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Liquid Crystals

] ] i _ Strathclyde
Elongated molecules can have orientational order without having Glasgow

positional order.

(a) solid b) liquid crystal ¢) isotropic liquid d) gas

temperature

A group of molecules can then have an average direction (the director n) and a
measure of the distribution spread around this director (scalar order parameter S).

A

(6,

‘ / (3082 Oy — 1) f(Orm) dV.
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Liquid Crystals — elastic energy
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Glasgow

* Frank-Oseen-Zocher elastic energy

) 4

L

splay twist bend
\ \
Fg = IT(Vn) +A—2(n7xn—q0 TS T’><n)2
| .
+5 (K2 + Ky) V. (n.V)n — (V.n)n)

In 5CB (at 26° C):

Ki=62x10"12N, K =39 x 10712N, K3 =82 x 10~ 12N.



Liquid Crystals — stress tensor

] o Strathclyde
* The stress tensor in a liquid crystal depends of the molecular Glasgow
orientation
fz-j =  aingnpDgpning +aoN;nj + agNjn; + agD;ij + asDijgngng + agDjpngn;
Z A \% Z \Y Z A \' Z A
— — —p
— — N
—— T
(a) 1 = 2 (as+as+ag), (b) N2 = 2 (—aa+ag+as), (¢) ng3 = 2ay, (d) 11 =az —a

this means that rotating the molecules induces a flow




Liquid Crystals as Soft Solids... fc,"{“:;*{’.:‘c

Glasgow

* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)



Liquid Crystals as Soft Solids... fc,"{“:;‘{ﬁi;

Glasgow

* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)

_________|switchable | optical contrast
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3: elastomer YES (but slow) BETTER

4: solid NO BEST
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* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)

_________|switchable | optical contrast

1: isotropic liquid  YES (i.e. EM-phoresis) POOR (unless dye added)

2: nematic YES GOOD
3: elastomer YES (but slow) BETTER
4: solid NO BEST
1: isotropic liquid ADT
| o0
coloured liquid drops : :
moved by E-field e ®
H *® *
® ®

bistable < p bistable
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* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)

_________|switchable | optical contrast

1: isotropic liquid  YES (i.e. EM-phoresis) POOR (unless dye added)

2: nematic YES GOOD
3: elastomer YES (but slow) BETTER
4: solid NO BEST
2: nematic V A |pS
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Liquid Crystals as Soft Solids... fc,"{“:;‘{ﬁi;
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* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)

_________|switchable | optical contrast

1: isotropic liquid  YES (i.e. EM-phoresis) POOR (unless dye added)

2: nematic YES GOOD
3: elastomer YES (but slow) BETTER
4: solid NO BEST
Metal
3: elastomer /e'ecm’de
” Elastomer
%L film
solid material but optic Dislsctiie
axis can be switched by \ S mirror

E-field or deformation

=
V\\ ITO electrode

Glass
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* Nematics are almost exclusively used as reconfigurable elastic media

Optical birefringence device (light switching/guiding etc.)

_________|switchable | optical contrast

1: isotropic liquid  YES (i.e. EM-phoresis) POOR (unless dye added)

2: nematic YES GOOD
3: elastomer YES (but slow) BETTER
4: solid NO BEST

~
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¥
,7\\ / /\
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K2
;i

4: solid

Tyl
V4
\

high order parameter
means better optical
performance
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* An additional advantage is that liquid crystals are self-annealing

defects that occur in the manufacturing process will anneal out
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* An additional advantage is that liquid crystals are self-annealing

defects that occur in the manufacturing process will anneal out (usually)
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In the beginning...there were defects Strathclyde
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Reinitzer’s original experiments demonstrated a second “melting” point
from a scattering liquid to a clear liquid

* random arrangements of the director lead to scattering

e defects can lead to these random alignments

Freidrich Reinitzer

temperature



Identification

* Reinitzer then sent samples to Otto Lehmann...
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University of
Strathclyde
Glasgow

Lehmann’s “copulating droplets”

Resembled oil drops except for the
‘stains’ found as drops merged

The stains or schliere led to the
term schlieren texture
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* Defects played a significant role in the development of liquid crystal science

* these materials were classified through their defects

roa-

f.




Banishment
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e After intense interest in textures and defects in the early years, the invention
of the liquid crystal displays meant that defects were suddenly unwanted.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-24, NO. 7, JULY, 1977 811

Control and Elimination of Disclinations in Twisted Nematic
Liquid-Crystal Displays

AKIRA MIYAJI, MORIE YAMAGUCHI, AKIRA TODA, HITOSHI MADA, AND SHUNSUKE KOBAYASHI,
MEMBER, IEEE

180 |

«— 500 um—> . T /

Critical Twist Angle & (deg)
o
o
\c:

80 —
T PUGRI W= - A
0 15 30 45 60

Pretilt Angle 8.(deg.)




