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1.1: 5CB 4-Cyano-4' -pentylbiphenyl

(a) (b)

1.2: (a) (b)

liquid crystal display, LCD

[1,2]

[2] 2

1.2a

1.2b
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1.3: n

1.3

[21]

LCD

1.3.1

1.3

n

nm

1

n = n

n S

S n i

S =
1
2

 3hcos2
i 1 (1.1)
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1.4: 3

hi (1.1)

S = 0 S = 1

1.3.2

Frank

2

x

K felas Hooke

felas =
1
2

K x 2 (1.2)

n

1.4

splay twist bend 3

n Frank

fFrank =
1
2

K11  n 2 +
1
2

K22  n n 2 +
1
2

K33  n n 2 (1.3)

[16] K11, K22, K33
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1.5: E n

n k, ?

= k ? E jEj = E

felec

felec =
1
2 0 ? E2 1

2 0  E n 2 (1.4)

0 E

1 n

[21] (1.4) n 1.5

0 E 0 E

1.3.3

n

2

in-plane switching, IPS

2 3 45 IPS 4 90 TN
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x
z

y

(a)

z

(b)

1.6: 45 IPS (a) (b) R, E

45 IPS

1.6 x d

x 45 E

E =  E 
p

2 E 
p

2 0 n  z 

n =  cos  z sin  z 0 Ftwist

Ftwist =
d

0

1
2

K22
 z 
z

2 1
4 0 E2 sin2  z dz (1.5)

Ftwist Ftwist Ftwist  z 0

n Euler-Lagrange

K22

2  z 
z2 +

1
2 0 E2 cos2  z = 0 (1.6)

 z 1

K22

2  z 
z2 +

1
2 0 E2 = 0 (1.7)

 z 

 z = 0 E2

4K22
z2 + C1z + C2 (1.8)

 0 =  d = 0  d 2  z 

max =  d 2 C1 = 0 LCd 4K22 C2 = 0

max = 0 d2

16K22
E2 / E2 (1.9)
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0 E max 0 Ftwist

E max E2

90 TN

1.7

x +45 45 90

TN d z E

E =  0 0 E n  z 

n =  cos  z cos  z sin  z cos  z sin  z  

FTN

FTN =
d

0

1
2

K11 cos2  z + K33 sin2  z 
 z 
z

2 1
2 0 E2 sin2  z dz

+
d

0

1
2

cos2  z K22 cos2  z + K33 sin2  z 
 z 
z

2

dz

(1.10)

FTN FTN FTN  z FTN  z 

0 n Euler-Lagrange

K22 cos4  z + K33 sin2  z cos2  z 
2  z 

z2

4K22 sin  z cos3  z 2K33 sin  z cos  z cos2  z 
 z 
z

 z 
z

= 0
(1.11)

K11 cos2  z + K33 sin2  z 
2  z 

z2 K11 K33 sin  z cos  z 
 z 
z

2

+ sin  z cos  z 2K22 cos2  z K33 cos2  z 
 z 
z

2

+ 0 E2 sin  z cos  z = 0

(1.12)

 z 1 sin  z =  z , cos  z = 1

 z = z 2d  4  z (1.11)

0 (1.12)

K11

2  z 
z2 +  2K22 K33 

2d

2
+ 0 E2  z = 0 (1.13)

 z 

 z = C3 sin z + C4 cos z =
4 0 E2d2 +  2K22 K33 2

4d2K11
(1.14)

8



x

z
y

(a)

z

z

(b)

1.7: 90 TN (a) (b) RT, RB

 0 =  d = 0 C3 , 0 C4 = 0 sin d = 0

=
4 0 E2d2 +  2K22 K33 2

4K11
= m  m= 1 2 3 (1.15)

 z 0 FTN E Ec

Ec =
d

4K11 2K22 + K33

4 0
(1.16)

Ec Frederiks [22]

1.4 Jones

Jones 1941 R.

