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A method is described for the measurement of the rotational viscosity y ,  in nematic liquid crystal cell 
assemblies. Theoretical formulas to determine yt  from transient current are developed by considering both 
director rotation and conduction of impurity ions. The pretilt angle and the product of the drift mobility and 
density of the ions are also obtained with the method. Experimental results for 4-pentyl-4'-cyano biphenyl 
cells with or without polyimide alignment layers are reported. 

Keywords: Nematic liquid crystal, rotational uiscosity, pretilt angle, impurity ion, 
transient current 

1. INTRODUCTION 

Nematic liquid crystals (NLCs) are currently used for display devices. Measurement of 
the rotational viscosity y1 and pretilt angle 0, in device configurations is particularly 
important in establishing efficient device design; y1 dominates the response times of 
NLCs to an externally applied field, and 8, governs the viewing characteristics,' 
creation or elimination of disclinations,' and response times. 

We have developed an accurate and simple method for the measurement of y1 in 
previous  paper^.^-^ The method is based on the analysis of a displacement current peak 
due to director rotation in NLC cells excited by a dc step voltage pulse.6 The major 
advantages over conventional methods7-I8 are that y,-values as well as 0,-values can 
be measured in actual device configurations with inexpensive instruments. Further- 
more, the displacement current peak directly yields the y ,-values, whereas electro- 
optic' 3-15 or e1ectro-capacitivel6-" methods require the differentiation of transmit- 
tance or capacitance with respect to time, respectively, in order to measure y1 with the 
same accuracy as the present method. Applicability of this method is, however, 
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38 M. IMAI et al. 

restricted to the cell in which the conduction current is much smaller than the 
displacement current. 

NLC materials are conductive, i.e., always contain impurity ions. These ions 
originate from more or less dissociated impurities as well as from the spontaneous 
dissociation of the NLC molecules themselves. Since the impurity ions significantly 
influence the NLC devices, the transport mechanism of the impurity ions have been 
studied with transient current  technique^.'^-'^ For NLC materials containing relative- 
ly large amounts of impurity ions, the influence of the ionic conduction current on the 
analysis in the present method must be considered. 

In this paper, we derive theoretical expressions, which enable us to obtain y1 from the 
transient current, by considering director rotation and conduction current, and apply 
the analysis to the cell containing impurity ions whose density is not negligible. We can 
determine yl, 0,, and the product of the drift mobility and density of the ions by means 
of the present technique. 

2. THEORY 

We consider the one-dimensional dynamic behavior of the director n = (sin 8,0, cos 0) 
and impurity ions in NLCs along the z-axis which is in the direction of an externally 
applied electric field, where 0 is the tilt angle between the director and the z-axis. Before 
the electric field application, uniform distributions of the director and of the positive 
and the negative ions with the same density n are assumed. Neglecting the elastic and 
the flow terms, we express the director motion as26 

cle(t) 1 
Y1dt 2 

= - -E,AEE’ sin 28(t), 

where E,  is the dielectric permittivity of vacuum, AE is the dielectric anisotropy, 
E( = V/L)  is the applied electric field, V is the applied voltage, and Lis the cell thickness. 
Integration of Equation (1) yields 

e(t) = tan-l[tan 6, exp( -+t)], E AEE’ 

where 8, is the initial tilt angle and identical to the pretilt angle. The displacement 
current I d  due to the director response to the applied electric field is given by 

where S is the area of the electrodes, E is the dielectric permittivity of NLCs, 
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DETERMINATION OF y i  IN NEMATICS 39 

and E~ is the dielectric constant normal to the director. The conduction current I ,  due to 
the drift of a single species of monovalent mobile ions in a medium sandwiched between 
two electrodes (at least one of the electrodes is blocking) is given by 

in O <  tst, under the small signal condition, where q is the electronic charge, to 
( = L / p  E) is the ion transit time, and pis the drift mobility of the ions, whose anisotropy 
is neglected. Using Equations (1)-(5), we have the total current I ( t )  flowing in an NLC 
cell, 

I ( t )  = I ,  + I ,  

- SIEOAEsin 28(t)]’E3 - 
2Yl 

+ SqnpE (1 - i). (7) 

We find from Equations (1) and (6) that the current has a peak at 8 = 45“ in much 
shorter time range than that of t0 ,23~25927  (1 >> tit,). The peak current I ,  which is the 
current at the peak is 

S(E~AE)’ E 3  
I ,  = + SqnpE. 

