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Motivation by ignorance
The entire preoccupation of the physicist is with things that contain within
themselves a principle of movement and rest. & There must then be a principle
of such a kind that its substance is activity. (Aristotle, 340BC)
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Motivation by ignorance
The entire preoccupation of the physicist is with things that contain within
themselves a principle of movement and rest. & There must then be a principle
of such a kind that its substance is activity. (Aristotle, 340BC)
We explore dynamics of small particles in a liquid crystal as a model of out-ofequilibrium processes in the microworld;
The world at microscale is very crowded (cells), with elements of order, mostly
orientational; the goal is to understand how the orietntational order affects dynamics
“Amicus Plato - amicus Aristoteles - magis amica verita” Isaac Newton, while a
student at Cambridge (1664), which meant to be:
"Plato is my friend — Aristotle is my friend — but my greatest friend is truth."

…thus we always start with experiments
5

Motivation by potential applications
Swimming bacteria (B. Subtilis)
Untapped reservoir of energy; swimming is mostly
chaotic. Can we control it for useful applications?
Example of a similar control:
Electrophoresis, i.e. motion of a
particle in a fluid under the action
of a (uniform) electric field.

Prior work deals with dynamics in isotropic fluids.
This work: designs liquid crystals to create, guide and command the
dynamics of living and inanimate microparticles
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 Anisotropy:
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anisotropy axis of dielectric permittivity,
and ionic conductivity, σ || > σ ⊥
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 Elasticity:
Director gradients cost energy

K ~ U n / a ~ k BT / a ~ 5 pN

L

Felastic = ∫ f elastic dV ~ KL
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K ~ U n / a ~ k BT / a ~ 5 pN

 Surface anchoring

θ

Preferred director orientation

W ~ (10 − 10
−6

−5

) J/m

f anch ≈ 12 W θ 2

2

Fanch ~ WL2
surface anchoring coefficient

K/W~0.1-1 µm (>>molecular length; ~ colloidal scales);
at these scales and larger, director follows surface orientation

Colloids
Colloid: a suspension of particles in a fluid
Milk is milky, as light is scattered by small
particles of fat suspended in water.
Spoiled milk: Fat particles lump together,
sediment to the bottom; no longer
suspended; spoiled milk is not a colloid

Colloid: a particle that is sufficiently small so that
Brownian motion keeps it suspended; typically ~1 µm
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Colloids in isotropic fluid: milk, paints, etc.
Gravity vs. Brownian motion
determines the probability of finding
the particle at height z:

z

What would happen in a LC?
n̂ 0

Colloids in liquid crystal: Statics
The molecules try to align at the particle’s surface, say, perpendicularly to it; the
resulting distortion competes with the uniform director away from the particle

?

Colloids in liquid crystal: Statics
The molecules try to align at the particle’s surface, say, perpendicularly to it; the
resulting distortion competes with the uniform director away from the particle

 Surface anchoring
Fanch ~ WR

2

Fanch ~ WR 2

Felastic ~ KR

 Elasticity:
Felastic ~ KR
R

K /W

R << K / W
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R > K /W

P. Poulin, H. Stark, T. Lubensky, D. Weitz, Science 275, 1770 (1997)

Regular and 3-Dimensional Microscopy
5 µm
Glass sphere

Levitation!

Hyperbolic
hedgehog

Top view,
polarizing microscopy

Vertical cross-section of the
cell; density of glass is 2.5
higher than density of LC, thus
the sphere is expected to be
seen at the bottom, not in the
middle

O. Pishnyak, S. Shiyanovskii, ODL, Phys. Rev. Lett. 99, 127802 (2007) and 106, 047801 (2011)
.

LC-enabled levitation
Vertical cross-section of the cell,
3D confocal microscopy
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Calculations, Eq(1)
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O. Pishnyak, S. Shiyanovskii, ODL, Phys. Rev. Lett. 99, 127802 (2007) and 106, 047801 (2011)
.

LC-enabled levitation
z

Gravity force:

=
Fgr

4
π R 3∆ρ g
3

4
R
Elastic dipole-wall repulsion
Frepulsion ∝ K 4
z
−19
Erepulsion ≈ 2 ×10 J ≈ 50 k BT for R =1 μm

zelastic

∆δ~ 2 µm

The bigger the particle, the higher it levitates in a LC!

Shift from the middle δ, µm

1/4

 KR 
≈

 ∆ρ g 
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4.9 µm spheres, calculations
9.6 µm spheres, calculations
4.9 µm spheres, experiment
9.6 µm spheres, experiment

10 15 20 25 30 35 40 45 50 55 60

Vertical cross-section of the cell,
3D microscopy
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Cell thickness d, µm

O. Pishnyak, S. Shiyanovskii, ODL, Phys. Rev. Lett. 99, 127802 (2007) and 106, 047801 (2011)
.

LC-enabled levitation
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Theory can be improved
(e.g., finite anchoring)

Cell thickness h,µm
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O. Pishnyak, S. Shiyanovskii, ODL, Phys. Rev. Lett. 99, 127802 (2007) and 106, 047801 (2011)
.