C. Jones [23,24] z E

E =
Ex
Ey

=
Ax cos t kz + x 
Ay cos t kz + y

(1.17)

Ax, Ay x, y x, y

k z E Jones

J

J =
Axei x

Ayei y (1.18)
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JLP x

JLP =
cos
sin (1.19)

2 2 Jones M

MJ Jones Mpol

x

Mpol =
cos2 sin cos

sin cos sin2 (1.20)

planaralignment, PA Jones

MPA

MPA =

cos
2

i cos2 sin
2

i sin2 sin
2

i sin2 sin
2

cos
2

+ i cos2 sin
2

(1.21)

= 2 nd n = ne no ne no

d TN

Jones MTN X = 2 +   2 2

MTN =

sinX
X

cosX i
2

sinX
X

cosX i
2

sinX
X

sinX
X

(1.22)

  = 2 n  d 

M =

cos
  
2

i cos2 sin
  
2

i sin2 sin
  
2

i sin2 sin
  
2

cos
  
2

+ i cos2 sin
  
2

(1.23)

n  =
neno

ne2 sin2 + no2 cos2
no (1.24)
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1.5

1.5.1

in-situ

2001

[9]

[28]

1.5.2

[36,37]

[41]
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z

x

1.8:

r

f

n

NA

1.9: f 2r NA

1.8

Carl Zeiss, LSM 510

800 nm 100 nm 80 MHz

SpectraPhysics, Maitai 63 NA = 1 4

noil = 1 518

12



Airy DAiry f 2r

DAiry = 1 22
f
r

(1.25)

NA

NA NA = noil sin NA 1.9

sin NA =
r

f2 + r2
(1.26)

f
r

=
noil2

NA2 1 (1.27)

(1.25)

DAiry = 1 22
noil2

NA2 1 (1.28)

DAiry = 409 nm Airy

SAiry = 1 31 10 9 cm2

2048 146 2 146 2 m2

Spectra Physics, 407A

SAiry 146.2

m 2048 vscan 1

pixel

vscan =
146 2
2048

1

pixel
(1.29)

pixel

1.5.3
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1.10:

[15]

[15,45,46]

m

1.10

1.10

14



2

2.1

3

15



[15]

30 s

[52,53]

2.2

2.2.1

2.1

Merck, RMM141C TCI, 2-benzyl-2-(dimethylamino)-4' -

morpholinobutyrophenone 2.8 wt%

2.2a RMM141C

58 C

12 m

JSR, AL1254 500 rpmfor 5 s, 4000 rpmfor

30 s 150 C 1 EHC, RM-50

5

1.5.2

10, 20, 30 m

4.3 MW cm 2 9 s m 1

KEYENCE, VK-9710

3.6 m

Merck, 5CB 5CB

5CB 2.2b 5 m

ITO 60

m

45

2.2.2

Nikon, Eclipse LV100-POL 27

C Linkam, LTS420

Agilent, 33220A 10 kHz
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x
z

y

2.1: 45 IPS

(a) (b)

2.2: (a)2-benzyl-2-(dimethylamino)-4' -morpholinobutyrophenone (b)5CB

NF, 4010 Canon, EOS Kiss

X4 550 nm 40nm

HamamatsuPhotonics, H10722 Tektronix,

TDS3012 100 200 m

2 m
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2.3:

2.3

2.3.1

[54]

0

0

d 34 m 5CB

640 nm COHERENT, OBIS 640 LX  4

45

THORLABS, PDA36A-EC

2.3

 0 
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2.1:

d 33.9 m

640 nm

ne 1.717

no 1.529

0 1.8

Tmax 86.1%

 0 =2
d 1

c2  a2 b2 sin 0 cos 0 sin

+
1
c

1
a2b2

c2 sin2

1
2 1

b
1 b2 sin2

1
2

(2.1)

a =
1
ne

b =
1
no

c2 = a2 cos2
0 + b2 sin2

0

ne no

T 0 

T  0 = Tmax sin2 1
2

 0 (2.2)

Tmax (2.2) T 0 

2.1 5CB

ne = 1 717 no = 1 529 [55] 2.3

0 = 1 8 1 8

Jones

1 mm

HamamatsuPhotonics, PMA-11

2.2.1
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(b)

2.4: (a)5CB (b)

45

2.4

T 1.4 Jones

T = Tmax sin2 nd
(2.3)

n d

n

ne no Cauchy

ne = Ae +
Be

2 +
Ce

4 no = Ao +
Bo

2 +
Co

4 (2.4)

Ae Be Ce Ao Bo Co n

A= Ae Ao B = Be Bo C = Ce Co

n = A+
B
2 +

C
4 (2.5)

(2.3) 2.2

2.4 (2.5) 5CB n

2.5

20



2.2:

5CB

Tmax 90.3% 82.7%

d 8.9 m 3.6 m

A 0.151 0.158

B 0.00429 m2 0.00105 m2

C 0.00133 m4 0.00105 m4

    

