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Torque transmitted by the nematic liquid crystal to the faceted nanoparticles
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Abstract. We investigated the torque that develops when faceted nanoparticles, namely cubes and triangular
prisms, are immersed in a nematic LC. We used a mesoscale theory in terms of tensor order parameter Q(r)
to model the nematic. Homeotropic anchoring condition of the NLC is imposed on the surfaces of faceted
nanoparticles. Our results indicate that, when the faceted particle is oriented at an out-of-plane orientation
(i.e. unstable configuration), it moves away immediately from that state and then slowly orients itself back to
the stable configuration (i.e. in-plane orientation). The magnitude of out-of-plane torques is similar to that of
in-plane torques. In the case of an isolated nanoprism system, the torque reaches maximum when the particle
orients with one of its rectangular sides parallel to the far field director n(r). In contrast, for an isolated
nanocube system, the torque reaches maximum when the particle orients with its four lateral faces parallel to
the far field director n(r). This computational study would be relevant to the switching studies by external
means.
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1

Introduction

Systems of particles immersed in LCs have attracted attention for the development of composite and structured materials. When the particles are introduced in the LC, they produce a distortion in
its director field. Thus the particles and the LC will try to minimize the elastic perturbation, which
leads to long range interparticle interactions. These interactions can induce the formation of a number of ordered colloid structures[27, 33, 39, 40, 42, 43, 46–48, 52, 56–59, 64, 67, 68] and depends on the shape and
the size of the particles, the local anchoring of the LC at the surface of the colloids, the alignment
of the director field far away from the particles, and the geometry of the surrounding. According to
recent experiments[33, 39, 42, 43, 46–48, 52, 56–58, 62, 64, 67, 68] and calculations[15, 17, 18, 22, 23, 26, 39, 42, 43, 52, 56–58, 64] ,
long-range interparticle interactions are anisotropic and can be as strong as several thousands of kBT.
Most of the above experimental work has considered systems of spherical, micron sized particles in
LC; however, a number of experimental studies have worked on spherical[28, 38, 41, 49, 51, 65] or rod-like
nanoparticles[7, 8, 19, 31, 34, 35, 50] in LC. The principle behind the use of LCs to organize particles of spherical and rod-like shapes can be extended, in principle, to particles with shapes other than spherical, as well as
particles with anisotropic surface patterns. This will lead to the formation of ordered particle structures with
unusual morphologies different from the conventional hexagonal close-packed crystals formed by spherical
colloids[12–14, 25, 55, 66] . A number of applications, e.g. in colloidal crystals, photonics, nanoscale electronics, memory storage, light-scattering devices, electro-optical switches and displays, are envisioned for these
unusually-ordered particle arrays. Recently, thermodynamic properties such as LC defect structures and potentials of mean force for faceted particles, namely cubes[3, 61] and triangular prisms[6, 36] , have been determined
[21]. It was observed that several properties of the particles (e.g., shape, size) affect the strength and the
anisotropy of the LC-mediated interparticle interactions. The morphology and the thermodynamic stability of
∗

Corresponding author. E-mail address: sbale1@lsu.edu
Published by World Academic Press, World Academic Union