LC-enabled levitation: Summary
z

Gravity force:

=
Fgr

4
π R 3∆ρ g
3

Elastic dipole-wall repulsion

Frepulsion

R4
∝K 4
z

The bigger the particle, the higher it levitates in a LC, totally
different from the isotropic fluid
Colloid’s z-location in LC vs isotropic fluid:
1/4

z LC

 KR 
≈

 ∆ρ g 

zisotrop =

3k BT
4π R 3 g ∆ρ

∆δ~ 2 µm
Self-assembly from smaller units to bigger assemblies is hindered by
gravity; liquid crystals might provide a useful levitating medium for
self-assembly

19

O. Pishnyak, S. Shiyanovskii, ODL, Phys. Rev. Lett. 99, 127802 (2007) and 106, 047801 (2011)
.
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Orientational order sets bulk elasticity and surface anchoring
Balance of these two defines a characteristic anchoring extrapolation
length K/W, a.k.a. de Gennes-Kleman length, on the order 0.1-10
microns
Particles smaller than K/W do not distort the surrounding director,
Particles larger than K/W distort the director in their neighbourhoof

 LC-enabled levitation



Particles larger than K/W levitate; the larger the particle, the better it
levitates
Concept of a “colloid” as a particle kept by Brownian motion in the
bulk is poorly defined for a LC
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Particles larger than K/W levitate; the larger the particle, the better it
levitates
Concept of a “colloid” as a particle kept by Brownian motion in the
bulk is poorly defined for a LC

 Brownian motion in a liquid crystal

Brownian Motion

Langevin equation
m

dv
=
−ξ v + Fr ( t )
dt

Fr ( t ) = 0

Fr ( t=
2ξ k BT δ ( t1 − t2 )
1 ) Fr ( t2 )

yields Einstein-Smoluchowski law for mean squared displacement
and in Einstein relation for the self-diffusion constant:
k T
D= B
ξ

( x ( t ) − x ( 0) )

2

=
2 Dt

Fluctuation of particle’s position, represented by D, is related to the friction coefficient.
For a sphere with no-slip condition, ξ = 6πη R
sphere

NB: Misleading interpretation of Brownian
motion
Some textbooks suggest that Brownian motion is a result of “uncompensated forces”
resulting from collisions with the molecules of solvent, that push around the colloid
that otherwise would not move. It is not correct. Each colloid has a kinetic energy
independent of the surrounding. Only the distance by which the colloid moves is
determined by the surrounding, ie by the viscosity. The Stokes-Einstein formula,

kBT
D=
6πη Rsphere
suggests that diffusion is driven by the thermal energy with no reference to the
environment, and damped by the Stokes friction which reflects the fluid properties.
Further reading: A.P. Philipse, Notes on Brownian Motion, 2011,
Masao Doi, Soft Matter Physics, Oxford, 2013

Brownian motion in LC is anisotropic
5 μm silica sphere

0.040

2 D||τ
∆x 2 (τ ) =

< ∆y2 >
< ∆x2 >

0.035
0.030

MSD (µm2)

y

Data by Taras Turiv

D||=0.011 µm2/s

0.025

D⊥=0.006 µm2/s

0.020
0.015
0.010

∆y 2 (τ ) =
2 D⊥τ

0.005
0.000
0

2

4

6

8

Time (s)

x

Mean Squared Displacement (MSD) at long
timescales: follows Einstein-Smoluchowski law
derived for isotropic fluids
2
2
∆x = 2 D||τ ; ∆y = 2 D⊥τ
D|| ≠ D⊥

but reflecting anisotropy
J. Loudet, P. Hanusse, P. Poulin, Science 306, 1525
(2004)

MSD vs time: Different regimes
( x (t ) − x ( 0))

Diffusion:

2

=
2 Dt

Slope ~D

kBT
D=
6πη Rsphere
Bullets,
Or birds flying south

( x ( t ) − x ( 0) )

2

∝ t2

( x ( t ) − x ( 0) )

2

∝ t0

2

∝ tα

Bird in a cage,
Or a colloid glued to a
substrate
Anomalous diffusion:

( x ( t ) − x ( 0) )

where

α < 1: subdiffusion
α > 1: superdiffusion

Examples: Subdiffusion in a polymer network

J. Sprakel et al, PRE 77, 061502 (2008)

( x ( t ) − x ( 0) )

2

∝ t1/2

Examples: Superdiffusion in a bacterial bath
Xiao-Lun Wu and A. Libchaber,
PRL 84, 3017 (2000)

Anomalous Brownian motion in LC
5 μm silica sphere
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Mean Squared Displacement (MSD) at long
timescales: follows Einstein-Smoluchowski law
derived for isotropic fluids
2
2
∆x = 2 D||τ ; ∆y = 2 D⊥τ
D|| ≠ D⊥

but reflecting anisotropy
What would happen at time scales shorter than the
director relaxation time?