    

    

    

    

    

D
n

                     
               

        

(a)

    

    

    

    

    

    

D
n

                     
               

         

(b)

2.5: (a)5CB (b) n

5CB

2.6

(2.3) 5CB

2.3 2.6 2.6

5CB
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2.6: 5CB

2.3:

5CB

Tmax 88.0%

d 5.0 m

A 0.151

B 0.00429 m2

C 0.00133 m4

2.3.2

2.1

45 2.7

[56] 2.7
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xy
l

2.7: 20 m
P, A

[15]

p p

2.8 p

1

p,max = 45

2.8 p

0 7 V m 1
p,max

10 m

0 3 V m 1
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l
l
l

2.8: p

max

Frank

2.7

z

Felec

FLC Felec = 1 2 0 ph m E 2

FLC = LC fFrank 1 2 0 LC n E 2 dz 0 p

h m

E fFrank Frank LC

n LC dz

F = FLC + Felec

n m n  z m p

E n =  cos  z sin  z 0 m =  cos p sin p 0 E =  E 
p

2 E 
p

2 0 
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2.4:

d 5.0 m

K22 3.7 pN

LC 12

h 3.6 m

p 5.0

F

F = 2
d h

2

0

1
2

K22
 z 
z

2 1
4 0 LCE2 sin2  z dz

1
4 0 pE2hsin2 p (2.6)

K22  0 = 0

  d h  2 = 0 E F  z p

2.4 5CB K22 = 3 7

pN [57] p = 12 [58] p = 5 0

2.8

0.5 [59] LC

[28]

Ftwist  z 

Ftwist =
d

0

1
2

K22
 z 
z

2 1
4 0 LCE2 sin2  z dz (2.7)

max =  d 2 2.8

= max p 2.9

m 1 50%

25



   

   

   

   

   

   

 
  

 
  

  
  

  
  

  
  

  
  

   
 

               

                  m 
  

 

2.9: p

max

10 m

2.10a,b

580 nm

0.16 V m 1

(2.6)

F p 2.11

1.3.3

0.02 V m 1 0 3

p p,max 0 0067
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(b)

2.10: (a) (b)
580 nm 0 V m 1

2.11: F

p

2.3.3

25 0.3 V m 1

2.12

10 m 1.0 V m 1
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(a) (b)

2.12: 10 m (a) (b)
1.0 V m 1

2

2

90%

90%

2.13
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(a)

 

 

 

 

 

 
  

  
   

 
  

  
 

               

                 m 
  

l =   m 
l =   m 
l =   m 

              

(b)

2.13: (a)
(b)

tLC = twist
 z 
t

(2.8)

tLC twist

twist 1 tLC

tLC = K22

2  z 
z2 +

1
2 0 LCE2 cos2  z (2.9)

 d h  2 z  d + h  2  z = p  z 

29



l2
d+h

2

d h
2

tpdz = Tv (2.10)

tp Tv

tp

tp = K22

2  z 
z2 +

1
2 0 pE2 cos2 p (2.11)

Tv l h

Tv =
2 l4

3 d h 
d p

dt
(2.12)

(2.8) (2.10)

Jones 550 nm

2.5

2.13

= 32 cP 5CB Miesowicz

1 = 100 cP 2 = 40 cP 3 = 20 cP [60] 1 = 100

cP

K22

2  z 
z2 +

1
2 0 LCE2 cos2  z = 1

 z 
t

(2.13)

1

2.13 1 = 80 cP [60]

10 m

90%

2.14

30



2.5:

d 5.0 m

550 nm

K22 3.7 pN

LC 12

1 100 cP

32 cP

nLC 0.18

l 10, 20, 30 m

h 3.6 m

p 5.0

np 0.17

2.15 (2.13)

max 2.15

Tp Tp = Tv

F (2.6) Tp l2 F p

31
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(b)

2.14: (a) (b) 10 m

(a)

   

 

  

   

    

 
  

  
  

  
  

   
  

  
  

     
         m  

     
      

(b)

2.15: (a) (b)
1.0 V m 1

Tp = 2l2

p

d h
2

0

1
2

K22
 z 
z

2 1
4 0 LCE2 sin2  z dz

+
1
2 0 pE2l2hcos2 p

(2.14)

Tv (2.12) 2.13
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      T    
      T    