S. Bale: Torque transmitted by the nematic liquid crystal

244

the structures that could be assembled from these particles were predicted. Phillips, et al analyzed the defect
textures in the polygonal arrangement of faceted nanoparticles in the nematic LC as a function of temperature,
polygon size, and polygon number[45] . It was observed that the bulk defects were favored at high temperatures
and small polygon size, whereas the surface defects were favored at low temperatures and large polygon size.
With increasing number of polygons, according to Zimmer’s texture rule, the central defects increases at high
temperatures, whereas at lower temperatures, the number of surface defects increases. It was reported that
the unusually-ordered particle assemblies could be used to form metamaterials which is used for cloaking devices or light-based circuits[60] . In order to engineer a metamaterial, the self assembly of complex anisotropic
colloids requires to be manipulated and their orientations should also be controlled[32] .
Recently, several researchers studied torques on the colloids in nematic host fluid. Dontabhaktuni, et al
calculated torques on individual triangular, square and pentagonal sub-micrometer sized platelets in a thin
layer of nematic liquid crystal by using 3D numerical modeling, which is important for switching applications
8. It was observed that the platelets with quadrupolar symmetry are orientationally, more strongly bounded
than the platelets with dipolar symmetry. Lapointe, et al investigated the rotational dynamics of square platelet
colloids in nematic LC around multiaxis due to the application of external electric field[32] . It was demonstrated
that the square platelet colloids in nematic LC can be rotated around multiple rotational axis even for a fixed
direction of the applied field. Senyuk, et al investigated the elastic pair interaction forces, torques and binding
energies between colloidal particles with dissimilar shapes and dimensions in nematic liquid crystals[54] . This
study exhibited behavior such as omnidirectional attraction, which is not observed in monodisperse colliodals
in LCs. Tao, et al studied the dynamics of ZnO nanowires in an in-plane switching 5CB liquid crystal cell, both
numerically and experimentally[63] . It was observed that in a nematic phase, there are two factors that control
the relaxation and the response of the ZnO nanowires. The first factor is the dielectrophoretic torque induced
by the applied electric field and the second one is the elastic torque exerted by the liquid crystals. Rovner, et al
studied torques on a colloidal disk with homeotropic surface anchoring in a nematic liquid crystal cell [53]. It
was found that the normal to the colloidal disk, in the absence of magnetic field, faces parallel to the nematic
director. Whereas, when the magnetic field is applied, the colloidal disk rotates such that the magnetic torque
and the elastic torque due to the distortion of the nematic director field are balanced.
When a particle is immersed in LC, the alignment of the LC is distorted because of the anchoring condition of the LC at the surface of the particle. Due to this distortion in the LC profile, the LC is expected to
transmit torques to the particle in order to minimize its distortion around the particle. If the alignment of the
LC is “switched” by external means, the particle will try to reorient back to the stable configuration. Our objective is to analyze the reorientational behavior of a faceted particle which would be relevant to the switching
studies by external means. Thus, we computed restoring torques transmitted by NLC to the faceted particle.
We concentrated specifically on several faceted nanoparticles, namely cubes[3, 61] and triangular prisms[6, 36] .
Since we are interested in the interparticle interactions and arrangements, the LC does not need to be modeled
at the atomic level of detail. Rather, the LC in this part of the project is modeled using a mesoscale theory
in terms of the LC tensor order parameter Q[5] , which can allow the study of larger system sizes. Computer
simulations will be key in this study to systematically explore and quickly predict the behavior of the systems,
aiming at influencing future experimental efforts.

2
2.1

Models and methods
Details of the model systems

The system considered here is a rectangular box full of nematic LC with dimensions Lx , Ly and Lz ,
containing one or two particles. A schematic representation of the rectangular box filled with nematic is
shown in Fig. 1(a). Periodic boundary conditions are applied to the system in x and y direction. The system is
covered with walls at top and bottom which provides homeotropic (perpendicular) anchoring to the nematic
LCs. Nematic LCs also have homeotropic anchoring at the surface of the particles. This anchoring is easy
to achieve experimentally by coating the surfaces with self-assembled monolayers of alkanethiols[16] . When
there are no particles in the system, the nematic LC aligns its director field parallel to the z axis. The alignment
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of the nematic LC is distorted when a particle is introduced in the system because the orientation of the LC
far away from the particle does not match with the orientation of the LC around the particle. This mismatch
occurs due to the homeotropic anchoring of the LC at the surface of the particle and leads to the formation of
topological defects.
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Fig. 1: Schematic representation of (a) rectangular box full of nematic liquid crystal, (b) cubic nanoparticle,
and (c) equilateral triangular prism shaped nanoparticle [21]

In our research, we studied cube and triangular prism shaped nanoparticles with rounded edges. The cubic
particle has sides with length L = 40 nm and rounded edges f = 5 nm (Fig. 1(b)) whereas the equilateral
triangular prism shaped particle has rectangular faces with length L = 150 nm, triangular faces with length
l = 68.7 nm and rounded edges f = 5 nm (Fig. 1(c)). We studied one- and two-particle systems in our
calculations. For one cubic particle systems, the cube has its center of mass placed in the centre of the nematic
cell. The cubic particle is rotated around five out of thirteen rotational symmetry axes: (1) x axis (2) x = y = z
axis (3) x = 0, y = z axis (4) y = 0, x = z axis and (5) z = 0, x = y axis (Fig. 2(b)). Based on the octahedral
symmetry of a cube and how this symmetry is broken by the presence of a distinguished direction [i.e. the
far-field director n(r), which is parallel to the z axis], rotations of the cubic particle around the other eight
rotational symmetry axes will lead to configurations similar to those found for the five rotations described
above. For two cubic particle systems, our research was limited to two cubic particles approaching each other,
with each particle having a fixed orientation similar to the most stable configuration obtained from the one
particle system. We considered two cubic particles approaching in such a way that the defects touch each other
and their respective rounded edges are parallel to each other. The dimensions of the rectangular box for the
one cubic particle system are Lx = Ly = Lz = 100 nm whereas the dimensions of the rectangular box for
the two cubic particle system are Lx = 130 nm, Ly = 190 nm and Lz = 120 nm.
For one triangular prism system, the particle has its center of mass placed in the center of the nematic
cell. The triangular prism particle is rotated around two axes (1) x axis and (2) the axis passing through two
diagonal vertices of the triangular faces (Fig. 2(a)). During these rotations, the longest side of the particle
is perpendicular to the far field director. We did not rotate the triangular prism particle around the y axis
because rotating the particle around the y axis will cause the longest side of the particle to become parallel
to the far-field director; when the longest side of the particle becomes parallel to the far-field director, we
have large free energy penalty according to the research for the system of one spherocylindrical particle in
the nematic LCs[23] . Triangular prism particle can be rotated around many axes but it was rotated around the
above mentioned two axes because it will lead to configurations similar to those found for the remaining other
rotations, since the far field director is parallel to z-axis. For two triangular prism particle systems, we limited
our research to two particles approaching each other, with each particle having configuration similar to the
stable configuration obtained from the system of one particle. Depending upon the PMF results obtained from
one triangular prism particle system[21] , the triangular nanoprisms can be the building blocks of several ordered
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Fig. 2: (a) The triangular prism particle is rotated around the two axes (1) only x axes (2) the axis passing
through two diagonal vertices of two triangular faces as indicated in the Fig.. In all cases, far field director
n(r) is parallel to the z-axis. (b) The cubic nanoparticle is rotated around the five axes out of thirteen rotational
symmetry axes as indicated in the Fig.