τ d ~ γ R 2 / K ~ ( 0.1 − 1) s

Brownian motion is anomalous at short τ
A special LC: Zero birefringence and high viscosity
Normal diffusion in Isotropic
Cv (τ ) = v(τ )v(0)

Anomalous diffusion in N:
Cv =
" ∂ 2 MSD / ∂τ 2 "

Cv =
" ∂ 2 MSD / ∂τ 2 "

α = 1:" ∂ 2 MSD / ∂τ 2 = 0"

MSD ∝ τ α ; α ≠ 1

Anomalous diffusion in nematic

Super diffusion
Cv > 0; α > 1

Sub diffusion Cv < 0; α < 1

T. Turiv, A. Brodin, B. Lev, V. Reiffenrath, V. Nazarenko, ODL, Science 342 , 1351 (2013)

Brownian motion at short time scales
No theory
Subdiffusion through internal memory

Superdiffusion: Fluctuations of the
neighborhood

(a)
δx

(b)
Fsub

Fsuper

Fsub ~ − K δ x / R
(c)

Fsuper

τ ~ τ d ~ γ d 2 / π 2 K ~ ( 0.1 − 10 ) s

Irrelevant
fluctuations

Fsuper

T. Turiv, A. Brodin, B. Lev, V. Reiffenrath, V. Nazarenko, ODL, Science 342 , 1351 (2013)

Outline
 Introduction: How LCs are different from water
 LC-enabled levitation
 Brownian motion in a LC



Anisotropic; diffusion parallel and perpendicular to the director is
different
Anomalous: director around a particle shows “memory” that results in
subdiffusive and superdiffusive regimes
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 Director distortions control placement of small particles

Transport of colloids by a distorted nematic
∆E = − Eel + ∆Es

Any location is good in a
uniform nematic

L
…Not so in a deformed
nematic! Placement in a
“bad” location decreases
elastic energy

Eel ≈ KR 3 / L2
∆Es ≈ WR 2
R > L2 / ξ

ξ = K / W ~ 1 μm

Colloidal particles are attracted to the deformed regions in LCs

D. Voloshchenko, O. Pishnyak, S. Shiyanovskii, ODL, Phys Rev E 65, 060701(R) (2002)
O. Pishnyak, S. Shiyanovskii, ODL, J. Mol. Liquids, 164, 132 (2011)

Transport of colloids by a distorted nematic
..
. . .. . .

..
. . .. . .
25 µ m

E7+5%NOA65

26'27''

26'41''

26'43''

26'59''

D. Voloshchenko, O. Pishnyak, S. Shiyanovskii, ODL, Phys Rev E 65, 060701(R) (2002)
O. Pishnyak, S. Shiyanovskii, ODL, J. Mol. Liquids, 164, 132 (2011)

Assembly of colloids by distorted cholesteric

Cholesteric droplet with concentric arrangement of spherical pseudolayers; must contain
disclinations, either two of strength +1 or one of strength +2
Landau-de Gennes model predicts a complex core structure with periodic variation of the
director
35

Assembly of colloids by distorted cholesteric
Beading resembles Plateau-Rayleigh instability but
has a totally different physical mechanism. The
period equals pitch/2 of the cholesteric

Periodic assembly of 80 nm latex
nanoparticles added to cholesteric
drops: beads at the cores of +1
disclinations; scale bar, 5 microns

No theory

Y. Li, E. Prince, S. Cho, A. Salari, Y.M. Golestani, ODL, E. Kumacheva, PNAS, 114, 2137 (2017)

Assembly of colloids by distorted cholesteric
Beading resembles Plateau-Rayleigh instability but
has a totally different physical mechanism. The
period equals pitch/2 of the cholesteric

Periodic assembly of 80 nm latex
nanoparticles added to cholesteric
drops: beads at the cores of +1
disclinations; scale bar, 5 microns

Beads assemble in regions with tangential anchoring
Y. Li, E. Prince, S. Cho, A. Salari, Y.M. Golestani, ODL, E. Kumacheva, PNAS, 114, 2137 (2017)

Assembly of colloids by distorted cholesteric

Helicoidal assembly of nanoparticles at the
core of +2 disclination, potentially
supporting the prediction of the Ljubljana
group
Y. Li, E. Prince, S. Cho, A. Salari, Y.M. Golestani, ODL, E. Kumacheva, PNAS, 114, 2137 (2017)
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LC-enabled electrokinetics
Particle-like 3D solitons in LCs
Dynamic topographies of LC elastomeric coatings
Living bacteria guided by LCs
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A dielectric sphere in aqueous electrolyte; electric charges are separated into electric double
layer; the system is electrically neutral
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E
Electro-osmotic flow
if the sphere is glued to a
substrate

Electrokinetics in isotropic electrolytes
A dielectric sphere in aqueous electrolyte; electric charges are separated into electric double
layer; the system is electrically neutral

E
Electrophoresis if the
sphere is free to move

Electrokinetics in isotropic electrolytes
A dielectric sphere in aqueous electrolyte; electric charges are separated into electric double
layer; the system is electrically neutral

E
 Electro − osmosis
Electrokinetics = 
 Electrophoresis

Balance of driving Coulomb force f electric ∝ qE
and viscous drag f visc ∝ η v
yields a linear dependence of velocity on the field (Marian Smoluchowski, 1903):

v∝

q

η

E

What a liquid crystal can bring to the table?

DC electrophoresis in E7, Isotropic phase
Isotropic
v = µE
Q<0

+

E

v, μm/s
-

5 µm silica spheres in isotropic E7

E, V/mm

DC electrophoresis in E7, Nematic phase
p>0

p<0

+

E

v, μm/s

Nematic
p>0

Isotropic
v = µE

p<0

-

∆ε = ε || − ε ⊥ > 0

E, V/mm
Strongly nonlinear dependence
2

=
v µE ± β E

ODL, I. Lazo, O. Pishnyak, Nature 467, 947 (2010)

AC electrophoresis of spheres in N
Alternating current
(AC) driving
E
0

v
v

p >0
p <0

time

=
+ β E2
µE + β E2 =
=
− β E2
µE − β E2 =

E
ODL, I. Lazo, O. Pishnyak, Nature 467, 947 (2010)

How does E2 dependence appear?
Electric field creates force on an electric charge

f ∝ qE

Moving sphere of size R experiences Stokes drag because of viscosity:

f viscous ∝ Rη v
If the forces are balanced, then

qE
v∝
Rη

To obtain the observed v ∝ E 2 , we need q ∝ E
It means that the charge should be induced by the field and the “proper” charge
of the particle is of no importance. Is it so?