2.16: Telec Telas

(2.14) 1

2 Tp = Telas + Telec Telas

Telec

Telas Telec Telec Telas

2.16

Telec

 p = p t Tp / l2

Tv / l4  p Tp = Tv  p l 2

2.17

l 2

l h l

h
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l =   m 
l =   m 
l =   m 

2.17:

2.4
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3

3.1

2

[59,61]

[62]
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x
z

y xy

w

l

3.1: 45 IPS

3.2

3.2.1

3.1 2

Merck, RMM141C TCI, 2-benzyl-2-

(dimethylamino)-4' -morpholinobutyrophenone 2.8 wt%

4.5 m

ITO 54 m

JSR, AL1254 500 rpmfor5 s, 4000 rpmfor30 s 150 C

1 EHC, RM-50 5

45

1.5.2

8 4 3 m2

1.7 MW

cm 2 9 s m 1

KEYENCE, VK-9710 1 m

20%

7 3 m2
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3.2.2

Nikon, Eclipse LV100-POL

30 C Linkam, LTS420

500 nm

Agilent, 33220A

NF, 4010

Canon, EOS Kiss X4

3.3

3.3.1

LC

2 ITO 6 m

JSR, JALS-2021-R2 2

Cair, CLC Agilent, 4294A

30 C 0.1

V CLC RLC

CLC Cair [2]

n

? , k 3.2a,b k ? LC

= k ? LC

fc 17.5 kHz

2.3.1

1 mm Hamamatsu
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(a) (b)

3.2: (a) k, ? (b) LC

   

  

  

  

  

 

 
  

  
  

  
   

  
  

   
  

  
  

 
 

                  
               

             
            

(a)

     

     

     

     

     

     

D
n

                  
               

(b)

3.3: (a) (b) n

Photonics, PMA-11

45

3.3a

2.3.1 (2.3)

3.1 3.3a (2.5) 3.3b

n
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3.1:

Tmax 84.1%

d 5.8 m

A 0.120

B 0.00363 m2

C 0.000767 m4

Frank K11 K22 K33

TN 2

[57,63] 6 m

TN

45 589 nm

3.4a,b

Jones

x z

n  z n =  cos  z 0 sin  z   z 

FPA

FPA =
d

0

1
2

K11 cos2  z + K33 sin2  z 
 z 
z

2

dz

d

0

1
2 0 ? + LC sin2  z 

 z 
z

2

dz

(3.1)

d 0 2.3.1

0 =  0 =  d = 1 8 589 nm n = 0 137 K11

K33 FPA

 z  z 3.4a K11 = 7 4 pN

K33 = 9 9 pN

TN n =  cos  z cos  z sin  z cos  z sin  z  

 z n TN
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(b)

3.4: (a) (b)TN

3.2:

d 5.9 m

TN 6.0 m

Tmax 85.2%

TN 73.1%

589 nm

K11 7.4 pN

K22 3.7 pN

K33 9.9 pN

LC 2.85

? 7.86

nLC 0.137
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K           
K           
K           

(b)

3.5: 5CB 25 C (a) (b)TN

FTN

FTN =
d

0

1
2

K11 cos2  z + K33 sin2  z 
 z 
z

2

dz

d

0

1
2 0 ? + LC sin2  z 

 z 
z

2

dz

+
d

0

1
2

cos2  z K22 cos2  z + K33 sin2  z 
 z 
z

2

dz

(3.2)

K22

FTN  z  z  z 

3.4b K22 = 3 7 pN

3.5 3.3

Merck, 5CB

[64]

3.3.2

3.1

45

41



3.3: 5CB 25 C

d 5.8 m

TN 5.8 m

Tmax 81.0%

TN 82.2%

589 nm

K11 6.3 pN

K22 4.5 pN

K33 9.9 pN

LC 13.6

? 5.7

nLC 0.180

3.1 LC 0

x y

LC 0

fc LC = 0

3.6

3.7 x

p fc 1 kHz

100 kHz

fc
17.5 kHz = fc 15 kHz p

10 kHz p 70 V

fc
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xy

3.6:

3.3.3

3.6 0 V

l w h

n

[65]

s E

cg E = cg V s 
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3.7:

[66]

