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A	group	of	molecules	can	then	have	an	average	direcOon	(the	director	n)		



Liquid	Crystals	
Elongated	molecules	can	have	orientaOonal	order	without	having	
posiOonal	order.	

	

	

	

	

	

	

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



•  Frank-Oseen-Zöcher	elasOc	energy	

							

	
	
	
	
In	5CB	(at	26o	C):	

	

	

	

Liquid	Crystals	–	elasOc	energy	



•  The	stress	tensor	in	a	liquid	crystal	depends	of	the	molecular		

	orientaOon	

	

•  this	means	that	rota.ng	the	molecules	induces	a	flow	

Liquid	Crystals	–	stress	tensor	



Liquid	Crystals	as	SoW	Solids…				
	

•  NemaOcs	are	almost	exclusively	used	as	reconfigurable	elasOc	media	

	 OpOcal	birefringence	device	(light	switching/guiding	etc.)		
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1:	isotropic	liquid	
	
coloured	liquid	drops	
moved	by	E-field		
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1:	isotropic	liquid	 YES	(i.e.	EM-phoresis)	 POOR	(unless	dye	added)	

2:	nemaOc		 YES		 GOOD		

3:	elastomer	 YES	(but	slow)	 BETTER	

4:	solid	 NO	 BEST	

3:	elastomer	
	
solid	material	but	op.c		
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Liquid	Crystals	as	SoW	Solids…				
	

•  NemaOcs	are	almost	exclusively	used	as	reconfigurable	elasOc	media	

	

switchable	 opOcal	contrast	

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

2:	nemaOc		 YES		 GOOD		

3:	elastomer	 YES	(but	slow)	 BETTER	

4:	solid	 NO	 BEST	

4:	solid	
	
high	order	parameter		
means	beUer	op.cal		
performance	

OpOcal	birefringence	device	(light	switching/guiding	etc.)		



Liquid	Crystals	as	SoW	Solids…				
	

•  An	addiOonal	advantage	is	that	liquid	crystals	are	self-annealing	
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Liquid	Crystals	as	SoW	Solids…				
	

•  An	addiOonal	advantage	is	that	liquid	crystals	are	self-annealing	

	defects	that	occur	in	the	manufacturing	process	will	anneal	out	(usually)	

	



In	the	beginning…there	were	defects	
	

Reinitzer’s	original	experiments	demonstrated	a	second	“mel.ng”	point	
from	a	scaUering	liquid	to	a	clear	liquid	

•  random	arrangements	of	the	director	lead	to	sca:ering	

•  defects	can	lead	to	these	random	alignments		

Freidrich	Reinitzer	

temperature	



IdenOficaOon	
	

•  Reinitzer	then	sent	samples	to	O:o	Lehmann…	
	

Lehmann’s	“copulaOng	droplets”	
	
Resembled	oil	drops	except	for	the		
‘stains’	found	as	drops	merged	
	
The	stains	or	schliere	led	to	the	
term	schlieren	texture	



IdenOficaOon	
	

•  Defects	played	a	significant	role	in	the	development	of	liquid	crystal	science	

•  these	materials	were	classified	through	their	defects	



Banishment	
	

•  AWer	intense	interest	in	textures	and	defects	in	the	early	years,	the	invenOon	
of	the	liquid	crystal	displays	meant	that	defects	were	suddenly	unwanted.		



Enlightenment	
	

•  The	development	of	a	conOnuum	theory	of	liquid	crystals	that	
could	also	model	disclinaOons	was	crucial		

The	Q	tensor	is	based	on	the	second	moment	of		

molecular	orientaOons	

•  People	looked	again	at	defects…	



Enlightenment	
	

•  For	the	first	Ome,	the	core	of	defects	could	be	invesOgated…	
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Renaissance	
	•  Zenithal	Bistable	Display	(DERA:	WO	2002/008825)	

	

	



Renaissance	
	•  Zenithal	Bistable	Display	(DERA:	WO	2002/008825)	

	

	

stabilised	defects		



Renaissance	
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The	future	
	

	



•  NemaOc	within	a	shallow	square	well:		