Enlightenment
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* The development of a continuum theory of liquid crystals that
could also model disclinations was crucial

Research article

Short Range Order Effects in the Isotropic Phase
of Nematics and Cholesterics

P. G. De Gennes

< R R e N e e Rt A
Page 193-214 | Received Sep 1870, Published online: 21 Mar

[
LL cpP (A0

The Q tensor is based on the second moment of

molecular orientations

Q=S (n®n)+ 5 (mMmxzm)— 3 (S7 + S9)1

2]
]
-
-
Q
=
Q
=
a

* People looked again at defects...
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* For the first time, the core of defects could be investigated...

VOLUME 59, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NOVEMBER 1987

Defect Core Structure in Nematic Liquid Crystals

N. Schopohl and T. J. Sluckin ®

Institut Laue-Langevin, 38042 Grenoble Cédex, France
(Received 6 July 1987)

The core structure of half-integer wedge disclinations in nematic liquid crystals has been investigated
within the Landau-de Gennes theory, by solution of the appropriate Euler-Lagrange equations. Close to
the nematic-isotropic transition the energy density exhibits a domain-wall-like structure around the core
which disappears at low temperatures. The inner core does not consist of isotropic fluid, and the core is
heavily biaxial at all temperatures.

Foux=AtrQ?+ $ BTrQ’+ 5 CTrQ%,

0Q;; 9Q;; 00;; 9Qx 9Q;; 90k
+ +
Oxx Oxg o 0x; 9xk &3 dxx Ox; '

Fyin=L,
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* For the first time, the core of defects could be investigated...

VOLUME 59, NUMBER 22 PHYSICAL REVIEW LETTERS 30 NOVEMBER 1987

Defect Core Structure in Nematic Liquid Crystals

N. Schopohl and T. J. Sluckin ®

Institut Laue-Langevin, 38042 Grenoble Cédex, France
(Received 6 July 1987)

The core structure of half-integer wedge disclinations in nematic liquid crystals has been investigated
within the Landau-de Gennes theory, by solution of the appropriate Euler-Lagrange equations. Close to
the nematic-isotropic transition the energy density exhibits a domain-wall-like structure around the core
which disappears at low temperatures. The inner core does not consist of isotropic fluid, and the core is
heavily biaxial at all temperatures.

In conclusion we have used the Landau-de Gennes
formalism to make an exact calculation of the structure
of a wedge disclination in a nematic liquid crystal. The
core is always biaxial, sometimes contains structures
which resemble an isotropic-nematic interface, but never
contains a core of isotropic fluid.

FIG. 2. Energy surface &(x,y) in the region —12
< x,y < 12 for the same defect as in Fig. 1, showing the crater
structure.
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Zenithal Bistable Display (DERA: WO 2002/008825)
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* Manipulation of defect entanglements

Reconfigurable Knots and Links in
Chiral Nematic Colloids

Uro$ Tkalec,*t Miha Ravnik, %> Simon Copar,® Slobodan Zumer,*? Igor MuSevi&®>*

Tying knots and linking microscopic loops of polymers, macromolecules, or defect lines in complex
materials is a challenging task for material scientists. We demonstrate the knotting of microscopic
topological defect lines in chiral nematic liquid-crystal colloids into knots and links of arbitrary
complexity by using laser tweezers as a micromanipulation tool. All knots and links with up to six
crossings, including the Hopf link, the Star of David, and the Borromean rings, are demonstrated,
stabilizing colloidal particles into an unusual soft matter. The knots in chiral nematic colloids are
classified by the quantized self-linking number, a direct measure of the geometric, or Berry's,
phase. Forming arbitrary microscopic knots and links in chiral nematic colloids is a demonstration
of how relevant the topology can be for the material engineering of soft matter.

o
o
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&
® 9

UNKNOT UNKNOT UNKNOT UNKNOT

pPxq
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S HOPF LINK TREFOIL SOLOMON LINK




Renaissance

Strathclyde

Glasgow
* Manipulation of defect entanglements



Renaissance
Strathclyde

Glasgow

* Manipulation of defect entanglements

namre
phySiCS PUBLISHED ONLINE: 22 DECEMBER 2014 | DOI:I;OE);I;/I;HEYSR?.IE

Light-controlled topological charge in a nematic
liquid crystal

Maryam Nikkhou', Miha Skarabot', Simon Copar'?, Miha Ravnik?, Slobodan Zumer'?

and Igor Musevic"?*
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* Manipulation of defect entanglements

mhyl[mSEiCS LETTERS
p PUBLISHED ONLINE: 22 DECEMBER 2014 | DOI: 10.1038/NPHYS3194

a o - t=700ms

Light-controlled to
liquid crystal

Maryam Nikkhou', Miha Skarabot!, Si p

and Igor Musevic"?*

Time ——»




The future PNAS | May 17,2016 | vol. 113 | no.20 .

