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Influence of the ions on the dynamical response of a nematic cell submitted to a dc voltage
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The influence of the ions present in a liquid crystal on the dynamical response of a nematic slab submitted
to a dc voltage is studied. The evolution of the system toward the equilibrium state is investigated by solving
the continuity equation for the electric charge, taking into account the current of drift and of diffusion. Our
analysis shows that the formation of the double layers close to the electrodes strongly modifies the distribution
of the electric field across the sample. We evaluate the surface polarization due to the ions movements and the
contribution to the anisotropic part of the surface energy having a dielectric origin. We show also that, even if
the optical response of the liquid crystal is a slow phenomenon, the distribution of the ionic charge is rather
fast. Consequently, the presence of the ions cannot be neglected in the determination of the flexoelectric
coefficients when the nematic sample is submitted to a square wave having a period of the order of 1 s.
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I. INTRODUCTION The aim of our paper is to consider the dynamical behav-

Nematic liquid crystals are organic liquids formed by ani- 0" Of & nematic cell submitted to a steplike voltage. This
sometric molecules. From the optical point of view they be-kind of analysis is fundamental for practical applications of
have as uniaxial media, whose optical axis coincides with théerroelectric liquid crystals, as discussed by Pauvetlsl.
statistical average of the molecular directionsalled direc- [18-2Q and by Zhang and D’Havg21].
tor. The orientation oh is imposed by the confining surfaces ~ Our paper is organized as follows. In Sec. Il we present
and modified by means of external fields. For practical apthe equations of the model by considering the particular case
plications in the display technology, the orientationrofs  in which there is chemical adsorption at the surfaces limiting
modified with a dc electric field. Then, since nematic liquid the nematic liquid crystal. In Sec. Ill we determine the dis-
crystals, as other organic liquids, usually contain ions, it istribution of the ions, of the electric field and of the electric
important to know how the presence of the ions modifies theyotential in the sample at different times, by solving numeri-
physical properties of nematic samples submitted to dc elecally the continuity equations for the positive and negative
tric fields. ions and the Maxwell equation for the electric field. In the

A systematic analysis of the influence of the ions on thesame section we evaluate also the contribution of dielectric
surface anchoring energy of nematic liquid crystdlshas  origin to the anisotropic part of the anchoring energy con-
been presented by several groiips8], in the framework of  hected with the dielectric anisotropy and with the flexoelec-

the Poisson-Boltzmann theofg]. Recently we have inves- - effect, and the surface polarization having an ionic ori-

tigatec! the influence O.f the ions on t_he surface energy of in. In Sec. IV the deformation of the nematic director across
nematic sample submitted to a dc bias voltage, and sho

that this influence can be rather large for commercial liquid.. e sample is determlngd by solvmg the equ.|I|br|um equa-
crystals[10,17. The effect of the ions on the flexoelectric tion, wher(_a the mechanical, electrical, qnd viscous torques
effect has been discussed by Pattal. [12]. The authors of are t.ak.en Into account. In the same section we compare our
Ref. [12] show that the impurities dissolved in the nematic pre_dlctlons concerning the optical _transm|ss,|on with the ex-
liquid crystal play a fundamental role in determining the be-Perimental data. In Sec. V the main results of our paper are
havior of the sample in the low voltage regime, where thediscussed.
flexoelectric effect is relevant. Similar conclusions have been
derived by Derfelet al. [13,14. Il. BASIC EQUATIONS FOR THE ELECTRICAL

All the papers quoted above refer to the static influence of VARIABLES
the ions on the physical properties of nematic samples. In
other words, no time dependence of the optical effects con- Let us consider a nematic sample in the shape of a slab of
nected with the ions is considered. Only in the seminal papethicknessd. The z axis of the Cartesian reference frame is
by Thurstoret al.[15], the time dependence of the switching normal to the bounding surfaceszt +d/2. In our analysis
time of a nematic sample due to the ions was partially anawe suppose that the electrodes are covered by a layer of
lyzed. More recently, transient currents in nematic sample#hicknessk of dielectric material avoiding transfer of charge
have been investigated by Sugimetsal. [16], and by Naito  from the nematic sample to the circuit, see Fig. 1. Conse-
et al. [17], and explained by means of a simple model basedjuently, the electrodes can be considered as blocking. An
on the time variation of the applied voltage and the internaexternal power supply is connected to the sample to fix the
electric field induced by the adsorbed ions. However, a fullelectric potential of the electrodes at= +(d/2+\) at
analysis of the problem was not presented. FVy/2. The external charge densities sent by the power sup-
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2
o) + o (t) + f n_(zt)dz=ngy d, + 0,(0) + 0,-(0),