DC electrophoresis, Zero charge (Au in LC)
N phase, Q=0

v

v, μm/s

v = β E2

E
E, V/mm
10 µm gold spheres in nematic E7: No charge, no linear electrophoresis, but the
quadratic electrophoresis persists

ODL, I. Lazo, O. Pishnyak, Nature 467, 947 (2010)

Another hint from the experiment: Symmetry
A sphere with perpendicular
surface anchoring and dipolar
director is ACTIVE

50μm

A sphere with quadrupolar
symmetric director distribution is
NOT ACTIVE
“Blind swimmer” by Max Ernst
at MOMA in New York City:
Must be asymmetric to swim

Mechanism of v = β E 2 ?
 Dielectric anisotropy, hedgehog deformations?
 Possible,

No theory
…but not prevailing
…nonlinear electrophoresis persists also in LC with zero dielectric
anisotropy
52

I. Lazo, ODL, not published

Charge separation: condition of electrokinetics
Isotropic electrolyte: Charges are separated thanks to the properties of the
particles (electric double layer or induced charge around polarizable particle);
the isotropic electrolyte supplies the counterions
Liquid crystal electrolyte: Charges are separated in the electrolytic
medium regardless of the properties of the particle (that can be dielectric,
metal, etc). Mechanism of charge separation is rooted in director
distortions and anisotropy of conductivity (and dielectric permittivity)

Distortions allow the field to separate charges
ϕ

n̂ ( r )

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Distortions allow the field to separate charges
ϕ

n̂ ( r )

σ || > σ ⊥
E

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Distortions allow the field to separate charges
Because ions prefer to move
along the director rather than
perpendicular to it, positive
charge accumulates on left,
negative on right. Thus the
charges are separated.

ϕ

n̂ ( r )

σ || > σ ⊥
E

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Separated charges are moved by the field
f ∝ ρE

n̂ ( r )
E

Because ions prefer to move
along the director rather than
perpendicular to it, positive
charge accumulates on left,
negative on right. Thus the
charges are separated. The
field drives ionic flows

ρ∝E

f ∝ ρE ∝ E2

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Flows do not depend on field polarity…
f ∝ ρE

n̂ ( r )
E
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along the director rather than
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field drives ionic flows

ρ∝E

f ∝ ρE ∝ E2

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Flows do not depend on field polarity…
f ∝ ρE

n̂ ( r )
E

Because ions prefer to move
along the director rather than
perpendicular to it, positive
charge accumulates on left,
negative on right. Thus the
charges are separated. The
field drives ionic flows

ρ∝E

f ∝ ρE ∝ E2

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

… but depend on director gradients
f ∝ ρE

Converging director;
Perpendicular anchoring:
positive charges on the
left, negative on the right

n̂ ( r )
E
Diverging director;
Tangential anchoring;
negative charge on the left,
positive on the right;
direction of flows is
opposite to the case above
I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Velocity field around spheres: experiment
3.0 μm/s Converging director

E

Opposite directions
of flows!

Converging director; “puller” flows
3.2 μm/s

Diverging director

E

Diverging director; “pusher” flows
h = 60 μm 2 R = 50μm

E = 40 mV/μm

f = 5 Hz

=
η|| 54 mPa ⋅ s=
η⊥ 78 mPa ⋅ s
∆ε < 0.001

Broken symmetry of director distortions:
pumping around immobilized sphere
4.0 μm/s
SiO2

SiO2

Converging; Diverging;
puller
pusher

Immobilized sphere (glued to substrate):
pumping along the (-x)-direction:
y

2 0
=
Qx ( x )
h ∫ u x ( x, y )dy < 0
3 − y0
h = 60 μm 2 R = 50μm

E = 40 mV/μm

f = 5 Hz

=
η|| 54 mPa ⋅ s=
η⊥ 78 mPa ⋅ s
∆ε < 0.001

Broken symmetry:
electrophoresis of free particles

Free particle: AC-driven
electrophoresis with

u∝E

2

E

Electrokinetic velocities-?
nˆ
=
Ji

n , n ) (1, ϕ )
(=
σ=
E
(σ δ + ∆σ n n ) E
x

ij

u LCEK
ϕ

y

j

⊥

ij

i

j

j

;

=
J x σ || Ex + ∆σϕ E y
=
J y σ ⊥ E y + ∆σϕ Ex

divJ

0;=
εε 0 divE ρ

∆σ ∂ϕ
ρ ( x, y ) = −ε 0ε
Ex
σ ∂y
f

ρ=
E vs f drag η u / R 2

y
E

x

u

LCEK

εε 0 ∆σ
≈
REx2
η σ

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

Velocity field around Si spheres in N
u LCEK ≈

εε 0 ∆σ
REx2
η σ

R ≈ 25 μm

Normal
anchoring
Tangential
anchoring

Tangential
anchoring

2 R (μm)

u LCEK
uwater

ε LCη water R
≈
~ 102 − 103
ε waterη LC λD
f=5 Hz;