Control of active liquid crystals with a magnetic field L

Pau Guillamat®®, Jordi Ignés-Mullol*®, and Francesc Sagués®®-!

“Departament de Quimica Fisica, Universitat de Barcelona, 08028 Barcelona, Catalonia, Spain; and PInstitute of Nanoscience and Nanotechnology,
Universitat de Barcelona, 08028 Barcelona, Catalonia, Spain

Edited by Nicholas L. Abbott, University of Wisconsin, Madison, W1, and accepted by the Editorial Board April 4, 2016 (received for review January 8, 2016)




Confined nematics: shallow cavities
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* Nematic within a shallow square well: Glasgow

/Nematic liquid cystal layer

+——+— Glass substrate
ITO conductor

SU8 photoresist —»,

.4 ITO conductor

E < Glass substrate I
X Y Side view Perspective view

e square wells formed by photolithography
* well depth 15 um, wells of side 20 - 100 pm
* filled with nematic material E7 whilst upper SU8 layer is “wet”

C. Tsakonas, A. Davidson, C.V. Brown, N. J. Mottram, Appl. Phys. Lett. 90, 111913 (2007)



Confined nematics: shallow cavities

University of
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* Nematic within a square cavity: experiments

C. Tsakonas, A. Davidson, C.V. Brown, N. J. Mottram, Appl. Phys. Lett. 90, 111913 (2007)
G.G. Wells and C.V. Brown, Appl. Phys. Lett. 91, 223506 (2007)



Confined nematics: shallow cavities
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Confined nematics: corners stabilise defects

University of
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Nematic within a square(ish) cavity: switching between states Glasgow

the curvature of the corner determines the stability of the states
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Director profile in corners
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e forinfinite planar anchoring we get solutions like...

(a) n=0 (b) n=1
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¢ = (—B,)/2

e where n measures the rotation of the director from one wall to the other.

e the elastic energy is then

_ KL((1—n)m — By)? R
Fe= 231 n €
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* Nematic within a triangular cavity: Glasgow

e forinfinite planar anchoring we get solutions like...

(a) n=0 (b) n=1
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Director profile in corners: energy
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Director profile in corners: energy
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Director profile in corners: weak anchoring
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e Consider the director profile in a corner with Rapini-Papoular anchoring

Surface energy = cos?(¢)

|
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| I Y
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1 1 7 7 7
V"t 7 7 7 s . .
:j/:,:///, In each corner our director angle is governed by a
1 7 S S o - "
Rt balance of elastic and surface energies
l P e e e o -
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Surface energy = sin?(¢)



Director profile in corners: weak anchoring
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This director angle solution solves Laplace’s equation and the nonlinear Rapini-
Papoular anchoring minimisation. (see Points, Lines and Walls — M. Kleman)
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Director profile in corners: weak anchoring
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Director profile in corners: weak anchoring

D

\3

-
—~————

NN N e ——"

N~

O

i
;
T
i
/
/
/
?'
/
/
/7
/
/7
7

A T o o o o o T T T e e

7/
77

r
!
f
'
}
!
/
5
!
/
/
/
7

e s

T B

Q\: o e o e T T T e T T e

A N N N e N e e o e e e e e e e e e e e e
I T T e

T B Rt e Y
NN NN NN NN

AV VL N B e

/]

N N N N N S e S S T S N N

AN N N N N S N N S S S R S S N N
3
N
N

T L S e )

N
N
N
N\

T L T et WU SC U U
N
N\
N
N
N

A N N N o e e o e e e e e e e e e e
N
N
N\
N\
\
N\

Y
N\
N
N\
N\
\
AN

LSS

NN

N
N\
N
N\
N\
N

S ST
VO POt
VP Pt
VOOt e
P i P
P B Bl B

=

A o e e e e e e e T e e T e T T e e e e T et st e
AN N N o e o e e e e e e e g e St e S