arrays where the particles have their longest side rotated along x axis but their centers placed on different
axes; their orientation may also vary. As a result, three ordered arrays of two nanoprisms were considered (1)
centers are on x axis and both the particles have the same orientation (linear array) (2) centers are on y axis
and both the particles have the same orientation (parallel array) and (3) centers are on y axis, with one of the
particle inverted with respect to the other one (inverted parallel array). Out of three ordered arrays, according
to the PMF and defect structure results[21] , inverted parallel array was found to be thermodynamically more
stable than the linear and parallel array. Therefore, torques for only inverted parallel array was calculated.
The dimensions of the rectangular box for the one triangular prism particle system are Lx = Lz = 1000
nm, Ly = 500 nm. The dimensions of the rectangular box for the two triangular prism particle system are
Lx = 400 nm, Ly = 1200 nm and Lz = 300 nm for inverted parallel array.
For one particle system, as a faceted particle is rotated in the nematic cell along a particular direction,
there is a change in the nematic profile which applies restoring torque to the particle. In one particle system,
restoring torques depends on the angle of rotation θ along a particular direction. When several particles are
immersed in the LC, the reorientational behavior of a faceted particle depends on the restoring torque applied
on each particle and its interaction with the neighboring particles. Therefore, torques for two particle system
is calculated. For two particle system, two particles are drawn closer to one another while keeping their
orientation unchanged. Since the centers of such particles appear to glide along parallel, but non-coincident
planes, one would expect that the torque they exchange through the intervening liquid crystal should make
them turn. Keeping the particle’s orientation unchanged amounts to apply restoring torques to both of them,
which depends on the interparticle separation d.
2.2

Mesoscale theory for the nematic liquid crystal

The nematic LC is modeled using a mesoscale theory in terms of tensor order parameter Q(r). The
tensor order parameter Q(r) is different from director field n(r) because it is free of discontinuities even at
the LC defect core. The scalar order parameter S(r) and the director field n(r) can be calculated from Q(r)
by using its largest eigenvalue 2S/3 and eigenvector[5] . In a recent study of spherical particles[15, 17, 18, 26] ,
the nematic LC was modeled using this mesoscale theory and the results were compared with molecular
simulations where the nematic was modeled using Gay-Berne ellipsoids. It was found that the results in both
the cases were in agreement down to the nm-scales, which shows the validity of the mesoscale theory at
these scales. The mesoscale theory also corresponds to the particular case of Beris-Edwards formulation[1] .
According to this formulation, the evolution of tensor order parameter Q as a function of position r and time
t is determined by the functional derivative of free energy of the liquid crystal F with respect to tensor order
parameter Q.
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where γ is the kinetic coefficient associated with the rotational viscosity of the liquid crystal and it is assumed
constant. The functional derivative of the free energy of the liquid crystal F with respect to tensor order
parameter Q is assumed to be symmetrized in Eq. (1). The following equation represents the free energy of
the nematic liquid crystal and it is divided into three parts.
Z
Z
I
F = drfLdG (r) + drfe (r) + dSfs (r).
(2)
The first term is Landau-de Gennes[5] expansion representing the short range interactions that drive the
bulk isotropic to nematic phase transition.
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When 0 < U < 2.7, the system is isotropic but at U > 2.7, the system is nematic. U = 3 and 8/3 are
the metastability limit for isotropic and nematic phase respectively. The third term in Eq. (2) represents the
contribution of surface to the free energy of the liquid crystal and accounts for anchoring of the liquid crystal
at the surface of the particle. We are concerned with the limit of the infinitely strong homeotropic anchoring of
the liquid crystal at the surface of the particle. The prescribed homeotropic anchoring of the liquid crystal at
the surface should be satisfied at the limiting case otherwise the term fs diverges. The homeotropic anchoring
of the liquid crystal is applied at the surface through boundary conditions for calculation purposes.
The second term in Eq. (2) is the contribution of the long range elastic forces of the liquid crystal to the
free energy and introduces a free energy penalty related to the gradients of the tensor order parameter field.
In our research, we used one elastic constant approximation[5] where the constants K11 (splay), K22 (twist)
and K33 (bend) have common value. During a recent study of spherocylindrical particles in a nematic liquid
crystal[23] , it was found that the results obtained from the one elastic constant approximation were similar to
those from the three elastic constant approximation[1, 10, 11] . The term fe in the Eq. (2) is as follows:
fe =