darn (1)
n
/(ve where g, and o,, are the surface densities of positive and
o negative ions adsorbed at the surfaceg=at-d/2, respec-
x tively.
ap The current densities of positive and negative charges are
J - n ﬂ/ + ki-rﬂ
=T M) Ny 9z q 9z )

FIG. 1. Nematic sample considered in the analysiss the oV kgTan,

thickness of the dielectric material, of dielectric constagtdepos- J=-unq n—z - ?E ) (2

ited on the electrodes to avoid charge injection. The dielectric con-

stant of the liquid crystal i . The electrodes are considered as wherel,=J,(z,1), n,=n,(z,1), andV=V(z,t). In E
i i i + I+ & L), T =14, L), - s L) C]S.(2) the
blocking. The electric potentials of the electrodesat: (d/2+)) first ter:‘ns +represejnt ':he current densities due to the drift
are #/y/2. n is the nematic director, coinciding with the optical axis h S -
connected with the electric field, whereas the remaining

of the nematic liquid crystal, and the tilt angle formed by with . . o
the x axis. In the absence of the external field the nematic orienta!errns are the diffusion current densities. The paramelgrs

tion is homogeneous across the sample at an afigldue to the are the mobilities of the positive and negative ions, &nd

surface treatments. The surface anchoring energy is assumed stroft .kBT/q)'“i the diffusion cqefficients f)f the two type of ions
[15]. The charge conservation equations are

.ply'to the electrodes to fix this difference of potential will be an, 9 { oV kBTr?m}

indicated by 3, whereq is the unit charge an& the -\ N+ —

surface density of charged particles. Jt dz| 9z q 9z
We assume that all physical quantities entering in the

problem depend only on the coordinate. We also assume an d {n A% kBTan_}

2 e 02| 3)

that in thermodynamical equilibrium, in the absence of an gt +,u_&—z

external electric field, the liquid crystal contains a density

No+(z,0)=ng_(z,0)=ny of ions, uniformly distributed. We do From Eqgs.(3), it follows the conservation of the net charge

not consider the recombination of the iofi%], even if this  p=q(n,—n_) and net current density=J,+J_, expressed by

phenomenon can be easily taken into acc¢li8f. However, the equation

according to the investigations performed by Murakami and

Naito on the low frequency dielectric properties of nematic an(z,t) 9d(zt) _

samples, this assumption seems supported experimentally q It 9z =0, (4)

[22]. In fact, the experimental data reported in REE2]

show that the concentration of ions is practically temperaturevheren(z,t)=n,(z,t)—n_(z,t) [15].

independent, in the limit of low applied voltage. This behav- Equations(3) have to be solved with the Maxwell equa-

ior is not consistent with a chemical reaction of associatiortion div D(z,t)=p(z,t), where D(z,t) is the dielectric dis-

dissociation. placement ang(z,t) the net electric charge density at the
The presence of the ions modifies deeply the electricapoint z and timet. In the two dielectric layers, of thickneas

properties of the liquid crystal when an external electric fieldand dielectric constants, deposited over the electrodes to

is applied to the sample, because the electric potential is n@void charge injection, the net charge is zero. Consequently

longer a harmonic function. Furthermore, also the concept ob(z,t)=Dg(t)=—q(t), where =d/2+\)<z=<-d/2 and

electrical conductivity has no longer a clear meaning sincj/2<z<d/2+\. The electric field in the surface layer is

the ionic charge distribution depends on the applied voltagehenE4(t)=Dg(t)/es=—03(t)/es In the liquid crystal, where

In fact, in presence of an external electric field, the ionsthe jons are present, the electric field satisfies the Poisson’s
move under the effect of the electric force until an equilib-equation

rium distribution is reached. In this situation the bulk density

of positive ionsn,(z,t) differs form the bulk density of nega- de,Ep(z1)}

tive ionsn_(z,t). Some of the ions can also be chemically 4z n(zt). (5)
adsorbed by the dielectric layers deposited on the electrodes.