EO velocity around a glass sphere in LC is much higher than in water; because the charges
are separated over distances ~R (length scale of distortions) rather than over the Debye
length
f = 5 Hz

65

η|| 54 mPa ⋅ s=
η⊥ 78 mPa ⋅ s
∆ε < 0.001 ε LC = 6 =

I. Lazo, C. Peng, J. Xiang, S. Shiyanovskii, ODL Nature Comm. 5, 5033 (2014)

AC electrophoresis perpendicular to E
Since u LCEK ∝ E 2 ,
The velocity direction is not
determined by the electric field;
the two can be orthogonal,

y
x

E

∆ε = ε || − ε ⊥ < 0

I. Lazo, ODL, Phil Trans A 371, 20120255 (2013)

2D control by AC and by n

(

vxy = f β Ez2 , nˆ ( r )
vz ∝ µ E z

n̂ 0
n̂ 0

v, p

y

Ez

E = (0, 0, Ez )
x

)

2D control by AC and by DC
Both vertical and horizontal field are normal to n, so that n=const

∆ε = ε || − ε ⊥ < 0
x

y

in-plane E x

68

vertical E z

I. Lazo, ODL, Phil Trans A (2013)

3D control by AC and n (x,y) and by DC (z)
∆ε < 0 Planar cell; vertical field, FCPM imaging of the vertical cross-section:
E
E
0V

z level with respect to the bottom (µm)

z

0V

-40mV/μm
-120mV/μm
-200mV/μm

+40mV/μm
+120mV/μm
+200mV/μm

50

40

Q>0
30

20

10

0
-200

-100

0

100

200

E

E (mV/µm)

I. Lazo, ODL, Phil Trans A 371, 20120255 (2013)

Comparison of isotropic linear and
quadratic LC electrophoresis
v ep ∝






Q

η

vlcep =

E

Only DC can carry the particles; AC
produces no net displacement
Electrode blocking and degradation
Steady flows are difficult to maintain
Only charged particles can be moved
Direction limited by the field
direction







α 2
E
η

Both DC and AC driving is possible
No electrode blocking and
degradation
Steady flows are natural, as long as
the field is applied
Particles do not need to be charged
Direction is not limited by the field
direction, allows for 2D and 3D
control of trajectories

Some dissatisfaction:
LC-enabled electrophoresis can move a sphere with perpendicular
anchoring and dipolar structure:

but cannot move particles with tangential and/or quadrupolar structure:

Next section demonstrates how to solve the problem using LC enabled
electro-osmosis;
Main idea: Director deformations are created by surface anchoring patterns,
rather than by the particles

Photoalignment
Brilliant Yellow, azo-dye

Mechanism: molecules realign
perpendicularly to polarization of light to
avoid trans-cis isomerization
Advantages: eliminating charging and
impurities, controllable alignment angle
and energy, high manufacturing yield, and
compatibility with flexible and curved
substrates

𝐸0 𝑒 −𝑖𝜔𝑡

Photopatterning by plasmonic metamasks
Qi-Huo Wei et al, Liquid Crystal Institute, Kent State

z Al
y
x

Perpendicular polarization
Parallel
polarization

Rectangular Apertures in 150nm Al Film,
Triangular Lattice; Period: 270 nm
Aperture Size: 100 nm×250 nm
Y. Guo, M. Jiang, C. Peng, K. Sun, O. Yaroshchuk, ODL, Q.-H. Wei, Advanced Materials 28, 2353 (2016)

Making of director patterns: Photoalignment
Plasmonic photomasks to shape the polarization of light beams

1μm

Patterned plasmonic
metamask

Polarization pattern
of transmitted light

Photopatterned
director nˆ ( x, y )

Ptotosensitive Brillian Yellow dye;
memorizes the state of polarization
and forces the alignment of LC
Empty cell

glass

Y. Guo, M. Jiang, C. Peng, K. Sun, O. Yaroshchuk, ODL, Q.-H. Wei, Advanced Materials 28, 2353 (2016)

Experimental examples of director patterns

50 μm

50 μm

50 μm

Y. Guo, M. Jiang, C. Peng, K. Sun, O. Yaroshchuk, ODL, Q.-H. Wei, Advanced Materials 28, 2353 (2016)

Separation of charges in distorted LC
50 μm

This is an experimental cell, not a
numerical simulation; the ticks represent
the local director field as seen under an
LC PolScope

Separation of charges in distorted LC
50 μm

Separation of charges in distorted LC
50 μm

E

σ || > σ ⊥ , ε || =
ε⊥

Separation of charges in distorted LC
50 μm

E

σ || > σ ⊥ , ε || =
ε⊥

No permanent EDLs,
no polarizable (metal)
surfaces are needed to
separate charges

Separation of charges in distorted LC
50 μm

=
f ρ+E > 0
=
f ρ−E < 0

E

σ || > σ ⊥ , ε || =
ε⊥

No permanent EDLs,
no polarizable (metal)
surfaces are needed to
separate charges

Electro-osmosis in distorted LC
50 μm

=
f ρ+E > 0
=
f ρ−E < 0

E
3.5
µm / s

h = 50 μm

E = 40 mV/μm; 5 Hz

Flow of the LC visualized by “dirt” tracer
particles; note steady flow despite the AC
character of the electric field
50 μm