Felec

FLC

Felec FLC

Felec = 1 2 0 plwh m E 2 FLC = LC fFrank 1 2 0 LC n E 2 dVLC

p m

E fFrank Frank

LC dVLC

F = FLC + Felec n m n

 x y z m p E n =  cos  x y z sin  x y z 0 

m =  cos p sin p 0 E =  E 
p

2 E 
p

2 0 F

F =
LC

fFrank
1
4 0 LCE 2 sin2  x y z dVLC

1
4 0 pE 2lwhsin2 p (3.3)

fFrank =
1
2

K11 sin  x y z 
 x y z 

x
cos  x y z 

 x y z 
y

2

+
1
2

K22
 x y z 

z

2

+
1
2

K33 sin  x y z 
 x y z 

y
+ cos  x y z 

 x y z 
x

2

(3.4)
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3.4:

d 4.7 m

K11 7.4 pN

K22 3.7 pN

K33 9.9 pN

l 7.0 m

w 3.0 m

h 1.0 m

3.5:

(kHz) LC p cg cg,LC

1 2 85 2 0 0.41 0.62

10 1 40 4 1 0.44 0.56

15 0 42 4 4 0.55 0.59

17.5 0 00 4 5 0.38 N/A

20 0 35 4 4 0.41 0.44

100 2 44 4 5 0.25 0.34

LC dVLC

d 7 m (3.3)

p cg E F

p  x y z 

3.4

3.5

3.8 3.8 p

cg

3.8

cg

cg,LC
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E

3.8: E

3.9a

n =  cos  z sin  z 0 E = cg,LC V s 

Ftwist =
d

0

1
2

K22
 z 
z

2 1
4 0 LCE 2 sin2  z dz (3.5)

Ftwist  z 540 nm

Jones

cg,LC 3.6

3.5 3.9b cg,LC

LC 0

LC 0 z

LC 0 [1]

LC cg,LC

3.9

cg,LC

cg,LC 15 kHz

3.3.1 Cair CLC

RLC

46



3.6:

d 4.7 m

540 nm

K22 3.7 pN

n 0.141

T0 23.9%
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E       m 

  
 

         
          
         
         
         
        

(b)

3.9: (a)
(b)E

0 = CLC Cair
00 = 1 RLCCair [2] 3.10a

fc 00
k

fc
00
k

[59]

3.3.1 LC fc
3.10b fc

LC

15 kHz LC 0 LC

[67] LC
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(a) (b)

3.10: (a) 0 00 (b) LC

cg,LC

3.5 cg

cg,LC

E

[59]

cg cg,LC

p 0.5 [59]

[28]

40 C

[11,59] p

fc Arrhenius

[68]

fc = exp
Eact

kBTabs
(3.6)

Eact kB Boltzmann Tabs (3.6)

3.10b fc Eact
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E       m 
  

 

         
           
          
          
         
          
         

(b)

3.12: (a)
(b)

3.11 Eact = 937 meV

26 C 4 C

fc 1 kHz

[11,59]

3.12a
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3.13:

E = 1 0 V m 1 10 kHz

p

3.12b

LC p

3.13

1.0 V m 1 10 kHz 3.14a,b

3.14a

3.14b

1, 17.5, 20, 100 kHz j LC pj LC = 0

LC p LC

p

j LC pj

j LC pj

10 kHz
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E

(a)

E

x xx

(b)

3.14: (a)
E

(b)
E
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E

3.15:
E

3.12b

5

0.2 V m 1

3.15 3.16

3.17

l, d d l d
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E

(a)

E

z z

(b)

3.16: (a)
E (b)
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E

(a)

E

(b)

E

(c)

3.17: (a) (b) l, d

(c) d l

LC , 0 10, 15,

20 kHz l d

d l 3.0

K22  K11 + K33  2

[69]

3.4
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4

4.1

[1] Bragg

[70]

[74]

10 V 100 V

[12,31,32]

Frederiks

2

55



[78]

4.2

4.2.1

Merck

RMM141C Merck, CD-X TCI, 2-Benzyl-2-

(dimethylamino)-4' -morpholinobutyrophenone 93.2:4.0:2.8

CD-X

12 m

JSR, AL1254 500 rpm for 5 s, 4000 rpm for 30 s

150 C 1 EHC, RM-50 5

1.5.2

15 m 4.3 MW cm 2

9 s m 1

KEYENCE, VK-9710 3.5 m

Nikon, Eclipse LV100-POL Canon, EOS

Kiss X4

1 mm

HamamatsuPhotonics, PMA-11

4.1

1.65

270 nm 320 nm 20%

[38,39]

Grandjean-Cano [79]
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4.1:

(a)

p

(b)

4.2: (a)
(b)