2Yl 

The peak time t ,  at which the current has the peak is obtained from Equation (2)  as 

where f3,>45” is necessary to observe the current peak. Note that 8, does not 
contribute to I ,  but to t,. These two equations [Equations (8) and (9)] are valid for 
t ,  << t o  and 5 << L,  where 5 [  = L J m / V ]  is the coherence length for the strong 
anchoring condition and characterizes the elastic deformation region in the vicinity of 
the electrodes,’* and K ,  is the splay elastic constant. The conditions t ,  << to  and 5 << L 
are identical to V >> pyl log(tan8,) /(tOA&) = V,, and V>> d m  = V,’, respectively. 
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40 

From Equation (8) we have 

M. IMAl et a/. 

I S(&,Ae)' 1 
E3 27, EZ - + Sqnp-.  p =- 

Equations (9) and (10) relate the peak time and peak current in the transient current to 
the physical quantities (yl, A&, 8, and qnp). If one of three quantities ( y , ,  A& and 6,) is 
known, 4np and the other two quantities can be determined according to the present 
theory. Since A& can accurately and easily be obtained from dielectric measurement, 
7,-values can be determined from the extrapolation of I,/E3 to l/E2 = 0. We can also 
determine qnp-products and 8,-values from the slope of I , /E3  vs 1/E2 and oft, vs l/EZ, 
respectively. 

3. EXPERIMENT 

The NLC material used in the present experiment was 4-pentyl-4-cyano biphenyl 
(5CB) with positive dielectric anisotropy. The NLC was introduced between two pieces 
of glass with a transparent In,O, electrode, whose area was 2cmz. Three cells with 
different thicknesses (5.3, 12 and 44 pm) were prepared. Polyimide alignment layers 
(100 nm thickness) were coated on the substrate surfaces of the cells with 5.3 and 44 pm 
in thickness. All surfaces were unidirectionally rubbed in an antiparallel manner to 
produce homogeneous alignment. 

A dc  voltage pulse was applied to the cell at constant temperatures, where 5CB is in 
the nematic phase. Transient currents were observed through a series load resistor by 
means of a wide-band pre-amplifier and a digital storage oscilloscope. The measured 
data were transferred to a micro-computer for the analysis and the storage. 

4. RESULTS AND DISCUSSION 

Current transients of the 5CB cell with 12 pm in thickness excited by various dc voltage 
pulses at 303 K are shown in Figure 1. A remarkable current peak in the transients due 
to director rotation is observed. The current baselines caused by ionic conduction 
are too high to be neglected while those in ZLI-2293 (Merck) are negligible as re- 
ported in References3-5. Thereby, we must take account of the influence of the 
ionic conduction current. The expression of the conduction current [Equation ( 5 ) ]  is 
applicable to the 5CB cells because both the In,O, electrode and the polyimide layer 
block carrier i n j e ~ t i o n , ~ ~ . ~ ~  and the anisotropy of the drift mobility of the ions in 5CB 
is small.30 

Plots of Z,/E3 vs. l/EZ and t, vs. 1/E2 for the three cells at 303 K are shown in Fig- 
ures 2 and 3, respectively. Using the physical quantities of a 5CB cell at 303 K such 
as 7, =0.063 Pa.s, 8, = 83.5" (these two quantities are measured in this work), 
p = 3.5 x 10-6cmZ/(V-s),25 A& = 9.7," and K, = 5.1 x 10-'2N,'' V,, and V,, are 
estimated to be 0.6 V and 0.2V, respectively. It is obvious that V,, determines the lower 
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DETERMINATION OF y1 IN NEMATICS 
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41 

FIGURE 1 
pulses at 303 K. 

Transient current shapes in the 5CB cell with 12pm in thickness excited by various dc voltage 

voltage limit of the experiment and is much smaller than the applied voltages used here. 
There exists the upper voltage limit for the observation of the current peak as well; the 
initial charging current affects the current peak because the peak time becomes very 
short above the upper voltage limit. We find that experimental data points lie on the 
straight lines in Figures 2 and 3, indicating the validity of the present analysis. 

10 
0 0.2 0.4 0.6 

-12 2 -2 I/E’ (10 m v ) 
FIGURE 2 A plot of I , / E 3  vs. 1/E2 for the 5CB cells at 303 K. 
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42 M. IMAI et al. 

h l  m 
rn 

I 
0 

0 0.2 0.4 0.6 
-12 2 -2 I / E ~  (10 m v ) 

FIGURE 3 A plot oft, vs. 1/E2 for the 5CB cells at 303 K. 