Direction of flow does not depend on field polarity
50 μm

=
f ρ+E > 0
=
f ρ−E < 0

E
E
Reversal of the field reverses the sign of charges at the same
location, but does not change the direction of force, thus enabling
AC driving: f =ρ E =( − ρ )( − E ) ∝ E ⋅ E ∝ E 2
C. Peng, Y. Guo, C. Conklin, J. Viñals, S. Shiyanovskii, Q.-H. Wei, ODL, Phys Rev E 92, 052502 (2015)

Electro-osmotic velocities-?
=
nˆ
=
Ji

n , n ) (1, ϕ )
(=
σ=
E
(σ δ + ∆σ n n ) E
x

y

ij

j

⊥

ij

i

j

50 μm
j

;

ϕ

=
J x σ || Ex + ∆σϕ E y
=
J y σ ⊥ E y + ∆σϕ Ex

divJ 0;=
=
εε 0 divE ρ

ρ ( x, y ) = −ε 0 ε
f

∆σ ∂ϕ
Ex
σ ⊥ ∂y

ρ=
E vs f drag η v / L2

y

x

v∝

E

εε 0 ∆σ
LEx2
η σ

L~10-100 microns, much larger than a
nanometer Debye screening length
C. Peng, Y. Guo, C. Conklin, J. Viñals, S. Shiyanovskii, Q.-H. Wei, ODL, Phys Rev E 92, 052502 (2015)

Disclination pair as an electro-osmotic pump

50 μm

y
x

Patterned pair of (-½, ½)
disclinations; dipolar symmetry;
E

50 μm

Field-separated charges

Disclination pair as an electro-osmotic pump

50 μm

E = 40 mV/μm;
5 Hz

y
x

Patterned pair of (-½, ½)
disclinations; dipolar symmetry;

Water droplet is moved towards ½ disclination

E

50 μm
Two vortices,

curlv ≠ 0

Field-separated charges

LC moves particles that could not be moved in regular
electrokinetics: air bubbles and water droplets
εε 0 ∆σ
u ≈
LE 2
η σ

L, μm
air bubble…

water droplet…

h = 50 μm E = 40mV/μm f = 5 Hz
C. Peng, Y. Guo, C. Conklin, J. Viñals, S. Shiyanovskii, Q.-H. Wei, ODL, Phys Rev E 92, 052502 (2015)

LC vortices for microscale mixing
v || E, thus curlv 0
In isotropic fluids, vortices are hard to create,=
because curlE 0,=
2
In LCs, vortices are natural, since v ~ E thus curlv ≠ 0

E
4µm / s

50 μm
Director pattern

Vortices of flow

h = 50 μm E = 40mV/μm f = 5 Hz
C. Peng, Y. Guo, C. Conklin, J. Viñals, S. Shiyanovskii, Q.-H. Wei, ODL, Phys Rev E 92, 052502 (2015)

Theory and simulations of LC enabled
electrokinetics in patterned director field:






M.C. Calderer, D. Golovaty, ODL, N.J. Walkington, SIAM J Appl Math 76, 2260 (2016)
O.M. Tovkach, M.C. Calderer, D. Golovaty, ODL, N.J. Walkington, Phys Rev E 94, 012702
(2016)
C. Conklin, O.M. Tovkach, J. Vinals, M.C. Calderer, D. Golovaty, ODL, N.J. Walkington,
Phys Rev E 94, 012702 (2016)
S. Paladugu, C. Conklin, J. Vinals, ODL, Phys Rev Applied 7, 034033 (2017)
O.M. Tovkach, C. Conklin, M.C. Calderer, D. Golovaty, ODL, J. Vinals, N.J. Walkington,
Phys Rev Fluids 2, 053302 (2017)

Effect opposite to mixing: Sorting

Can we separate colloids that differ only in surface properties?

“Yes, we can!”

With patterned LCs and an electric
field

C. Peng, T. Turiv, Y. Guo, Q.-H. Wei, ODL, Liquid Crystals, 45, 1936 (2018)

Photo patterned liquid crystal

splay deformation
bend deformation

periodic splay and bend
deformations of the director

Where would the
colloidal spheres go
in the periodic splay
and bend pattern?
“Bipolar” symmetric
bend distortions

“Dipolar”
splay distortion

Photo patterned liquid crystal

splay deformation
bend deformation

periodic splay and bend
deformations of the director

Where would the
colloidal spheres go
in the periodic splay
and bend pattern?
“Bipolar” symmetric
bend distortions

“Dipolar”
splay distortion

Drift of sphere with perpendicular anchoring
towards the splay region
Good
polarity

Bad
polarity

Laser tweezers
trap release

C. Peng, T. Turiv, Y. Guo, S. Shiyanovskii, Q.-H. Wei, ODL, Science Advances 2, e1600932 (2016)

Drift of sphere with perpendicular anchoring
towards the splay region
Good
polarity

Bad
polarity

Laser tweezers
trap release
NB: all dipolar colloids are
oriented in a ferroelectric
fashion

C. Peng, T. Turiv, Y. Guo, S. Shiyanovskii, Q.-H. Wei, ODL, Science Advances 2, e1600932 (2016)

Measuring trap stiffness and depth
−8πβ K ( pˆ ⋅ nˆ ) div nˆ
Ud =

Interaction potential with the background director, V.
Pergamenshchik, Eur. Phys. J E 37, 1 (2014)