NONNNNNNNNNN
NONNNNNNNNYN

SIS
TS
VOO
SIS
VOO PO OO O I g
SIS S
VP PP PO PO PP P oo
S PSS

NN RIS

B v T vl
B T T T T T T T
T e
R T B

T T T T
NN RN
e
NN NSNS

N
N
N
N
N
N
N
N
\
\
\
\
\
\
\
\
\
\
\

SIS

ST IAY Y SIS AL
VO PP il

(VD

Pl s

_////////////////////

L7 P

V7 7

L7 7 P P P P P P P o

TU 5 o i i P B B B

L i B i I i i e B B P i i i i i
o i B B i i i B i i i i i i i i
e o B B B B B B B P B B P i B
R il e i i
Bt B e e e B S
MW‘-‘*‘—-—‘—“
A A_Aa_-a_a_-a_a_a oA a_ A& a_a A A A o

1
1

University of

Strathclyde

Glasgow

a “virtual defect” outside the region
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Confined nematics: director structure
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* With weak anchoring, analytic forms of the director field are found Glasgow

PHYSICAL REVIEW E

covering statistical, nonlinear, biological, and soft matter physics

Highlights Recent Accepted Collections Authors Referees Search Press About

Nematic liquid crystal director structures in rectangular regions

J. Walton, N. J. Mottram, and G. McKay
Phys. Rev. E 97, 022702 — Published 16 February 2018

o0

y I—x 1 y x 1
O(x,y) = X_l: [O|¢ (}\ TR ‘L’) + O, P; (X,I,X,Kt) + 3P (x,A — y,A,T) + ®4¢j(X,y,A.,‘L'):|,
jj;dd
where
&;(U, V,A,T) = —2[cos(P;) — 1] cos| P;(U — 1/2)]lcosh(P; V) cos(P;/2) + sinh(P; V) sin(P;/2)]

[sin(P;) + Pj][cosh(P;A)sin(P;) + sinh(P;A)]
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With weak anchoring, analytic forms of the director field are found
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sawtooth substrate

Fixed channel Pitch varies p = 20 um to 100 um
width
d = 80 um

Patterned Sidewall

Unpatte A =20 pum
Sidewall Fixed sawtooth
amplitude

E7 Liquid crystal in well channel

S. Ladak, A. Davidson, C.V. Brown and N.J. Mottram, J. Phys. D: Appl. Phys. 42, 85114 (2009)
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Polarisors

S. Ladak, A. Davidson, C.V. Brown and N.J. Mottram, J. Phys. D: Appl. Phys. 42, 85114 (2009)
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 We imagine an active nematics (i.e. suspension of bacteria) in

a confined geometry
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We imagine an active nematics (i.e. suspension of bacteria) in

a confined geometry
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Confined active nematics

Flow in a corner can be analytically calculated
inflow
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outflow
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director structure

flow velocity
(yellow weak, red strong)

k=-1 defect



Confined active nematics

Universityof N&

Strathclyde

Glasgow

Flow in a corner can be analytically calculated
outflow

. outflow

director structure flow velocity
(yellow weak, red strong)

k=3 defect



Confined active nematics

University of

Strathclyde

Glasgow

Flow in a corner can be analytically calculated

for a k=1 defect there is NO FLOW

2Ak(k — 1)sin(2(k — 1))
>

Vi) =

r
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Considering flow in the full rectangular region

Confined active nematics

e e e Ve e Ve Y,

. T e e Ve e e

e e e e e e, e,

i it S W |
N\

O P o i ot it iy -y - NN LY
S 7 P o it o o o -y - E Y
\\\\\\-l'lpl////f
S 77 s - N\

PSS
/S -

e SE NN
- ————NNA

A AT A B SN LY
L e SNV LY
P A e S~SNNAVY

S 7 77 v

S S
lllllllll

...........

T —————

We solve the full coupled Ericksen-Leslie equations for flow velocity

and director angle with weak director anchoring (Rapini-Papoular) and

no-slip velocity at boundaries.



Confined active nematics

University of %

>
>
23
- O
© 5
=3
no

director is only slightly distorted

For relatively small activity the
from the inactive state
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This director structure leads to
double circulations in the flow

k=1 flow velocity =1

(dark weak, light strong)
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This director structure leads to
double circulations in the flow

Flow near to corners is similar
to previous corner solutions

flow velocity
(dark weak, light strong)
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This director structure leads to
double circulations in the flow

We also see jets of flow in the
bulk and near to boundaries

k=1 flow velocity =1

(dark weak, light strong)
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e Corners induce distortion, multistability and stabilise defects
and create virtual defects.
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e Corners induce distortion, multistability and stabilise defects
and create virtual defects.

e Can they also generate flow?

e Can they help to stabilise defects externally?
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Colloid particles causing defects
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