In this case the conservation of the number of the ions imin Eq. (5) gn(z,t) is the net bulk electric charge due to the

poses that ions, e, is thez, z component of the dielectric tensor of the
a2 nematic liquid crystal, an&g(z,t) is thez component of the
o) + opu(t) + J n.(z,t)dz=ny d+ 0,(0) + 05,,(0), electric field, which is the only one different from zero in the
-di2 case under consideration.
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The dielectric tensor of a nematic liquid crystal can beboundary conditions for Eqg3) are n,(z,0)=n_(z,0)=n,,
decomposed as;j=g,nin;j+&, §;, where n; and n;, i,j i.e., before the application of the external field the distribu-
=X,Y,z, are the Cartesian components of the direct@nd tion of the ions is homogeneous across the sample. The other
ea=¢g—€,, beingg; ande | the dielectric constants along  boundary conditions depend on the adsorption on the limit-
and perpendicular ta, respectively. In the simple case ing surfaces. If the ions cannot leave the liquid crystal, and
where the nematic distortion is contained in a plane, coincidhence there are not surface adsorbed chargesg,=0, and
ing with the(x,z) plane, the director is fully described by the the current densities have to vanish for+d/2. In this spe-
tilt angle 6 formed byn with the x axis. In this case, to which cial case, the relevant boundary conditions for E8y.are
we limit our investigation, ,,=¢, Siff+s, cosf=¢,
+g, sirfé. In a first approximation, for simplicity, we assume { oV kBT&m}

Ji=—uQq ———(=0forz=

that the nematic liquid crystal can be considered as an iso- ”+E + q oz +d/2,
tropic liquid. This is equivalent to consider small deforma-

tions (small §), or nematic media having small dielectric an-

isotropy. In this framework the electrical equations can be aV  kgTan,

solved independently from the mechanical equation describ- ~ 9-=~ “—q{ N7~ q Jz } =0forz= +d/2. (10)

ing the nematic deformation induced by the field. The exten-

sion of the calculation to the general dielectric anisotropyin the opposite case, where there is adsorption of ions from
can be, however, easily done. the limiting surfaces, it is necessary to formulate the ex-

By means of this simplifying hypotheses,=¢,, and  change of ions at the surfaces. Following Pauve¢lal. [18]
from Eq.(5) we get that the electric field in the liquid crystal e assume that

is given by
z _ d(rlJ_, _ 1 _
Esz)=--| n(z.0dz +L(). (6) e I q(kti“t - T_‘Tlt) forz=-dz,
€1J-d2 t
The function£(t) is fixed by the boundary condition on the d 1
electric displacements at the interface im=-d/2: J.=%q Tat _ J_rq<kttni_ —02¢> for z=d/2, (11
Dg(=d/2,t)=Ds(t)=qo(t), where goy(t)=qlo.(t) = o1 (1] dt Tt

is the total charge density adsorbed at the surface=at . )
—d/2. ConsequentlyZ(t)=—q[3(t)—oy(t)]/£, . The value of wherek. and r. are phenomenological parameters describ-

3 is determined by imposing that the difference of potential!ng the adsorptio_n phenomenqn Of. positive and negative
on the sample i&/. By means of the condition ions, whose physical meaning is evident. From E@$) it
follows that in the steady state, whedte,/dt=0, for t— oo,

2+ 2 the surface densities of adsorbed ions are
Vo=- E(zt)dz=- 2E4(t)\ - Eg(zt)dz,
(—d/2+)\) -d/2 (7) Uli(t — OO) = Tttkttni(_ d/2’t — oo),
we obtain 04(t — ) = 1,k n, (d/2,t — ). (12
_ Vo 1[92 f z , , In our analysis we suppose that there is adsorption at the
(0= V{Squ tou®+ df—d/z 42 n(z,ndz’ jdz, limiting surfaces, and hence the boundary conditions for Egs.