βK
πy
F =− ( ∂U d / ∂y ) eˆ y =8π 3 2 sin
eˆ y
l
l
t

=
−6π R η||v|| ( eˆ x cos α + eˆ y sin α ) + η⊥ v⊥ ( −eˆ x sin α + eˆ y cos α ) 
Fd = −6π Rη v Fd =

 2πy
2 πy 
sin
cos

π y 
∂y  8π 2 β K
l
l
sin
=
+

−

η⊥ 
∂t  6 Rl 2
l   η||


Dipole strength
Trap depth:

β = 0.18R 2

U d ,max ≈ 5.8 ×103 k BT

A sphere with perpendicular anchoring is strongly trapped in the splay region
C. Peng, T. Turiv, Y. Guo, S. Shiyanovskii, Q.-H. Wei, ODL, Science Advances 2, e1600932 (2016)

Tangentially anchored spheres move towards bend
1

50 μm

50 μm

0

 Polystyrene spheres (no surfactants) with
tangential anchoring localize in the areas with
bend

C. Peng, T. Turiv, Y. Guo, S. Shiyanovskii, Q.-H. Wei, ODL, Science Advances 2, e1600932 (2016)

Distorted LC separates charges in presence of E field

E

σ || > σ ⊥

Distorted LC separates charges in presence of E field

E

σ || > σ ⊥

No permanent EDLs,
no polarizable (metal)
surfaces are needed to
separate charges
C. Peng, T. Turiv, Y. Guo, Q.-H. Wei, ODL, Liquid Crystals, 45, 1936 (2018)

Distorted LC separates charges in presence of E field

f

ρ+E < 0
=
f ρ−E > 0

E

σ || > σ ⊥

Recall that spheres with
surfactant gather into splay
regions, spheres without
surfactants gather into bend
Electrokinetic velocities are
opposite in these two regions,
thus will separate the spheres
along the horizontal axis

No permanent EDLs,
no polarizable (metal)
surfaces are needed to
separate charges
C. Peng, T. Turiv, Y. Guo, Q.-H. Wei, ODL, Liquid Crystals, 45, 1936 (2018)

Particle sorting using LC electrokinetic flows
A
P
f

ρ+E < 0
=
f ρ−E > 0

E

σ || > σ ⊥

h = 20 μm
E = 40mV/μm
f = 5 Hz
C. Peng, T. Turiv, Y. Guo, Q.-H. Wei, ODL, Liquid Crystals, 45, 1936 (2018)

Comparison of isotropic linear and quadratic
LC electrokinetics
v ep ∝







q

η

vlcep ∝

E

Only DC can carry the particles; AC
produces no net displacement
Electrode blocking and degradation
Steady flows are difficult to maintain
Only charged particles can be moved
Direction limited by the field
direction
No vortices: curlE = 0
thus curlv = 0









∆σ

η

E2

Both DC and AC driving is possible
No electrode blocking, no
degradation
Steady flows are natural, as long as
the field is applied
Particles do not need to be charged;
can be of any material (metal,
dielectric, air, fluid)
Vortices are easy to create
Patterned LC electrolytes can be
used for microscale pumping,
mixing, and sorting

Outline
 LC-enabled electrokinetics
 Separation of charges at director gradients
 The electric field separated the charges at director gradients and then
drives them, thus v~E2
 Quadratic and even powers-dependence on the driving field, thus AC
driving and steady flows are possible

Outline
 LC-enabled electrokinetics
 Separation of charges at director gradients
 The electric field separated the charges at director gradients and then
drives them, thus v~E2
 Quadratic and even powers-dependence on the driving field, thus AC
driving and steady flows are possible

 Particle-like 3D solitons in LCs
 Dynamic topographies of LC elastomeric coatings
 Living bacteria guided by LCs

Solitary waves and solitons

Recreation of John Scott Russell’s solitary
wave on the Union Canal in 1995 , this is a
(1+1)D soliton, confined in 1D (“height”) and
propagating along 1D

Zabusky and Kruskal, PRL 15, 240 (1965):
Term “soliton”, inspired by particle-like properties in
collisions;

Shear-induced solitary waves in nematics, one- and two-dimensional:

G. Zhu, X. Liu, N. Bai Phys Lett A 117, 229
(1986); S. Zhang et al, PRA 38, 5941 (1988)

J. Gleeson, P. Palffy-Muhoray, W. van
Saarlos, PRA 44, 2588 (1991)

Examples of (2+1)D and (3+1)D solitons:
“Light bullets”
Nematicons: (2+1)D,
G. Assanto,
Liquid Crystals Reviews 6, in press (2019)
F.W. Wise: (3+1)D Ideal light bullets,
bits of information in
telecommunications; true waves,
topologically unprotected
In practice, “light bullets” spread and
decay with time

This work: stable (3+1)D solitons or “director bullets” created
in a nematic by an electric field

No theory yet

Geometry of our experiment

E

CCN-47: (-,-) nematic

∆ε = ε || − ε ⊥ < 0

∆σ = σ || − σ ⊥ < 0

Planar cell, negative dielectric anisotropy, negative anisotropy of conductivity;
at first sight, the electric field should not cause realignment as the director is
already perpendicular to the field

.

