
ing the orientations of anisotropic particles into ordered
states.

In striking contrast to quiescent conditions where sys-
tems can readily become kinetically trapped in metastable
states, the action of an external stimulus, such as shear flow,
can significantly promote the formation of ordered states
[19-23]. For instance, by simply increasing the volume
fraction beyond the liquid-solid phase transition, crystals of
hard spheres tend to be small and predominantly randomly
close packed; in comparison, large-area face-centered-
cubic (fcc) single crystals can be fabricated when
applying a controlled shear to this system [19]. The ability
of shear to facilitate crystal formation is significant and
well documented [24-27], which can be attributed to
the shear-induced enhancement of translational particle
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diffusion [28]. On the other hand, shear also greatly
accelerates particle rotations [29,30], providing a potential
approach for systems to escape from orientationally meta-
stable states. However, how to effectively utilize such
shear effects to tune the orientational structures of aniso-
tropic particles remains largely unexplored. Whether and
how shear can induce orientational ordering of Janus
spheres is unclear, leaving an urgent and critical issue to
be addressed.

In this Letter, using numerical simulations, we show that
shear can trigger a phase transition in a dense suspension of
Janus spheres from an initial plastic crystal to an orienta-
tional crystal with lamellae along the shear direction. The
orientational ordering in this transition follows the nucle-
ation and growth mechanism. A phenomenological exten-
sion of free energy analysis is performed to reveal that the
nucleation originates from shear-induced orientation fluc-
tuations. The subsequent growth is observed to be disklike,
captured by developing a lattice model with memoryless
state functions. The findings are of significance in unrav-
eling the mechanisms underlying the phase transition of
anisotropic particles at nonequilibrium states, and might
suggest extensive applications of reconfigurable materials
with tunable orientational orders.

Full technical details on the simulation model are
described in the Supplemental Material [31] and briefly
introduced here. As shown in Fig. 1(a), the amphipathic
character of Janus particles is modeled by an attractive cap
(blue) and a repulsive cap (yellow) on the surface. The
central half angle a known as the Janus balance [9]
characterizes the size of the attractive part. The potential
used to model the anisotropic interactions between particles
i and j is given by [10]
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FIG. 1. (a) Schematic diagrams of the Janus-particle model (top)

and the angular dependence w(6) (bottom). (b) Representative
snapshot of the initial state. (c) The snapshot of the shear-induced
orientational crystal. (d) Radial distribution function for particle
locations in (c). (e)—(f) Probability distributions of U, for phases
in (b) and (c), respectively.

Uy(r.0,,0,) =

Yy

r‘ap( r) + Us(r,e)w(0;)w(0;), (1)

where r is the distance between two particles, 6; and 6; are
schemed in Fig. 1(a). U}"(r) is a repulsive interaction and

has the form of a truncated Weeks-Chandler-Andersen
(WCA) potential. U!(r, €) with a bond energy e is utilized
to describe the short-range attractive interactions between
Janus particles. The angular dependence w(6) is schemati-
cally shown in Fig. 1(a). The natural units for the systems
are particle diameter o, timescale 7 and thermal energy k7.
Bond energy € is set as 7kgT, which is close to the
experimental value in the works of Chen et al. [9,36].
Based on the particle model, we consider a three-dimen-
sional periodic simulation box L x L x L (L = 18.20)
consisting of N = 8000 Janus spheres in the NVT ensem-
ble. Linear shear flow with a shear rate y is applied in x
direction. The evolution of positions and orientations of
Janus particles are simulated by Brownian dynamics [31].
The model validity has been confirmed by reproducing the
experimental observations of shear-induced crystallization
and melting of colloids (Figs. S1 and S2).

The initial state of the dense suspension of Janus spheres
is obtained by sedimentation equilibrium [15], with a
representative snapshot shown in Fig. 1(b). Whereas
Janus particles exhibit a close-packed structure, particle
orientations demonstrate no long-range order, leading to a
plastic crystalline phase [17,37]. However, when applying a
controlled shear, e.g., y = 0.277!, the suspension turns into
an orientational-crystal-like phase with lamellae along the
shear direction [Fig. 1(c)]. To characterize precisely the
structures in this phase, the radial distribution function g(r)
for particle locations in Fig. 1(c) is calculated [Fig. 1(d)],
indicating a fcc-dominated structure. Moreover, to quantify
the orientation distributions, we define a parameter U, =
sign(x, y)|n x e_|| for the orientation vector n = (x,y, z),