8 (3) are Egs(11).

(®) In conclusion we observe that it is possible to rewrite Egs.
wherey1=1+2(\¢, /deg) is a physical parameter which de- (3) in & form giving information on the time evolution of the
pends on the dielectric properties of the surface layers. B{PnS distribution in the bulk. By introducing the reduced

substitutingS(t) given by Eq.(8) into Eq. (6) we get quantitiesu, =n./ng, {=2/d, v=VIV,, 1g.=d*/(u:Vp), and
r=kgT/(qVp), we get
LD Y
Eg(zt) = SL{f—d/Z n(z',t)dz du, 1 9 Jduv  du,
I_Eﬁ_{ u+a—§+r Py: =0,
a2 [y v -1 *
e J < J n(z”,t)dz”)dz’ ]
dJ g2 \J a2 d e P 1 9 9 J
u_ u-
9) TR 1) (13)
at  1g-dl| 9 ¢

Equation(9) gives the electric fieldEg(z,t) in terms of the

distribution of the ions and of the applied voltayg It follows that the characteristic times connected with the
To determine the evolution of the distribution of the ions evolution ofn, are of the order ofry,=d?/(u.Vy). Further-

with time when the external voltagé, is applied we have to more, from Eqs(11), the characteristic times connected with

solve Egs.(3), where ©V/dz=Eg is given by Eq.(9). The  the evolution ofo. and o,. depend onr, and 7.
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TABLE |. Values of the physical parameters used in the simulations in Sl (gitd.6x 107° C and
£0=8.85X 1072 F/m).

Variable Symbol Value References
Initial ions density No 5x 10 [15]
lons mobility m 0.8, 2.1, 10c10°11 [21,3]
Specimen length d 30x10°°
Dielectric layer thickness A 0.02x 107®
External potential Vo 1,11,12,13
Temperature T 290°K
Dielectric constant of the layer es 2g¢

Dielectric constant of the liquid crystal e 6.7¢q [28]
Dielectric anisotropy €a 13¢g [28]
Absorption coefficient k; 10 [18]
Desorption coefficient T 0.01 [18]

Initial orientation of the director Ao 0.05 rad
Frank’s elastic constant K 6.4x 10712 [28]
Rotational viscosity n 0.094 [28]
Ordinary refraction index Nord 1.53 [28]
Extraordinary refraction index Neyt 1.71 [28]
Total flexoelectric coefficient e 5x 1071 [10]

ll. NUMERICAL SOLUTION OF THE ELECTRICAL fact, the bulk distribution of the electric field is, practically,
EQUATIONS independent of the chemical adsorption of the ions from the

limiting surfaces. Only the value of the surface electric field

) ) ) depends on it, but its influence on the nematic orientation is
To solve numerically Egs. 3, we have discretized bmhnegligible.

time and space and applied a usual finite difference forward

scheme to define the derivativg®3]. Convergence of the

numerical solution has been carefully verified by choosing B. Results

fine discretization grids and testing the independence of the |5 Fig. 2 we show the time dependence of the positive
solution from the choice of the discretization time and spacgrig. 2a)], o;,, and negativéFig. 2b)], o;, adsorbed den-
steps[24,23. We observe that, as expected, convergence igjties of ions, and the net surface charge derisity. 2c)],
extremely sensitive to the choice of the latfg6]. 'Flnall_y, oy=a,.— a0, at the surface at=—d/2, for three representa-
the boundary condition$Eq. (10)] have been discretized e alues of the ionic mobility30,31. o, is a monotonic

through the usual formalism for adsorptig2i]. increasing function, whereas;_ is a monotonic decreasing

We suppose that the ions dissolved in the nematic sampl . . _ :
are identical in all the aspects. From this hypothesis it folﬁ'nCt'on oft. Since the electrode at—(d/2+)) is at Vo/2,
01+>> 0q_ and hencer; ~ o4,.