	
•  square	wells	formed	by	photolithography	
•  well	depth	15	μm,	wells	of	side	20	-	100	μm	
•  filled	with	nema.c	material	E7	whilst	upper	SU8	layer	is	“wet”	

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

Confined	nemaOcs:	shallow	caviOes	
	

	



•  NemaOc	within	a	square	cavity:	experiments		

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

Confined	nemaOcs:	shallow	caviOes	
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eigenvalue)			

order		
parameter		
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eigenvalue)		

Confined	nemaOcs:	shallow	caviOes	
	

	



+1	disclina.on	lines		
run	through	the	device		

Confined	nemaOcs:	shallow	caviOes	

director	
model	
(eigenvector		
of	largest		
eigenvalue)			

order		
parameter		
model	
(largest		
eigenvalue)		



Confined	nemaOcs:	shallow	caviOes	
	

	 •  NemaOc	within	a	square(ish)	cavity:		

•  rounding	the	corners	brings	two	disclina.ons	into	the	bulk	

•  …and	two	disclina.ons	move	out	of	the	region		

	

	



Confined	nemaOcs:	corners	stabilise	defects	
	

	 •  NemaOc	within	a	square(ish)	cavity:	switching	between	states	

•  the	curvature	of	the	corner	determines	the	stability	of	the	states		

	

	

lower	elasOc	energy		
barrier	for	round	corners	

.me		
voltage	
applied	



•  NemaOc	within	a	square	cavity:	

φ = 0

φ = π/2

φ = 0

φ = π/2

Director	profile	in	corners	
	

	



•  NemaOc	within	a	triangular	cavity:		

•  for	infinite	planar	anchoring	we	get	solu.ons	like…		

•  where	n	measures	the	rotaOon	of	the	director	from	one	wall	to	the	other.	

•  the	elas.c	energy	is	then		

	

	

φ = (π-β1)/2φ = -(π-β1)/2 φ = (π-β1)/2φ = (π+β1)/2

Director	profile	in	corners	
	

	

wedge	angle	



•  NemaOc	within	a	triangular	cavity:		

•  for	infinite	planar	anchoring	we	get	solu.ons	like…		

•  where	n	measures	the	rotaOon	of	the	director	from	one	wall	to	the	other.	

•  the	elas.c	energy	is	then		

	

	

φ = (π-β1)/2φ = -(π-β1)/2 φ = (π-β1)/2φ = (π+β1)/2

“defect	core”	size	

region	size	

wedge	angle	

Director	profile	in	corners	
	

	



•  NemaOc	within	a	triangular	cavity:		

	

	

	

	

lowest	energy	soluOons	

Director	profile	in	corners:	energy	
	

	



•  NemaOc	within	a	triangular	cavity:		

	

	

	

	

lowest	energy	soluOons	

Director	profile	in	corners:	energy	
	

	

energy	barrier	



•  Consider	the	director	profile	in	a	corner	with	Rapini-Papoular	anchoring	

Surface	energy	=	sin2(φ)

In	each	corner	our	director	angle	is	governed	by	a		
balance	of	elasOc	and	surface	energies

Surface	energy	=	cos2(φ)

Director	profile	in	corners:	weak	anchoring	



where																												is	a	nondimensionalised	anchoring	strength	
	
This	director	angle	soluOon	solves	Laplace’s	equaOon	and	the	nonlinear	Rapini-
Papoular	anchoring	minimisaOon.	(see	Points,	Lines	and	Walls	–	M.	Kleman)	

Director	profile	in	corners:	weak	anchoring	

•  Director	structure	near	to	a	corner	



Director	profile	in	corners:	weak	anchoring	

a	“virtual	defect”	outside	the	region	

where																												is	a	
nondimensionalised	anchoring	strength	
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nondimensionalised	anchoring	strength	
	



Confined	nemaOcs:	director	structure	
	

	 •  We	can	construct	a	director	structure	using	the	method	of	images	
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Confined	nemaOcs:	director	structure	
	

	 •  With	weak	anchoring,	analyOc	forms	of	the	director	field	are	found	

log(anchoring	strength)	
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•  Liquid	crystal	sandwiched	between	a	plane	substrate	and	a	
sawtooth	substrate	