where e, = (0,0,1). The sign function sign(x,y) =1
when (i) x>0, and (i) x=0, y>0. Otherwise
sign(x,y) = —1. In Figs. 1(e) and 1(f), we give the
distributions of U, for the snapshots in Figs. 1(b) and
1(c), respectively. In contrast to the uniform distribution in
the plastic crystalline phase, the mono-disperse-like U, in
Fig. 1(f) indicates a long-range orientational order. That is,
shear-induced phase transition in a dense suspension of
Janus spheres is observed, from an initial plastic crystal to
an orientational crystal (see also Movie II). For conven-
ience, we use the terms plastic phase and crystalline phase
to denote the phases of plastic crystal and orientational
crystal in the following presentations, respectively.

To delineate the shear-induced transition from plastic
phases to crystalline phases in more detail, we systemati-
cally change the simulation parameters to explore the
conditions under which the transition can be observed.
Twenty independent runs are performed for each parameter
set. To quantify the global orientational order of system,
order parameter (P,) [38,39] is used and defined as below.
For the ith Janus particle with an orientation vector n;, the
local order parameter is given by

Nb(l)

2Nb 1:1 2’

P, (i) (2)

where N, (i) is the number of near neighbors of particle i
lying within the potential cutoff. (P,) is obtained by the
average of P,(i) over all particles in the system.

First, the influences of Janus balance are considered.
Time evolutions of (P,) for systems under shear
(y = 0.2r7!) with various a are shown in Fig. 2(a). It
can be found that high values of (P,) locate at the regions
where a ranges nearly from 100° to 120°, suggesting that
shear-induced orientational crystals are only accessible for
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FIG. 2. (a) Time evolutions of (P,) for systems with various a
at y = 0.277!. (b) Representative local structures of systems

under shear where a = 65° (top), 105° (middle), and 150°
(bottom), respectively. (c)—(e) Time dependences of U, for a
single particle with @ = 105° under shear, where y = 0 (c), 0.2z~
(d), and 0.677! (e), respectively. (f) Left: heatmap of (P,) on the
7 — a space. Right: the plot of Q vs 7.

198002-2



PHYSICAL REVIEW LETTERS 122, 198002 (2019)

those Janus balances. To rationalize this intuitively, we
show the representative local structures of systems under
shear with @ = 65°, 105°, and 150° in Fig. 2(b). For small a,
the weak bonding abilities of Janus particles are unable to
maintain the lamellae along the shear direction. Instead,
tetrahedra phases are more preferred owing to their bonding
stability. For large a, the size of the attractive cap is close to
the limit of full coverage, leading to an isotropiclike
potential, which results in a uniform distribution of particle
orientations.

Next, we turn to the effects of shear strength by
systematically changing y. As shown in Figs. 2(c)-2(e),
typical time dependences of U, for a single particle
demonstrate that the rotational dynamics of Janus particles
under various shear rates can be completely different. At
equilibrium states where y = 0, discrete and large angular
jumps of U, are occasionally observed [Fig. 2(c)], sug-
gesting an orientationally glassy dynamics (Fig. S3) [14].
For y = 0.2z at which the orientational ordering occurs,
the rotation of a Janus particle is gradually suppressed and
finally freezes with the orientation along the z direction
[Fig. 2(d)]. For high shear rates like y = 0.677!, the
oscillatory evolution of U, indicates that the Janus particle
undergoes a periodic tumbling motion [Fig. 2(e)]. For a
legible presentation of shear effects on the global orienta-
tional order, the heatmap of (P,) on the y — a space is
plotted in Fig. 2(f). In particular, high values of (P,)
emerge only for 7 < 0.4¢77!. One reason is the shear-
induced tumbling of particles under a strong shear
[Fig. 2(e)], resulting in the melting of particle orientations.
Another is the collapse of crystalline structures under a
high shear rate, which is characterized by the decrease of
crystallinity Q [40,41] (defined in the Supplemental
Material [31]) for y > 0.4z~ [Fig. 2(f)].