L1 ∂Qij ∂Qij
.
2 ∂xk ∂xk

(5)

In the above equation, i, j, k ∈ x, y, z, the Einstein summation convention over the repeated indices is
used. When the Eq. (1) is evaluated using Eq. (2), (3) and (5), we obtain the set of partial differential equations
of Q as follows:
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Qkl Qkl − Qij (Qkl Qkl ) − L1
. (6)
∂t
γ
3
3
∂xk ∂xk
The above equation gives the set of partial differential equations of Q which is solved numerically for
all the systems in our study. The dimensionless constants are A = 1, U = 6, γ = 400 and L1 = 1, corresponding to S(bulk) = 0.81. These parameters correspond to the elastic constant K = 5 pN (one elastic
constant approximation) and viscosity = 0.04 Pa.s using the scaling factors for pressure (105 Pa), length (10
nm) and time (1 ns). These values of constants represent a low molecular weight liquid crystal like 5CB.
For dimensional analysis, we can obtain a characteristics length scale (ξ) for the spatial variation of Q. The
characteristics length scale (ξ) is equal to 17.3 for calculation purpose and its equation is presented as follows:
p
ξ = 18L1 /AU .
(7)
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Since Q is traceless, it has five independent components of tensor order parameter Q (Qxx , Qyy , Qxy , Qxz
and Qyz ). In order to obtain these components, Eq. (6) was solved by using finite elements and the COMSOL
multiphysics package[4] . We used the time-dependent algorithm DASPK, combined with the linear system
solver GMRES and the incomplete LU preconditioner[4] to solve all the equations. In order to minimize the
free energy, the Eq. (6) is solved for sufficiently long period of time until the solution has almost no numerical
variation. According to our previous studies[20, 22, 23] , we carried out the simulation using unstructured meshes
containing tetrahedral, linear Lagrange elements set as default mesh by COMSOL Multiphysics 44. Several
grid densities were used in order to make numerical solution mesh independent. Mesh was finer near the wall
and the nanoparticle, where the variation of Q is strong and curvature effects are present. For cubic particles,
the minimum length of the finite elements in our finest grid size is ∼ 1.1 × 10−4 L which is comparable to
those reported by Fukuda et al[24] . The initial conditions of Q for the simulation are scalar order parameter
S(r) equal to S(bulk) and the director field aligned along the z direction. It was found that the results are
similar when the calculations are started from the LC in an isotropic phase. The scalar order parameter at the
surface of the particle was also set to S(bulk) = 0.81. We can visualize the distortion in the alignment of
nematic LC by using different methods[2, 29, 30] . According to previous studies[15, 17, 18, 20, 22, 23, 26] , we use the
contour S = 0.30 to visualize the distortion because S = 0.30 is the lowest possible value of the scalar order
parameter for the stable nematic LC in our model[1] . The torque T is calculated by the following equation[37] .
I
T = LvdS,
(8)
where v is the vector of normals acting on the surface of the particles and L is the couple stress tensor. The
equation for L is given as follows
Lij = 2εikl Qkm

∂f
,
∂(∂Qml /∂xj )

(9)

where ε is the Ricci’s alternator and f is the free energy of the system, which includes Landau de Gennes expansion and long range elastic forces of liquid crystal (Eq. (2)). The three components of torque are calculated
by numerical integration of Eq. (8) and (9) over the surface of the particles.