We use A&-values reported in the literature" to determine y,-values of 5CB. The 
extrapolation of i , / E 3  to 1/E2 = 0 in Figure 2 gives the values of S ( E , A E ) ~ / ( ~ ~ J ,  from 
which y1 can be determined. The qnpproducts and the @,-values are also obtained 
from the slopes of the plot of I,/E3 vs 1/E2 in Figure 2 and of the plot oft, vs 1/E2 in 
Figure 3, respectively. These results are listed in Table I. The density n of the impurity 
ions incorporated in the cells with polyimide layers relatively large for the cell without 
the layers, as manifested from Table I. The conductivity of 5CB is r e p ~ r t e d ~ ~ . ~ ~ . ~ '  to be 
in the range 10-9-10- l o  Seem-', which is consistent with our results. It is evident from 
Table I that (1) 7,-values are identical for the cells with or without polyimide alignment 
layers, (2) the 7,-values are independent of the cell thickness, and (3) the O,-values are 
independent of the cell thickness as long as the surface treatment is the same. The fact 
(1) shows that the difference in anchoring energy influence the lower voltage limit of the 
measurement due to the elastic deformation, but does not the measured values of yl. 

We show dependence of I , / E 3  and t ,  on l/EZ as a function of temperature for the 
12 pm-thickness cell in Figures 4 and 5 ,  respectively. We find that the values of I , / E 3  
and t, at various temperatures are also proportional to the 1/E2-values. Obtained 

TABLE I 
The rotational viscosity y l ,  the product of the density and drift mobility of the ions qnK, 

and the pretilt angle 8, for the 5CB cells measured at 303 K. 

~~ ~~ 

5.3 Polyimide 0.063 9.1 x 83.5 
12 0.064 3.7 x lo-', 86.5 
44 Polyimide 0.063 7.6 x lo-'' 83.9 

- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
20

 1
8 

Fe
br

ua
ry

 2
01

3 



DETERMINATION OF yI  IN NEMATICS 43 

FIGURE 4 A plot of I , / E 3  vs. 1/E2 for the 12 pm-thickness 5CB cell at various temperatures. 

1.5 
n 
v1 

rn 
1 
0 1  
5 a 
c) 

Y PTl 

0.5 

n 
0.2 0.4 0.6 

-12 2 -2 
"0 

I / E ~  (10 m v ) 
FIGURE 5 A plot oft, vs. l/EZ for the 12 pm-thickness 5CB cell at various temperatures 

values of yl, qnp and 6, in the same manner are shown in Figures6 and 7. The 
activation energies for y1 and qnp measured with this method are estimated from 
Figure 6 to be 0.74 and 0.77 eV, respectively. From Figure 7 we find that @,-values does 
not greatly change in the temperature range. The data of y ,  are in excellent agreement 
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44 M. IMAI e t a / .  

loo 
5 

n 
v1 

g lo-' 
+ 

% 5  

0.77eV - - -  

- 0.74eV 

- 
A: This work 
X :  Wu and Wu 
0: Skarp et al. - 

5 

n 
r( 
I a 
0 

10-'O 
W 

U: Kneppe et al. 

lo-" 
3.3 3.4 

10-2" I I '  I I I 1  

3.2 
1000/T (K-') 

FIGURE 6 Temperature dependence of y ,  and qnp for the SCB cell with 12 pm in thickness. A, 0, 0 and 
x represent the data points of y1  measured in this work, by Skarp et al. (Reference ll), by Kneppe et al. 
(Reference 12), and by Wu and Wu (Reference lS), respectively. V represents the data points ofqnp measured 
in this work. The activation energies of y I  and qnp are estimated to be 0.74 and 0.77 eV, respectively. 

a h o  t 
296 300 304 308 

T (K) 
FIGURE 7 Temperature dependence of Bo for the SCB cell without polyimide alignment layers. 

with the electro-optic dataI5 in a device configuration but slightly deviate from the 
data using the Poiseuille flow and torsional flow methods" or the rotating magnetic 
field method.12 Thus we stress that the measurement of y1 in device configurations 
is essential for the estimation of the response times of NLC devices. 
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DETERMINATlON O F  y1 IN NEMATICS 45 

5. CONCLUSIONS 

We have derived the expressions of transient current in NLCs by taking account of the 
director response to the electric field and the influence of the ionic conduction current. 
The peak time and peak current in the transient current are related to the physical 
quantities (yl, A&, 8, and qnp) by the two equations [Equations (9) and (lo)]. Since A& is 
accurately obtained from dielectric measurement, the other three quantities can be 
determined. We have measured the transient current of 5CB cells containing impurity 
ions. The y,-values of 5CB cells for the different surfaces and thicknesses are obtained 
from the analysis of the current, and are found to be the same and in excellent 
agreement with the values using the electro-optic method. We also find that the 
&,-values of 5CB cells obtained from this method are dependent on the surface 
treatment but not on the cell thickness. The activation energies for y1 and qnp are 
estimated to be 0.74 and 0.77 eV, respectively. 