lows that u,=u_-=u, k.=k_=k, and r,=r_=m. In this ; . ) L

frameworlfrdf:er_i Tdt=d2/t(,LLV(t)), anth thgt cr:;racteristic In Fig. 3 the behavior of the ions density is analyzed. In

time connected with the evolution of the adsorbed charge i§'® UPPer row, the profile ofn(-d/2,t)=n,(-d/2,1)
n_(-d/2,t) is shown for several times, for the three repre-

the largest betweer, and . The steady-state values of the ~ - :
net surface adsorbed charge are,(t—o)=rkn(¥d/2,t  Sentative values of reported in Table I. As expected, the
o). ' charge distribution is localized close to the limiting surface,

For the numerical calculations the values of the physical” @ r€9!on whose th'wﬂy smaller than Debye’s
parameters used are reported in Table I. Also, we simulate $cT€€ning lengttip= e kgT/(20°Mp) ~0.3 um, Ref. [10].
steplike applied voltage. The order of magnitude of the conNOte also that the distribution a&12.5 s and=17.5 s al-
tact resistance iR~ 6 kQ [29]. The effective capacitance of MOSt coincide(more for the largest mobility valyeln the
the sample i€= ye, (S/d), wherey takes into account of the Second row of Fig. 3, the time dependencenctd/2,1), for
two layers deposited over the electrodes 8nd2 cn? is the ~ (he same values qk, are reported. With the values of the
surface of the limiting surface. Using the values of Table 1,Physical parameters reported in Tableni,(-d/2.t) is a
we getC~ 0.4 nF. The time constant of the electric circuit is Monotonic increasing function, wheread-d/2,t) a mono-
then7=RC~ 2.4 us. Sincer is negligibly small with respect tonic decreasing function d@f(not reportegl [32]. In the bot-
to 74 and 7, we can suppose that the applied voltage passe®m row of Fig. 3, we show the time dependencen@@d.t).
immediately from 0 tov,. As expected, botm,(0,t) and n_(0,t) decrease uniformly
In our analysis, where the applied voltage is steplike, thevith t (not reporteg, whereas(0,t) remains zero, indicating
adsorption phenomenon does not play an important role. Ithat the center of the sample remains locally neutral.

A. Implementation
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In Fig. 4(a) the charge densitg> sent by the power sup-
ply on the electrodes to maintain the difference of potential
at the value V, is reported vs time, foru=2.1
X 10" m?st v~1 and several voltages. In our cag® is
connected only with the ions moving inside the liquid crys-
tal, because we have assumed that the nematic can be con-
sidered isotropic from the dielectric point of view. In the
more general case, where also the dielectric anisotropy is
taken into account, the external charge is due also to time
variation of thez, z-dielectric constant connected with the
time dependence of the tilt anglt). The electric current
density flowing in the circuit is given by, (t)=q d(t)/dt.

By taking into account Eq(8) we get

d 1 (9 [ (? on(Z.t
Ul+f (J Hdz’)dz .
dt  dJ_g2\J-g2 dt

(14)

dz
Jexd(t) = dt ~ q 7{

By using EQ.(4), Jex(t) can be rewritten in the form

dr2

Jexi(t) = y{ngtl -J(-d/2) + if 2J(z,t)dz}, (15

-/

that, making use of Eqll), is equivalent to

FIG. 2. Surface densities of adsorbed positiggand negative

(b) ions. The net surface charge density adsorbed on the dielectric

layer deposited on the electrodesq&r.—o7-) (c). The applied
voltage isVy=1.3 V. Solid, ©=0.8X 107 m?s7 V1 dash dot,u

=2.1x 1011 m?sv~L dot u=10x 1071 m?sv 1,

n,-n [x10%m? n,-n [x10%m3

n,-n [x 107 m'a]

u=080""

15
t[s]

20

15
t[s]