3

Results and discussions

3.1
3.1.1

Triangular prism shaped particle
Triangular prism shaped particle rotated around x axis

The total torque transmitted by the NLC on one triangular prism shaped nanoparticle, rotated around
the x axis, as a function of angle of rotation is shown in Fig. 3. 3D visualizations of the NLC distortion
around one triangular prism shaped particle are shown in Fig. 4. Torque profile for one faceted nanoparticle
in NLC is mostly divided into in-plane and out-of-plane torques[9] . When a triangular prism shaped particle
is rotated around the x-axis, the in-plane torque is observed, as the angle of rotation increases from the stable
configuration (θ ∼ 0◦ ) to θ ∼ 20◦ , because the torque transmitted by the NLC to the particle increases
(Fig. 3), as the NLC distortion around the particle increases (Fig. 4). Out-of-plane torque is observed, just as
the angle of rotation increases from θ ∼ 20◦ to θ ∼ 30◦ , due to the torque transmitted by the NLC to the
particle decreases (Fig. 3), while at the same time the NLC distortion around the particle increases (Fig. 4).
The magnitude of the out-of-plane torque is similar to that of the in-plane torque, but varies more with respect
to the angle of rotation, which is evident by its large slope (Fig. 3). According to our previous work[21] , the
isolated triangular nanoprism prefers to orient with one of its rectangular sides perpendicular to the far field
director n(r) since the NLC distortion around the preferred orientation is the smallest. Therefore, the stable
configuration occurs at fixed interval with θ ∼ 0◦ and 60◦ (Fig. 4). These stable configurations have zero
torque in the torque profile (Fig. 3). When the particle orients with one of its rectangular sides parallel to the
far field director n(r) (i.e. out-of-plane orientations), the torque reaches maximum (see the blue region in Fig.
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3 and the corresponding 3D visualization in Fig. 4) because the NLC around the particle is highly distorted
(Fig. 4). These out-of-plane orientations are unstable configurations and when a particle is oriented at these
configurations, it immediately moves away from that state, which is evident by the large slope of the blue
region shown in the Fig. 3, and then it slowly reorients itself to the closest stable configuration.
3
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Fig. 3: Total torque transmitted by the nematic liquid crystal on the one equilateral triangular prism shaped
nanoparticle, rotated around the x axis, as a function of angle of rotation. The blue region represents angles
with out-of-plane rotation and the green region represents angles with in-plane rotation. Circles indicate the
stable and zero torque configuration

Fig. 4: 3D visualizations of the NLC distortion around the equilateral triangular prism shaped particle when
the particle is rotated around x axis at angle θ

3.1.2

Two triangular prism shaped particle system

The x, y, and z components of the torque transmitted by the NLC to the triangular prism nanoparticles
approaching each other along the z −y plane is shown in Fig. 5. The schematic representation of two triangular
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prism shaped particles approaching each other along the z − y plane is shown in Fig. 6(a). Our results indicate
that the x component of the torque transmitted by the NLC to the triangular prism particles (Tx(1,2) ) varies
significantly for the interparticle distances d < 40 nm whereas there is no variation in the magnitude of Ty(1,2)
and Tz(1,2) for all the interparticle distances considered (Fig. 5). The torque Tx(1,2) ∼ 0, when the triangular
prism particles are separated by an interparticle distance d > 40 nm. However, while d is reduced, Tx(1,2)
increases, reaching a maximum value of ∼ 3 nN.nm at d ∼ 10 nm (Fig. 5). This positive torque in the x
direction will rotate the triangular prism particles around their long axis in an anticlockwise direction. Tx(1,2)
shows positive torques with similar magnitude for d < 40 nm (Fig. 3). This behavior is observed because
combining both the particles in an inverted parallel array leads to a parallelogram like structure (Fig. 6(b)
and (c)). Since this structure behaves as a single particle and has its center on the y axis, it develops Tx(1,2)
with similar magnitude and direction. The magnitude of the torques transmitted by the NLC to the triangular
prism particles can be reduced to some extent by allowing the particles follow a “diagonal” trajectory while
approaching each other. Recently, Hung [20] observed that the magnitude of the torque Tx(1,2) transmitted by
the NLC to the long spherocylindrical particles decreased by 45%, when the particles approached each other
via “diagonal” trajectory.
4
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Fig. 5: Torque transmitted by the nematic liquid crystal on two equilateral triangular prism shaped particle
system as a function of minimum surface-to-surface interparticle distance d. Triangles: x component of torque
acting over particle 1 (red) and 2 (blue). Circles: y component of torque acting over particle 1 (red) and 2
(blue). Squares: z component of torque acting over particle 1 (red) and 2 (blue)