Acknowledgments 

This work was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, 
Science and Culture. 

References 

1. T. Shimomura, H. Mada and S. Kobayashi, Jpn. J. Appl.  Phys., 15,1479 (1976). 
2. A. Miyaji, M. Yamaguchi, A. Toda, H. Mada and S. Kobayashi, IEEE Duns. Electron Devices, ED-24, 

3. M. Imai, H. Naito, M. Okuda and A. Sugimura, Jpn. J .  Appl.  Phys., 33, L119 (1994). 
4. M. lmai, H. Naito, M. Okuda and A. Sugimura, Jpn. J. Appl.  Phys., 33, 3482 (1994). 
5. M. lmai, H. Naito, M. Okuda and A. Sugimura, unpublished. 
6. H. Naito, K. Yoshida, M. Okuda and A. Sugimura, J. Appl.  Phys., 73, 1 1  19 (1993). 
7. Orsay Liquid Crystal Group, Phys. Rev. Lett., 22, 1361 (1969). 
8. H. Gasparoux and J. Prost, J. Physique, 32,953 (1971). 
9. Ch. Gahwiller, Phys. Lett., 36A, 311 (1971). 

811 (1977). 

10. J.  Wahl and F. Fischer, Mol. Cryst. & Liq. Cryst., 22,359 (1973). 
11. K. Skarp, S. T. Lagerwall and B. Stebler, Mol. Cryst.& Liq. Cryst., 60,215 (1980). 
12. H. Kneppe, F. Schneider and N. K. Sharma, J .  Chem. Phys., 77,3203 (1982). 
13. P. E. Cladis, Phys. Rev. Lett., 28, 1629 (1972). 
14. F. Brochard, P. Pieranski and E. Guyon, Phys. Rev. Lett., 28, 1681 (1972). 
15. S. T. Wu and C. S. Wu, Phys. Rev., A 42,2219 (1990). 
16. P. R. Gerber, Appl.  Phys., A 26, 139 (1981). 
17. Hp. Schad, J. Appl.  Phys., 54,4994 (1983). 
18. F. Leenhouts, J. Appl.  Phys., 58,2180 (1985). 
19. G. H. Heilmeier and P. M. Heyman, Phys. Rev. Lett., 18,583 (1967). 
20. A. Mochizuki, T. Yoshihara, K. Motoyoshi and S. Kobayashi, Jpn. J .  Appl .  Pliys., 29, L322 

(19901. 
21. A. Sugimura, Y. Takahashi, H. Sonomura, H. Naito and M. Okuda, Mol. Cryst. & Liq. Cryst., 1808,313 

(1990). 
22. A. Sugimura, N. Matsui, Y. Takahashi, H. Sonomura, H. Naito and M. Okuda, Phys. Rev., B 43,8272 

23. H. Naito, M. Okuda and A. Sugimura, Phys. Rev., A44,3434 (1991). 
24. A. Sugimura, Y. Takahashi and Ou-Yang Zhong-can, Jpn. J .  Appl.  Phys., 32, 116 (1993). 
25. S. Murakami, H. Naito, M. Okuda and A. Sugimura, unpublished. 
26. P. G. De Gennes, The Physics ofLiquid Crystals (Oxford University Press, London, 1974), p. 158. 
27. R. Chang and J. M. Richardson, Mol. Cryst. & Liq. Cryst., 28, 189 (1972). 
28. Reference 26, p. 84. 

(1991). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
20

 1
8 

Fe
br

ua
ry

 2
01

3 



46 M. IMAl et al. 

29. Dielectric properties of 5CB cells in low frequency regime have been studied by H. Naito, Y. Yokoyama, 
S. Murakami, M. Imai, M. Okuda and A. Sugimura. In the In,O~/SCB/In,O, cell, electrode polariz- 
ation, which is an indication that the In,O, electrode is blocking, is observed. 

30. A. Ashford, J. Constant, J. Kirton and E. P. Raynes, Elecfron. Lett., 9, 118 (1973). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
20

 1
8 

Fe
br

ua
ry

 2
01

3 




