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We investigate the dependence of the relaxation time of the current flowing in a nematic cell
submitted to an external dc voltage on the physical properties of the substrate. We show that
previously presented analyses of the same problem are not very useful for practical
applications. We compare our theoretical predictions with experimental data, and show that
the agreement is rather good. The influence of the adsorption–desorption phenomenon on the
relaxation time is also discussed.

1. Introduction

Thermotropic nematic liquid crystals are organic materi-
als whose electrical conductivity is of ionic origin [1].

When they are submitted to an alternative external

voltage of a few kHz, they can be considered as insulating

media because the ions do not follow the rapid variations

of the applied electric field [2]. On the contrary, if the

external field is dc or of low frequency, the presence of

the ions strongly modify the optical response of the

nematic sample [3]. The ions are responsible for a surface
electric field that renormalizes the effective surface

energy [4]. Furthermore, in the presence of a low-

frequency or dc field, the ions are responsible for a

strong reduction of the electric field in the sample [5]. The

importance of the ions on the optical properties of a

nematic cell submitted to a dc, or low-frequency, electric

field has been considered recently [6, 7]. Of course, the

presence of the ions is also responsible for the relaxation
of the electrical current in the circuit containing the

nematic cell submitted to a step-like external voltage.

This problem has been considered in detail by several

authors, by describing the nematic cell by means of

equivalent circuits [8–10]. In this paper we want to

reconsider this problem and to show that the circuital

analysis is not very useful to determine the relaxation

time of the current. In section 2 we present the standard
circuital analysis and underline its weak point. In section

3 we determine the relaxation time by considering the

drift-diffusion of the ions in the presence of an external

field. In section 4 we compare our predictions with the

experimental data reported by Sieberle and Schadt [8].

The influence of the adsorption–desorption phenomenon

on the relaxation time is discussed in section 5. Section 6

is devoted to the conclusions.

2. Circuital analysis

We assume that the media involved in the description

are characterized, from the electrical point of view, by a

dielectric constant, e, and a conductivity, s. The sample

is in the shape of a slab of thickness d. The surface layer,
deposited on the electrodes to orient the nematic liquid

crystal, has a thickness d. We indicate by the subscripts

S and B the properties relevant to the surface layer and

to the bulk, respectively, and by: (i) V, the potential

applied to the sample; (ii) Si, the surface charge density

accumulated at the interface between the nematic liquid

crystal and the surface layer; (iii) Se, the surface charge

density sent by the power supply on the electrodes to
impose the potential V; (iv) I, IS, and IB, the electrical

current in the external circuit, in the surface layer and in

the bulk of the sample, respectively. The applied voltage

is supposedly so low that the chemical equilibrium

relevant to the dissociation of the impurity producing

the ions is not perturbed by the presence of the external

electric field [11]. In the quasi-static case, from the

Maxwell equation

+|B~m0 Jz
LD

Lt

� �
, ð1Þ

where the meaning of the symbols is well known, we

obtain

J~
dSe

dt
zJS, and JS~{

dSi

dt
zJB, ð2Þ

where J, JS and JB are the current densities in the

external circuit, in the surface layer and in the bulk,

respectively. By definition we have JS5sSES and

JB5sBEB, where ES and EB the electric field in the

surface layer and in the bulk, respectively [6]. From the
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Maxwell equation, M?D5r, a simple calculation gives

ES~
Se

eS

, and EB~
Se{Si

eB

: ð3Þ

Since the difference of electrical potential applied at the

sample is V, it follows that 2 ESd+EBd5V. From this

conditions, and taking into account equation (3) we

obtain

Se~c eB

V

d
zSi

� �
, ð4Þ

where 1/c51+2(eBd)/(eSd). By substituting equation (4)

into equation (3) we get that the electric fields in the

surface layer and in the bulk are given by

ES~
c

eS

eB

V

d
zSi

� �
,

EB~c
1

d
V{2

d

eS

Si

� �
:

ð5Þ

By substituting equations (5) into JS5sSES and

JB5sBEB and the result into equations (2) we get

dSi

dt
~a

V

d
{

1

t
Si, ð6Þ

where

a~c sB{sS

eB

eS

� �
,

1

t
~

c

eS

sSz2
d

d
sB

� �
:

ð7Þ

As is clear from equation (6), t is the relaxation time of

the effect connected with the time evolution of the

surface density of ions Si. From equation (4) and

equation (2), t is also the relaxation time for the current

in the external circuit. Since Si is connected with the

ionic charge accumulated at the interface with the

surface substrate due to the current in the bulk,

equation (6) has to be solved with the boundary

condition Si(0)50. The relaxation time given by

equation (7) can be written as

t~
eS=dð Þz2 eB=dð Þ
sS=dð Þz2 sB=dð Þ : ð8Þ

Equation (8) when the substrate is a pure insulating

material, and hence sS50, reads

t~
1

2

eS

d
z2

eB

d

� �
rB d, ð9Þ

where rB51/sB is the resistivity of the nematic liquid

crystal. Equation (8) coincides with the one obtained by

Sieberle and Schadt [8]. Despite its apparent simplicity

this equation is not useful for practical application for

the following reason. In equation (8) eB and sB are

phenomenological parameters [12]. It is not clear if they

are relevant to the pure liquid crystal or to the liquid

crystal containing ions. In this second case, how they

depend on the ionic concentration is not evident [12].

Only after solving the complete problem of the diffusion

of ions in the pure liquid crystal is it evident how the

phenomenological parameters depend on the ions. In

other words, the earlier analysis [8] was performed by

approximating the nematic liquid crystal by an electrical

circuit formed by a resistance and a capacitance in

parallel, in agreement with equation (1). However, this

circuital approximation in the dc limit does not work

for a nematic liquid crystal, whose conductivity is of

ionic origin [12]. For this reason, in the following

section we reconsider the ionic relaxation from another

point of view.

3. Drift-diffusion analysis

The rigorous analysis of the problem under considera-

tion has to be performed by solving the equations of

continuity for the positive and negative ions, and the

Poisson equation for the electrical potential [13].

Assuming that there is no selective ion adsorption from

the limiting surfaces, before the application of the

external electric field the sample is locally and globally

neutral. When the external field is applied, the positive

ions move toward the negative electrode and the

negative ions toward the positive electrode. In this

situation the sample is still globally neutral, but locally

charged. The time evolution of the electrical charge

density in a given point of the sample depends on the

mobilities of the ions, their electrical charge, and on the

amplitude of the applied external voltage between the

electrodes. This kind of analysis has been performed

recently by Thornton et al. [14], in the limit of small

applied voltage, where the basic equations of the

problem can be linearized. Thornton et al. [14] show

that the ionic relaxation is characterized by a typical

relaxation time given by

tion~
ld

2D
, ð10Þ

where l~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eKT= 2n0q2ð Þ

p
is the Debye length [15], d the

thickness of the sample, assumed in the shape of a slab,

and D the diffusion coefficient of the ions in the liquid.

In the definition of l reported above, e is the dielectric

constant of the pure liquid in which the ions are

dispersed, KT the thermal agitation energy, n0 the bulk

density of ions, in thermodynamical equilibrium, and q

the electrical charge of the ions. Equation (10) holds in

the case in which the ions are identical in all the aspects,
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except for the sign of the electrical charge. In the

opposite case equation (10) it is a little bit more

complicated, but it maintains a similar form. Hence,

according to Thornton et al. [14], the relaxation time of

the ions in an electrolytic solution, in the low frequency

case, is given by equation (10). For a commercial liquid

crystal, l,0.1 mm [16] and D,10211 m2 s21 [17].

Consequently, if d510 mm, one gets t,0.1 s. On the

contrary, for a purified liquid crystal, for which

l,1 mm, the relaxation time for a cell having the same

thickness is of the order of 1 s [1]. The relaxation time

given by equation (10) has been deduced [14] by solving

the fundamental equations of the problem by means of

the Laplace transformation technique. More recently, it

has been obtained by solving the same equations in the

standard manner, in which the solutions of the problem

are separated, in the linear approximation, in the

transient and steady components [18]. The solution

relevant to the transient components gives rise to an

eigenvalues equation for the relaxation times. The

smallest solution of this eigenvalues equation, having

a physical meaning, is coincident with the one given by

equation (10). The importance of the ions on the

impedance spectroscopy has been considered by

Barbero and Alexe-Ionescu [19], by generalizing the

analysis proposed by Cirkle et al. [13]. The impedance

of an insulating liquid containing ions was evaluated

[19] without any circuital analysis, by solving the drift-

diffusion problem for the ions, when the sample is

submitted to a sinusoidal external potential of small

amplitude, assuming that the electrodes are perfectly

blocking. In the low-frequency limit [19], the impedance

of the cell can be written as Z~R{iX , where R is the

resistance of the cell, and X~1= vCð Þ its reactance.