	

	

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

Confined	nemaOcs:	channels	



	

	

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

•  Different	wall	geometries	

Confined	nemaOcs:	channels		
	



	

	
•  Switching	-	switch	voltage	on	

Confined	nemaOcs:	channels	



•  Metastable	states	in	rectangles		

Confined	nemaOcs:	internal	defects	



•  Metastable	states	in	rectangles		

Confined	nemaOcs:	internal	defects	



	

	

Confined	acOve	nemaOcs	

•  We	imagine	an	acOve	nemaOcs	(i.e.	suspension	of	bacteria)	in		
a	confined	geometry	

•  …but	assume	low	Reynolds	number,	low	Ericksen	number	
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Confined	acOve	nemaOcs	

•  We	imagine	an	acOve	nemaOcs	(i.e.	suspension	of	bacteria)	in		
a	confined	geometry	

•  Consider	the		
corner	regions	

	

	 k=-1	k=1		



	

	

Confined	acOve	nemaOcs	

streamfuncOon	

•  We	imagine	an	acOve	nemaOcs	(i.e.	suspension	of	bacteria)	in		
a	confined	geometry	

	

•  Consider	the		
corner	regions	

	

	

director	angle	

k=-1	k=1		



	

	

Confined	acOve	nemaOcs	

streamfuncOon	

•  We	imagine	an	acOve	nemaOcs	(i.e.	suspension	of	bacteria)	in		
a	confined	geometry	

	

	

strength	of	defect	strength	of	acOvity	

director	angle	

k=-1	k=1		



•  Flow	in	a	corner	can	be	analyOcally	calculated	

	

	

	

	

Confined	acOve	nemaOcs	

director	structure	 flow	velocity		
(yellow	weak,	red	strong)	

inflow	

inflow	

ouolow	

k=-1	defect		



•  Flow	in	a	corner	can	be	analyOcally	calculated	

	

	

	

	

Confined	acOve	nemaOcs	

director	structure	 flow	velocity		
(yellow	weak,	red	strong)	

ouolow	

ouolow	

inflow	

k=3	defect		



•  Flow	in	a	corner	can	be	analyOcally	calculated	

	

	

	

	

Confined	acOve	nemaOcs	

for	a	k=1	defect	there	is	NO	FLOW	



•  Considering	flow	in	the	full	rectangular	region	

We	solve	the	full	coupled	Ericksen-Leslie	equaOons	for	flow	velocity	
and	director	angle	with	weak	director	anchoring	(Rapini-Papoular)	and	
no-slip	velocity	at	boundaries.			

	

	

	

	

Confined	acOve	nemaOcs	



	

	

Confined	acOve	nemaOcs	

director	structure	
k=-1	k=1		

For	relaOvely	small	acOvity	the	
director	is	only	slightly	distorted	
from	the	inacOve	state	



	

	

Confined	acOve	nemaOcs	

flow	velocity		
(dark	weak,	light	strong)	

k=-1	k=1		

This	director	structure	leads	to		
double	circulaOons	in	the	flow	
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Confined	acOve	nemaOcs	

flow	velocity		
(dark	weak,	light	strong)	

k=-1	k=1		

This	director	structure	leads	to		
double	circulaOons	in	the	flow	
	
	
	
	
	
	
Flow	near	to	corners	is	similar		
to	previous	corner	soluOons	



	

	

Confined	acOve	nemaOcs	

flow	velocity		
(dark	weak,	light	strong)	

k=-1	k=1		

This	director	structure	leads	to		
double	circulaOons	in	the	flow	
	
	
	
	
	
	
We	also	see	jets	of	flow	in	the	
bulk	and	near	to	boundaries	



	

	

Confined	acOve	nemaOcs	

flow	velocity		
(dark	weak,	light	strong)	

k=-1	k=1		
director	structure	

k=-1	k=1		
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Cornered!	

•  Corners	induce	distorOon,	mulOstability	and	stabilise	defects		
and	create	virtual	defects.	

•  Can	they	also	generate	flow?	

•  Can	they	help	to	stabilise	defects	externally?	

	

	



	

	

Cornered!	

Colloid	parOcles	causing	defects	
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