3.2

Cubic particle

The total torque transmitted by the NLC on the cubic nanoparticle rotated around the y = 0, x = z axis
is similar to that of rotated around the x = 0, y = z axis. Therefore, the results for the torque transmitted by
the NLC on the cubic nanoparticle rotated around the y = 0, x = z axis are not presented. The total torque
transmitted by the NLC on the cubic nanoparticle rotated around the x = y = z axis, x = 0, y = z axis,
z = 0, x = y axis and x axis is shown in Fig. 7 respectively. 3D visualizations of the NLC distortion around
the cubic nanoparticle oriented at θ = 0◦ , and at zero torque configuration along the four symmetry axes, as
mentioned above, is shown in Fig. 8.
3.2.1

Cubic particle rotated around x = y = z axis and x = 0, y = z axis

When a cubic particle is rotated around the x = y = z axis and x = 0, y = z axis, the in-plane
torque is observed, as the angle of rotation decreases from the zero torque configuration (T = 0) to θ ∼ 30◦
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Fig. 6: (a) Schematic representation of two equilateral triangular prism shaped particles approaching each
other through the interparticle distance d. (b) 3D visualizations of NLC distortion around two equilateral
triangular prism shaped particles separated by the interparticle distance d = 10 nm (c) d ∼ 0 nm
(Fig. 7), whereas the out-of-plane torque is observed, as the angle of rotation decreases from θ ∼ 30◦ to
θ ∼ 0◦ (Fig. 7). According to our previous work[21] , the isolated nanocube prefers to orient with none of its
sides perpendicular to the far field director n(r) since the NLC distortion around the preferred orientation
is the smallest. Therefore, the particle has the most stable configuration at fixed interval with θ = 60◦ for
the x = y = z axis and θ = 90◦ for the x = 0, y = z axis [21]. In order to have a zero torque, a
configuration should have a high degree of symmetry along with a low NLC distortion around it. Thus, in
the case of x = y = z axis and x = 0, y = z axis, the most stable configuration is also the zero torque
configuration because of its high degree of symmetry (refer the corresponding 3D visualization in Fig. 8(c)
and (d)). When a cubic particle orients with its four lateral faces parallel to the far field director n(r) (i.e. outof-plane orientations), the torque reaches maximum (see the blue region in Fig. 7, and the 3D visualization of
NLC distortion around the maximum torque configuration in Fig. 8(a)), because the NLC around the particle
is highly distorted. The magnitude of the in-plane torque is similar to that of the out-of-plane torque (Fig. 7).
When a cubic particle is oriented around the x = 0, y = z axis, the out-of-plane torque varies more with
respect to the angle of rotation, as compared to that of the in-plane torque, due to the larger slope (Fig. 7).
Hence, when a cubic particle is oriented at an unstable configuration (out-of-plane orientations), along the
x = 0, y = z axis, it moves away immediately from that state and then slowly reorients itself to the stable
configuration (in-plane orientations). In the case of a cubic particle oriented around the x = y = z axis, both
the in-plane and the out-of-plane torques vary similarly with respect to the angle of rotation, due to the same
slope (Fig. 7). Accordingly, for a cubic particle oriented at an unstable configuration along the x = y = z
axis, the movement of the particle from that state and then the reorientation to the stable configuration has the
similar speed.
3.2.2

Cubic particle rotated around z = 0, x = y axis

A cubic particle oriented along the z = 0, x = y axis has a stable configuration at θ ∼ 55◦ and a
zero torque configuration at θ = 90◦ (see Fig. 7 and 3D visualization of NLC distortion around the zero
torque configuration in Fig. 8(e)). The stable configuration along the z = 0, x = y axis does not have a zero
torque because of its asymmetry (refer [21]). When a cubic particle is rotated around the z = 0, x = y axis,
only the out-of-plane torque is observed, as the angle of rotation either increases or decreases from the stable
configuration θ ∼ 55◦ (Fig. 7). However, just as the angle of rotation decreases from θ ∼ 20◦ to 0◦ , we
observed an unconventional torque, instead of a small conventional positive (out-of-plane) torque, as a result
of the rapid decrease in the NLC distortion around the particle over a small interval of the angle of rotation
(refer [21] and 3D visualization in Fig. 9(a)). This odd effect might be due to the numerical error.
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Fig. 7: Total torque transmitted by nematic liquid crystal on one cubic nanoparticle, rotated around the following symmetry axes: (triangle) the x axis; (diamond) the axis x = y = z; (circle) the axis x = 0, y = z;
and (square) the axis z = 0, x = y, as a function of angle of rotation. The blue region represents angles
with out-of-plane rotation, the red region represents angles with in-plane rotation and the black region represents angles with unconventional rotation. The enclosed circle indicates the zero torque configuration and the
enclosed rectangle indicates the most stable configuration.
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Fig. 8: 3D visualizations of NLC distortion around a cubic nanoparticle oriented at θ = 0◦ , and at zero torque
configuration along the four symmetry axes considered in this study.