According to elementary electrodynamics,

R~
1

seq

d

S
, and C~eeq

S

d
, ð11Þ

where seq and eeq are the equivalent electrical con-

ductivity and equivalent dielectric constant of the

medium, renormalized by the presence of the ions

dissolved in the liquid, S is the surface area of the

electrodes, and v52pf the angular frequency of the

applied potential. In the limit vR0, as shown pre-

viously [19]

seq~2n0mq, and eeq~
1

2
e

d

l
, ð12Þ

where m is the mobility of the ions in the liquid. As for

equation (10), equations (12) are valid when the ions

have the same mobility. From equations (12), taking

into account that l%d, it follows that in the dc limit

eeq&e, as it has been experimentally observed [20]. By

using equations (12) the dielectric relaxation time [12] of

the sample, defined by teq5eeq/seq, is found to be

teq~
e d

4lmn0q
: ð13Þ

From equation (13), by taking into account the

Einstein–Smolucowsky relation, m/D5q/(KT) [21], and

the definition of the Debye length, it is possible to

eliminate n0, and to show that teq5tion, where tion is

given by equation (10). It follows that equation (10) can

be considered as the dielectric relaxation time of an

insulating liquid containing ions. It is important to

underline that, in the limit vR0, the nematic liquid

crystal can be approximated by a series of an ideal

condenser with a pure ohmic resistance, given by

equation (11). The phenomenological parameters repre-

senting the conductivity and the dielectric constant,

renormalized for the presence of the ions dissolved in

the liquid crystal, are given by equation (12).

4. Comparison with the experimental data

Using the consideration reported above, we can now

evaluate the influence of the surface treatment on the

effective relaxation time of a nematic cell submitted to a

step-like external field. To this aim we assume, as did

Sieberle and Schadt [8], that the electrodes are covered

with a plastic material, of thickness d, whose dielectric

constant is eS, that can be considered a perfect

insulating material. This surface layer is important,

from the technological point of view, because it allows

orientation of the nematic liquid crystal. Furthermore,

it avoids injection of charge in the nematic cell. In other

words, when the electrodes are covered with the

polymer, they can be considered as blocking. From

the electrical point of view the nematic sample is a series

of the condenser, of capacitance CS5eS(S/d), represent-

ing the surface treatments, with the nematic liquid

crystal. By taking into account that, in the limit vR0,

the nematic liquid crystal is equivalent to an R-C series,

as discussed above, we have that the total capacitance of

the cell is CT5CSC/(2C+CS), and the relaxation time is

tr5RCT. By taking into account equation (12), tr can be

rewritten as

tr~
1

2

r d

d=eSð Þz l=eð Þ , ð14Þ

where r51/seq51/(2n0mq) is the resistivity of the

nematic liquid crystal containing ions. It can be written

as r5l2/(eD), if the definition of l is used [19]. It follows

that equation (14) is equivalent to

tr~
teq

1z d eð Þ= l eSð Þvtion, ð15Þ
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where teq is given by equation (10) or equation (13),

that, for the discussion reported above, are equivalent.

The physical characteristics of the substrate entering in

tr are the thickness, d, and the dielectric constant, eS.

From equation (15) it follows that the presence of the

surface treatment always reduces the relaxation time of

the nematic cell. This result is, a posteriori, evident. In
fact, the presence of the surface layer introduces a

capacitance in series to the one representing the nematic

liquid crystal. It follows that the total capacitance of the

cell is smaller than the one of the liquid crystal alone.

Consequently, the relaxation time, defined as the

product of the resistance of the nematic times the total

capacitance, is reduced by the presence of the surface

layer. The relaxation time given by equation (14) is
compared with the experimental data reported by

Sieberle and Schadt [8] for the nematic liquid crystal

mixture 3825 oriented in a planar manner. The aligning

coating is the polyamide CRC-6070-1 from Sumitomo

Chemical. In this case e55.26e0 and eS53e0, where e0 is

the dielectric constant of the vacuum. The measure-

ments were performed in the limit of small applied

voltage. Figure 1 shows the dependence of tr vs. the
thickness of the sample. The thickness of the surface

layer is d50.15 mm, in agreement with the reported

value [8]. The best fit is obtained for r54.16108Vm,

which is a reasonable value for the ionic conductivity of

the liquid crystal. The dependence of tr vs. the d is

shown in figure 2. As reported by Sieberle and Schadt

[8], d510 mm, and the best fit is obtained for

r51.16109Vm. Finally, in figure 3 we compare our

predictions relevant to the dependence of tr with r. The

agreement is not very good because we do not have

precise values for r.