57



4.2a

475 nm

4.2b p

p = 2 tan

tan = 2 2 10 7

4.2a

2 = 1 23 mm p 270 nm

4.2.2

4.3a 4.2.1

4

45 4

90

15 m TN Merck, 5CB

45 4

632 nm 10

nm 4.3b

4
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x

z y

(a)

x

y

(b)

4.3: (a)
4

TN
(b)

632 nm

59



x

z
y

x

z

4.4: 90 TN

4.3

4.3.1

4.4 4.2.1

5CB

5CB 15

m ITO

90 TN

4.3.2

5CB

2.3.1 4.5

90 TN T 1.4 Jones

T = Tmax cos2
2

2
+

nd 2

(4.1)

5CB 4.1

A, B, C 2.3.1

60



   

  

  

  

  

 

 
  

  
  

  
   

  
  

   
  

  
  

 
 

                     
               

             
            

4.5: 5CB

4.1:

Tmax 82.5%

d 14.8 m

A 0.151

B 0.00429 m2

C 0.00133 m4

4.5 4.5

5CB

4.4

4.4.1

100 NA = 0 90

27 C Linkam, LTS420

Agilent, 33220A

61



4.4.2

4.6

4.4 90 TN

45 x

+45 45

m 0 V

m x

m x p p = 0 z

y p

p

4.7 p

Frederiks 0.6 V

4.5

Felec

FLC

2 Felec Felec = 1 8 0 p D2h m E 2

0 p

D h E FLC

FLC = LC fFrank 1 2 0 LC n E 2 dVLC fFrank

Frank LC n

LC dVLC

F = FLC + Felec n

m F n

m TN

FLC

m

m

D2 2+ Dh 2 m Dh 2 D h+1 1

62



x

yD

4.6:

4.7:

63



D h+ 1 5 3

xz

y

y y

y

D xz D2

m 0

Felec = D2h 4

h

m

k ?

p p k + ?   2 ? =  k ?   2

n  x z  x z m p E

n =  cos  x z cos  x z sin  x z cos  x z sin  x z  m =  cos p 0 sin p 

E =  0 0 E F

F =
LC

fFrank
1
2 0 LCE2 sin2  x z dVLC

1
8 0 pE2 D2hsin2

p (4.2)

fFrank =
1
2

K11 sin  x z cos  x z 
 x z 
x

+ sin  x z cos  x z 
 x z 
x

cos  x z 
 x z 
z

2

+
1
2

K22 sin  x z cos  x z cos  x z 
 x z 
x

cos2  x z 
 x z 
z

sin  x z 
 x z 
x

2

+
1
2

K33 cos2  x z cos  x z cos  x z 
 x z 
x

+ sin  x z 
 x z 
z

2

+ cos  x z cos  x z 
 x z 
x

+ sin  x z 
 x z 
z

2

(4.3)

K11 K22 K33

E = V d d V
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4.2:

d 14.8 m

0 1 8

K11 5.7 pN

K22 3.7 pN

K33 7.5 pN

LC 12

p 2.5

D 15 m

h 3.5 m

LC dVLC y

x 10 m

4.2

4.7

2

m

4.6.2

TN

4.8 TN

m n

m n

n k x

yz 4.8a

n

65



x

z

y

(a)

x

z

y

(b)

4.8: (a) (b)TN x
(

x

TN

x 4.8b

TN

66



4.6

4.6.1

100 NA = 0 90 27 C

Bertrand

532 nm

10 nm

Hamamatsu Photonics, H10722

Tektronix, TDS3012 200 m

2 m

2.2.2

4.6.2

4.9a,b

p 2 p

NA

4.9a

NA NA = sin NA

NA = 64 nLC

Snell
nLC sin2 p = sin NA (4.4)

5CB nLC = 1 593 [55] 17

4.7 p 4.9b

[80]

16

4.10

16
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(b)

4.9: (a) (b)

4.10:

NA 64

0.6 V

0.9 V 64

4.11a,b

2.0 V

4.11c
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(c)

4.11: TN (a) 2.0 V (b)
(c)

Telas = Tv D  p = p t Telas / D2

Tv / D3  p [6]  p D 1 D

2.3.3

4.12a,b

TN
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(b)

4.12: (a) 2.0 V (b)

TN 90

90

4.7

Frederiks

Bragg 0.9 V 64

TN

70



5

Bragg

2

3

71



4

20%

Frederiks

0.9 V 64
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