When a cubic particle orients with its four lateral faces parallel to the far field director n(r) (i.e. outof-plane orientations), the torque reaches maximum (see the blue region in Fig. 7, and 3D visualization of
NLC distortion around the maximum torque configuration in Fig. 8(a)) since the NLC around the particle
is highly distorted. The magnitude of the out-of-plane torques on either side of the stable configuration is
similar (Fig. 7). In the case of a cubic particle oriented along the z = 0, x = y axis, the stable configuration at
θ ∼ 55◦ is sandwiched between the out-of-plane torques (Fig. 7). Thus, the particle oriented at an out-of-plane
configuration, with an angle of rotation greater than the stable configuration, would move away from that state
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and reorient to the stable configuration at θ ∼ 55◦ , more quickly than that of a particle oriented with an angle
of rotation smaller than the stable configuration, due to the larger slope (Fig. 7).

z
z=0, x=y
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mass at (0, 0, 0)

x
(b)

θ = 5o

θ = 10o

Fig. 9: 3D visualizations of NLC distortion around a cubic nanoparticle oriented at θ = 5◦ and 10◦ , along (a)
the axis z = 0, x = y and (b) the x axis

3.2.3

Cubic particle rotated around x axis

When a cubic particle is rotated around the x axis, the torque profile is divided into three parts: (1)
Starting with the zero torque configuration, similar to the Section 3.2.1, we observed the in-plane torques, as
the angle of rotation decreases to 30◦ (Fig. 7); (2) just as the angle of rotation further decreases from θ ∼ 30◦
to 20◦ , we observed the out-of-plane torques similar to the Section 3.2.1 (Fig. 7); (3) we also observed an
unconventional torque similar to the Section 3.2.2, while the angle of rotation further decreases from θ ∼ 15◦
to 0◦ (Fig. 7, the corresponding 3D visualization in Fig. 9(b) and refer [21]). A cubic particle oriented along
the x axis has both the most stable and a zero torque configuration at θ = 45◦ (Fig. 7 and 8(b)). When a cubic
particle orients with its four lateral faces parallel to the far field director n(r) (i.e. out-of-plane orientations),
the torque reaches maximum (see the blue region in Fig. 7, and 3D visualization of NLC distortion around
the maximum torque configuration in Fig. 8(a)) since the NLC around the particle is highly distorted. The
magnitude of the in-plane torque is similar to that of the out-of-plane torque (Fig. 7). When a cubic particle
is oriented around the x axis, the out-of-plane torque varies more with the angle of rotation than the in-plane
torque, because of the larger slope (Fig. 7). Therefore, a cubic particle oriented at the unstable configuration
(out-of-plane orientations), along the x axis, moves away immediately from that state and then slowly reorients
itself to the stable configuration (in-plane orientations).
3.2.4

Comparisons

When a particle is oriented at the unstable (out-of-plane) configuration, the total torque (in-plane and outof-plane) transmitted by the NLC to the particle in order to reorient it to the stable (in-plane) configuration
depends on the difference in the NLC distortion around the most unstable and the most stable configuration. If
the difference in the NLC distortion is large, then the higher torques is transmitted by the NLC to the particle
due to the stronger driving force and vice versa. PMF value represents the stability of a particular orientation
(i.e. the NLC distortion). The total torque transmitted by the NLC on a cubic particle rotated around the x-axis,
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Fig. 11: Total torque transmitted by nematic liquid crystal on two cubic particle system as a function of
minimum surface-to-surface interparticle distance d. Circles: total torque acting over particle 1 (red) and 2
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is nearly four times lower than that on a cubic particle rotated around all the other axes (Fig. 7). This is the
axis of rotation effect because, when the particle is rotated around the x-axis only, the difference in the NLC
distortion (∼ 35 kBt) around the most unstable (out-of-plane) and the most stable (in-plane) configuration is
smaller than that of a particle rotated around all the other axes (∼ 125 kBt)[21] . Hence, the lower torques are
transmitted by the NLC on a cubic particle rotated around the x-axis than all the other axes.
The torque transmitted by the NLC on a triangular prism shaped particle (Fig. 3) is nearly twice than that
on a cubic particle (Fig. 7). This is a size effect because, in our work, a triangular prism particle has more
surface area than that of a cubic particle. Thus, the NLC distortion at the most unstable configuration for a
triangular prism particle (∼ 185 kBt) is higher than that for a cubic particle ( 125 kBt)[21] . The difference in
the NLC distortion around the most unstable and the most stable configuration is larger for a triangular prism
(∼ 185 kBt) particle than a cubic particle (∼ 125 kBt)[21] . Hence, the higher torques are transmitted by the
NLC on a triangular prism shaped particle. This demonstrates that, under the possible switching condition,
with the ratio of the size of nanocube to nanoprism similar to this work, a stronger driving force is required
to reorient the triangular prism shaped particles back to the stable configuration as compared to the cubic
particles.
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Two cubic particle system