5. Influence of adsorption on the relaxation time

In the analysis presented above, by using the results

obtained previously [19] on the equivalent circuit for a

nematic liquid crystal cell obtained by solving the drift-

diffusion equations for the ions dissolved in the sample,

we have evaluated the relaxation time. In the analysis by

Barbero and Alexe-Ionescu [19] the electrodes are

supposedly completely blocking, and the basic equa-

tions of the problem are solved by assuming that the

currents for the positive and negative ions, jp and jn,

vanish on the surfaces limiting the sample. However, in

some situations the limiting surfaces adsorb the ions. In

this case, the boundary conditions by means of which it

is necessary to solve the equations of continuity for the

ions are of the type

ja~+
dSads

a

dt
, ð16Þ

on the limiting surfaces, where a5p, n and Sads
a is the

surface density of adsorbed ions. The kinetic equation

Figure 1. Relaxation time tr vs. the thickness of the sample d. The thickness of the surface layer is d50.15 mm. The best fit is
obtained for r54.16108Vm.
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for dSads
a

�
dt is, usually, written in the Langmuir

approximation, as

dSads
a

dt
~kadsra{

1

tads
Sads

a , ð17Þ

where kads and tads are the adsorption and desorption

coefficients, and ra the bulk density of the ions a just in

front of the considered electrode [3]. By means of an

analysis similar to the one performed previously [19], it

is possible to show that also in the case in which

adsorption is present, in the low-frequency range, the

equivalent circuit of the nematic cell is a series of a

resistance and a condenser, as in the case considered

above. The equivalent conductivity and dielectric

Figure 2. Relaxation time tr vs. the thickness of the surface layer d. The thickness of the sample is d510 mm. The best fit is
obtained for r51.16109Vm.

Figure 3. Relaxation time tr vs. the conductivity of the nematic material r. The thickness of the sample is d58 mm and the
thickness of the surface layer d50.15 mm. There are not free parameters.
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constant in this case are no longer given by equa-

tion (12), but by [22]

sads
eq ~2n0mq 1z

D

kadsd

g

1zg

� �2
( ){1

,

eads
eq ~

1

2
e

d

l
1zgð Þ,

ð18Þ

where g5kadstads/l is a dimesionless number character-

izing the adsorption phenomenon. In this framework
the dielectric relaxation time of the nematic, defined as

before by tads
eq ~eads

eq

.
sads

eq , is

tads
eq ~teq 1zgð Þ 1z

D

kadsd

g

1zg

� �2
( )

, ð19Þ

where teq is given by equation (13). When the substrate

is considered, the effective relaxation time has to be

evaluated as in the previous section. A similar calcula-

tion gives

tads
r ~

tads
eq

1z 1zgð Þ deð Þ= leSð Þ : ð20Þ

Also in this case, the presence of the surface treatment
always reduces the relaxation time with respect to the

one in which d50. We note that if the adsorption is

weak, gR0 and the analysis presented in this section

reduces to the one presented in the previous one.

According to the measurements reported by Maximus

et al. [3], kads,1027 m s21 and tads,1022 s. Assuming

l,0.1 mm [16], we get g51022 and tads
r *tr. It follows

that in the measurements of relaxation time of the
current in an electric circuit containing a nematic cell,

the adsorption phenomenon is expected not to play a

very important role. This is the probable reason why

the agreement between the theoretical predictions of the

model presented in the previous section, in which the

adsorption phenomenon was neglected, and the experi-

mental data [8] is rather good.

6. Conclusions

We have considered the relaxation of the electrical
current in a circuit containing a nematic cell. We have

shown that the analysis of the problem in terms of

equivalent electrical circuits allows one to obtain a

simple expression for the relaxation time that,

however, cannot be used practically. The reason is that

in the circuital analysis the dependence of the

phenomenological parameters on the ionic density is

not clear. By analyzing the ionic relaxation process in
terms of drift-diffusion equations and Poisson’s equa-

tion, we have determined the relaxation time for a single

nematic material and for a nematic cell. Our analysis

shows that the time relaxation of the nematic cell is

reduced by the presence of the surface layer deposited

on the electrodes to avoid charge injection and to orient

the liquid crystal. Finally, we have considered the

influence of the adsorption–desorption phenomenon on

the relaxation time. According to our analysis, for the
experimentally measured values of the adsorption and

desorption coefficients, the influence on the relaxation

time of this phenomenon is rather small.
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