To pinpoint the mechanisms of shear-induced orienta-
tional ordering, we perform a phenomenological extension
of free energy analysis. It is reasonable to expect that for
moderate shear rates the system can be approximately
captured by a thermodynamic description [28,42]. Under
this assumption, a modified Helmholtz free energy per
particle can be given by [31]

f={U)=T(S). (3)

Here (U) and (S) are the ensemble averages of pair
potentials and orientational entropy respectively. Detailed
calculations of (U) and (S) are given in the Supplemental
Material [31]. In Fig. 3(a), we show the Janus-balance
dependences of f for both the plastic phase (f,) and
crystalline phase (f.), where f, exceeds f,. when a ranges
nearly from 90° to 127° (denoted as critical Janus balances).
This result suggests that the crystalline phase is more
thermodynamically stable than the plastic one for those «a,
which is consistent with the observations shown in
Fig. 2(f). Generally, we calculate the critical Janus balances
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FIG. 3. (a) f for both plastic and crystalline phases when

€ = TkyT. The double sided arrow denotes the definition of
Af¢4. (b) Phase diagram on the ¢ — a space. (c) Heatmap of N,
on the y — a space predicted by Eq. (4). The blue and red dashed
lines are the contour lines for N, = 8 and 11, respectively. The
blue crosses in (b) and (c) represent the systems where
(Py) > 0.5. (d) The shear-rate dependence of ¢ for a = 105°,
110° and 115° respectively. The solid lines are theoretical
predictions obtained by Eq. (5).

for different € and show the phase diagram on the ¢ — a
space in Fig. 3(b). The systems where a relatively long-
range orientational order can be observed ({P,) > 0.5,
blue crosses) all locate in the crystalline-phase regime. That
is, the orientational ordering occurs only when the con-
dition is thermodynamically favored for crystalline phases.
Therefore, in the free-energy landscape, orientational
ordering is a transition in which a system in the metastable
plastic phase escapes to the stable crystalline phase under
the disturbance exerted by shear.

Based on this principle, we turn to the transition kinetics
of the orientational ordering. Time evolution of U, in
Fig. 2(d) indicates that the initial orientation of a Janus
particle is first reconfigured by shear. Such reconfigurations
significantly enhance the fluctuations of particle orienta-
tions, allowing more opportunities for the emergence of a
stable orientational nucleus. A nucleus can form when the
size of a randomly formed metastable precursor reaches the
threshold N, [43]. An extension of the classic nucleation
theory gives the criterion for N, expressed as [31]

V187 4 .
N, AN = cp? A1+ 1, (4)

where Af¢? = f.—f,, as schemed in Fig. 3(a). ¢;; is a
factor depending on ¢, and is about —0.157%(kzT)~' when
€ = TkgT. We plot the heatmap of N, predicted by Eq. (4)
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on the y — & space in Fig. 3(c). Systems where (P,) > 0.5
(blue crosses) mainly locate in the regime where N . ranges
from 8 to 11 [blue and red dashed lines in Fig. 3(c)],
indicating that the nucleus is stable when comprising of
8—11 oriented Janus particles. Based on this criterion, the
shear effects on the nucleation rate are investigated. We
identify a nucleus using the method described in Ref. [22],
and use the reciprocal of the averaged formation time as the
nucleation rate. As shown in Fig. 3(d), the rescaled
nucleation rate ¢ [31] increases with y for small shear
rates and sharply decreases when shear becomes strong. To
rationalize this observation, we propose a theoretical
justification based on the assumption that fluctuations of
particle orientations induce the formation of a nucleus,
given by [31]

2
¢= 110 +ar*)(1-b7). (5)

i

~

Il
—

Here, N, is set as 8, and a, b are factors determined by
solving a nonlinear least squares problem [31]. The high
agreement between simulation results and predictions of
Eq. (5) [Fig. 3(d)] suggests that the nucleation originates
from the shear-induced orientation fluctuations.

The nucleation subsequently enables the growth of an
orientational crystal. To quantify the growth process, we
use the criterion |U | < 0.2, lasting for at least 1z, to
identify whether the ith Janus particle is oriented. We show
the typical snapshots of the system with @ = 105° and
7 = 0.2¢7! at different times in Fig. 4(a), where only the
oriented particles are plotted. It can be found that the cluster
of oriented particles is oblate and demonstrate a disklike
growth perpendicular to the shear direction. For a statistical
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(a) Representative snapshots of the system with a =
105° and 7 = 0.277" at t = 107 (a;), 2007 (a,), 4007 (a;), and
6007 (ay) respectively. (b) Schematic diagram of calculating the
heatmap of p on the xz plane. (c) The heatmaps of p in
simulations. (d) The heatmaps of p reproduced by the lattice
model. Times of snapshots in (c) and (d) are the same with those
in (a). (e) Time dependences of N for p =0.006 and 0.010
(lattice model). The confidence intervals of N in simulations for
7 = 0.10 and 0.20z~! (@ = 105°) are also given. (f) The plot of p
vs 7 when a = 105°.