Director bullets as 3D solitary waves

B. Li, V. Borshch, S. Shiyanovskii et al, Nature Comm. 9, 2912 (2018)

Director bullets as 3D solitons
Localized perturbations of the director; very different from a homogeneous tilt in pixels of
LCDs

E

n̂0

Bullets move perpendicularly to the initial director and to the electric field

Nucleation at irregularities …
100 μm
A, x

λ

n̂
P, y

E
A, x

λ
P, y

1 ms

22 ms

87 ms

………………………………and electrode edges

………………………………and electrode edges

E

n̂0

Collisions head-to-head:
Repulsion and reconstruction
3

n̂

E

4

170 ms

0
∆x pre =
A, x

λ

262 ms

P, y
100 μm

∆x post

4

3

370 ms

3

4

170 ms

3
262 ms
170 ms

4 3

370 ms

4

4

370 ms

3

450 ms

Collisions head-to-head, 3D view:
Repulsion and reconstruction
170 ms

258 ms

V

370 ms

4
V

3

V

4

3
V

Collisions: repulsion at small impact parameter,
attraction at large impact parameter

∆x pre =
3 μm

312 μm/s

Repulsion

Attraction

319 μm/s

∆x pre =
11 μm

308 μm/s

312 μm/s

292 μm/s

311 μm/s

309 μm/s

289 μm/s

Annihilation, death and reflection
5

A6
6
5

A, x

λ
P, y

100 μm

f

Voltage dependence of occurrence of bullets
200 µm

E

n̂0

v

A, x
λ

P, y

50.5 V

52.0 V

52.7 V

55.7 V
116

Voltage dependence of existence and speed

Stripe domains
Solitons
Uniform state

U stripes

U soliton

Voltage-frequency
diagram of existence

500 Hz
550 Hz
600 Hz
650 Hz
700 Hz
750 Hz

800 Hz
850 Hz
900 Hz
950 Hz
1000 Hz
1050 Hz
1100 Hz

Speed ~ square of field;
many body lengths per
second

In-plane director deformations
P

optic axis
red plate

A

v

v

Maximum distortions
in the middle plane of
the sandwich cell,
spatial confinement
along the z-axis

v
n̂

100 μm

Head-tail asymmetry

E

. defines velocity
direction

Out-of-plane director deformations
Normal
incidence of
light: optical
response is
insensitive to
polarity
2

E

1

Oblique
incidence of
light: director
tilts change
with field
polarity

Out-of-plane director deformations
z

t = 0 ms

v = ( 0, v, 0 )

x

θ >0

z

t = 0.5 ms

x

0

1 ms

2 ms

3 ms

z

4 ms

t = 1 ms
θ <0

t = 0 ms,
director up
t = 0.5 ms,
horizontal
director
t = 1 ms,
director
down z y

V

V

V

x

Director tilts follow the
polarity of the electric
field with a phase shift
90o
Director bullets are
topologically trivial;
The response is linear
in the applied field

x

Prior experiments on (-,-) nematics
Previous experiments on (-,-) nematics demonstrated stripe domains:
E. Kochowska et al, PRE 70, 011711 (2004)
T. Tóth-Katona et al, PRE 74, 066210 (2007)
Y. Xiang et al, PRE 91, 042501 (2015)
The stripe domains have been explained by flexoelectricity
A. Krekhov et al, PRE 77, 021705 (2008)

Spatially-limited excitations have been observed by H. Brand et al, Phys Lett A 235, 508
(1998), “butterfly” symmetry, but the director structure was not studied;
Spatially-limited excitations were also observed recently in similar materials by
Ch. Rosenblatt (Case Western Reserve U) and M. H. Godinho (Universidade NOVA)

Flexoelectric polarization as the cause of
soliton formation
E

Director curvatures produce
flexopolarization that couples to the
electric field; resulting realigning torque
Γ fl = Pfl × E

and Coulomb force

ˆ divn
ˆ − e3n
ˆ × curln
ˆ
=
Pfl e1n

Ffl ∝ ρ fl E ∝ ( ∇ ⋅ Pfl ) E

Flexoelectric mechanism is supported by the polar director response: as the field polarity
is reversed, the in-plane tilts preserve sign but the out-of-plane tilts change signs
e* ~ 10−11 C/m U ~ 50 V
Ffl ~ e1,3U ~ 5 ×10−10 N
R ~ 10−5 m

η ≈ 60 mPa ⋅ s v ≈ 0.8 × 10−3 m/s

Fviscous ~ Rη v ~ 5 ×10−10 N

NB: Conductivity and ion concentration are low σ || , σ ⊥ ≈ (5 − 6) ×10−9 Ω −1m −1

c ≈ 4 × 1020 m −3

Conclusion
 Electric field creates 3D solitary waves or director bullets in a
nematic with negative anisotropies of permittivity and
conductivity






Solitons survive collisions and reconstruct themselves
Director field within the soliton is topologically trivial; polar tilts that change
polarity with the same frequency as the driving AC field
Polar tilts and head-tail asymmetry lead to rapid propulsion, (10-100) body
lengths per second
Solitons attract and repel each other, depending on impact parameter
Plausible mechanism: flexoelectric polarization coupled to the AC field

No theory yet

Outline









Introduction: How LCs are different from water
LC-enabled levitation
Brownian motion in a LC
Director distortions control placement of small particles
LC-enabled electrokinetics
Particle-like 3D solitons in LCs
Dynamic topographies of LC elastomeric coatings
Dynamics of swimming bacteria guided by LCs