For the two cubic particle systems, the torques were calculated, while the two particles approach each
other, with each particle having fixed orientations equal to the thermodynamically stable configuration obtained from the one particle system (Fig. 10(a)). Since, according to our previous work for the PMF and the
defect structures[21] , several one-particle configurations had the similar thermodynamic stability, a configuration, where the cubic nanoparticle is rotated around the x = y = z axes at an angle θ = 600, is used
for the two particle systems. We allowed two cubic particles approach in such a way that the defects touch
each other and their respective rounded edges are parallel to each other (Fig. 10(a)). Our results indicate that
there is no significant variation in all the three components of the torque transmitted by the NLC to the cubic
nanoparticles approaching each other along the x − y plane. Therefore, the total torque acting on both the
cubic nanoparticles is presented in Fig. 11.
The total torque transmitted by the NLC, on both the cubic nanoparticles, is ∼ 0 nN.nm for the entire
interparticle distances considered as shown in the Fig. 11. This behavior is observed because both the particles
approach with their edges parallel to each other and each particle is oriented around the x = y = z axes at
an angle θ = 600, which has a zero torque. When the particles are close to each other, the total torque on
each triangular prism shaped particle (∼ 3.5 nN.nm) is higher than that on a cubic particle (∼ 0 nN.nm)
(Fig. 5 and 11), due to the presence of their respective particle. This difference is the result of the fact that
the triangular prism particles approach with their rectangular faces parallel to each other whereas the cubic
particles approach with their edges parallel to each other (Fig. 6(a) and 10(b)).

4

Concluding remarks

We investigated the torques transmitted by the NLC to the faceted particle, namely cubic and equilateral
triangular prism shaped particle, in order to analyze the reorientational behavior of a faceted particle to the
stable (minimum distortion) configuration. For the one particle system, the torque profile was mainly divided
into two parts: (1) the in-plane torques and (2) the out-of-plane torques, except when a cubic particle was
oriented along the z = 0, x = y axis, where the torque profile has only the out-of-plane torques. The magnitude of the out-of-plane torque is similar to that of the in-plane torque, but their variation with respect to the
angle of rotation differs. Mostly, the out-of-plane torque varies more than the in-plane torques, with respect
to the angle of rotation, due to their large slope. These out-of-plane orientations are unstable configurations
and when a particle is oriented at these configurations, it immediately moves away from that state, which is
evident by the large slope, and then it slowly reorients itself to the closest stable configuration. In the torque
profile, generally, the stable configuration also has a zero torque except when a cubic particle was oriented
along z = 0, x = y axis. In order to have a zero torque, a configuration should have a high degree of symmetry
along with a low surface area of NLC distortion around it.
In the case of an equilateral triangular prism shaped particle system, the torque reaches maximum when
the particle orients with one of its rectangular sides parallel to the far field director n(r) (i.e. out-of-plane
orientations). Whereas, in the case of a cubic particle, the torque reaches maximum when the particle orients
with its four lateral faces parallel to the far field director n(r) (i.e. out-of-plane orientations). Our results
suggests that the torque transmitted by the NLC on a cubic particle rotated around the x-axis (Fig. 7), is nearly
five times lower than that on a cubic particle rotated around all the other axes (Fig. 7), because of the axis of
rotation affect. Our results also indicate that, due to the size effect, the torque transmitted by the NLC on a
triangular prism shaped particle (Fig. 3) is nearly twice than that on a cubic particle (Fig. 7). Thus, under the
possible switching condition, with the ratio of size of nanocube to nanoprism similar to our work, a stronger
driving force is required to reorient the triangular prism shaped particles back to their stable configurations as
compared to the cubic particles.
For the two-particle systems, it is observed that, when the two particles are close to each other, the
NLC transmits more torque on a stable triangular nanoprism than that on a stable nanocube, as a result of
the presence of their respective particle (Fig. 5 and 11). This difference in the magnitude of the total torque is
because of the difference in their trajectory of approach (Fig. 6(a) and 10(b)). It is known that the magnitude of
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the torques on the particles can be reduced to some extent by allowing them approach each other via ‘diagonal’
trajectory. Due to the non-spherical shape of the particles, the nematic LC is also expected to transmit force
on the particles. Calculation of the forces is not considered in this work and would be the subject of future
studies.
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