presentation of such growth way, we divide the simulation
box into L. x L. x L, cells (L. = 11 in this Letter) and
calculate the relative number density p = L3N _/N for each
cell, where N, is the number of oriented particles in that
cell. The mean values of p along the y axis are calculated
and displayed in a heatmap on the xz plane, as schemed in
Fig. 4(b). We use the ensemble average of p based on 10
independent runs, and show the evolution of p in Fig. 4(c).
The value of p increases oblately along the z direction over
time, corroborating statistically that the growth of an
orientationally crystalline cluster is disklike.

To reveal the underlying mechanisms of this disklike
growth, we develop a lattice model with memoryless state
functions to reproduce the time evolution of p. Full details
of the lattice model are provided in the Supplemental
Material (Fig. S4) [31] and briefly summarized here. For
the L. x L. x L,. cells mentioned above, the coordinate of
the ith cell is set as r; = (x,y,z) where x, y, and z are
integers from —(L. —1)/2 to (L. —1)/2. To characterize
the state of particle orientations, an oriented state function
S(r;) of the ith cell is defined as follows: S(r;) = 1 when
the particles in the cell are all oriented and S(r;) =0
otherwise. At the beginning, S for all cells are set as 0
except for the cell at origin r = (0, 0, 0), representing the
stable nucleus. To describe the growth in the model, the ith
cell with S(r;) =0 has two approaches to transform into
S(r;) =1 at each step, i.e., growing in the horizontal
directions (x and y) with a probability p;, and vertical (z)
with a probability p,, respectively. We assume that the
growth process is memoryless; i.e., the probabilities at step
t depend only on the surrounding state attained in the
previous step ¢ — 1. Under this assumption, p,, and p, take
form as [31]

Pii(r) = p(7.a) x Y Ny (r;. k). (6)
k=1
pv,t(ri) = p(p.a) x L, (r;). (7)

Here, p(y,a) is the intrinsic probability determining the
growth rate. N,(r;, k)(k=1,2,...,6) are the states of
six adjacent cells surrounding the ith cell. £, describes
the shear effects in the vertical direction, which decreases
the growth rate when shear-induced displacement is non-
trivial. The explicit definitions of A/, and £, are given
in the Supplemental Material [31]. To model the shear flow
in x direction, state functions are updated at each step by
S[(x,y,2)] < S[P(x — z,y,z)], where P(r) represents the
coordinate transformed by periodic boundary conditions.
As shown in Fig. 4(d), by choosing an appropriate value
of p(7, a), the evolution of p can be effectively reproduced,
which also demonstrates a clear emergence of disklike
growth (Fig. S5). To quantitatively examine whether the
lattice model can capture the growth of a crystalline cluster,
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we compare the cluster size in simulations with the
predicted one N = N ZIL; S(r;)/L? in the lattice model.
Through the ensemble average, it can be found that
simulation results at 7 = 0.10 and 0.207~!' highly agree
with model predictions at p = 0.006 and 0.010, respec-
tively [Fig. 4(e)], indicating that the cluster growth can be
rationalized by the lattice model. Consequently, the relation
between p(y,a) and 7 is further examined and shown in
Fig. 4(f). Similar with the nucleation rate, p increases with
y for small shear rates, and undergoes an abrupt decrease
when shear is strong. That is, the delicate interplay between
the nucleation rate and growth rate gives rise to the shear-
rate dependence of the orientational ordering ((P,)) shown
in Fig. 2(f).

In summary, using Brownian dynamics simulations, we
demonstrate a novel phase transition in a dense suspension
of Janus spheres under shear, from an initial plastic crystal
to an orientational crystal with lamellae along the shear
direction. The orientational ordering in the transition
follows the nucleation and growth mechanism. By perform-
ing a phenomenological extension of free energy analysis,
we reveal that the nucleation originates from shear-induced
orientation fluctuations. The subsequent growth of the
orientationally crystalline cluster is examined to be disk-
like, captured by developing a lattice model with memory-
less state functions. To the best of our knowledge, this is the
first demonstration of shear-induced orientational crystal-
lization for dense anisotropic particles. Our results indicate
that the combination of anisotropy and shear is important
for shedding light on the fundamental physics underlying
phase transitions as well as for guiding the design of
reconfigurable materials towards desired properties.
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