20

n_-n [x 10% m'a]

n,-n [x 10% m‘a]

n -n [x 10% m‘S]

y (92
Joxdt) == J J(z,t)dz (16)
dJ g2

By means of Eq(2), we get forJ.,(t) the final expression

p=21:10"" p=10.0:0"
— 25
E 2
& 15
(o FIG. 3. Net density of ions
= 05 n(z,t)=n,(z,t)-n_(z,t) in the
- ', .o N nematic sample, for ©=0.8
15 45 146 T 45 4o X101 m?%s7v1, first column,
s z[Lm] . z[pm] ©w=2.1x10"1 m%sv1, second
: S column; ©=10X 101 m3s v 1,
] gE 5 third column. First row: profiles at
= several times after the application
05 X of the external voltage, solid
c thick, t=0.0 s; dash{=0.5 s; dot,
a c 0 t=2.5s; dash dot,=17.5 s; solid
o0 :FS] 20 0 ® JFS] v thin, t=17.5s. Second row: Net
1 — 1 density of ions just in front to the
05 'E 05 limiting surfacen(-d/2,t). Third
& row: Net density of ions in the
0 g o middle of the sampl&(0,t).
05 05
1 c A1
0 5 10 15 20 a 5 10 15 20

t[s]

t[s]
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120
100
— [aV]
e 80 =
O 60 z
i’ 40 E FIG. 4. Electric charge(t) vs t sent by the
o 20 - power supply on the electrodes to maintain the
difference of potential on the sample ¥(a).
% s 0 15 >0 Electric density currend,(t) flowing in the cir-
@) t[s] (b) cuit vs t(b), and InJgy, vs t(c). The time depen-

dence ofJg,(t) is not simply exponential. Actual
difference of potential on the nematic sample vs
t(d) . The value to which tendgy(t) is well be-
low V,, for the screening effect due to the pres-
ence of the ions. The ionic mobility ig=2.1

X 101 m?s7v~L, Solid, V,=1.3 V; dash, V,
=1.2 V; dot,Vp=1.1 V; dash dov,=1.0 V.

l0g (U
AV[V]

(c) t[s] (d)

Jex(t) =—q /‘g the representative values of reported in Table I. As it is
~dz evident from Fig. ¥c) the surface electric field is, for the
kgT| dn,(zt) dn_(zt) chosen values of:, ki, and, @ monotonic increasing func-

* ql ez = oz dz (7 tion of t. On the contrary, the electric field in the bulk de-

creases monotonically from the initial value to an equilib-

in our case where., =u_=u. In Fig. 4b) we showJ.,(t) vs  rium value equal to the external field diminished of the back

t. As it is clear from Fig. 4c), the time dependence df,(t)  electric field created by the separation of ions induced by the

is not simply exponential. This result can be easily underexternal field itself32].

stood because the transit time of the ions in the nematic cell

depends on the ions already present close to the limiting 15

surfaces. In other words, the transit time depends on the ef=

d/2 oV of the sampleEg(0,t) are shown in Figs. (6) and %d) for
f [n+(zlt) + n—(zlt)]E

fective profile of the electrical potential, that, in turns, de- =z 1 >
pends on the distribution of ions. This feedback is respon—g —
sible for the deviation ofl(t) from a simple exponential w 05}, =
law. It is also to be noted that the current decays very slowly

with time, due to the rather large value of the characteristic =~ o=
time 74 for the given value of mobility and specimen length. (a) Cozem] " (b)

In Fig. 4(d) the actual difference of potential across the nem- , 5
atic sample, given by

di2
Vp(t) =V(d/2,t) - V(- d/2,t) = - f Eg(z,t)dz, (19
2

—d/

is reported. As it is evident from this figure, the actil : i
tends to a saturation value, which is well beldfy. This 0o 5 10 15 20 0 5 10 15 20
reduction is due to the back electric field connected with the(®} tis] (d) t[s]

separation of ions induced by the external electric field due

to the power supply. surface(a), and of the electrical potentidl(z,t) across the sample
The_ profiles pf the electrlg fieldg(z,t) and of the glectrlc (b), for different timest after the application of the external voltage
potentla!v(z,.t) in the nematic sample fqr several times arey =13Vv. In (3 and (b) the ionic mobility is w=2.1
shown in Figs. B and %b), respectively, foru=2.1 X101 m2sv1  solid thick, t=0.0 s; dash,t=0.5s: dot, t
X 10 m?s7t V7L The electric field is more and more lo- =2 5 s; dash dot=7.5 s; solid thint=17.5 s. Time dependence of
calized close to the nematic surface with increasing timethe surface electric fieletg(-d/2,t) (c), and of the electric field in
while, at long times, the bulk of the liquid crystal is almost the middle of the sampl&g(0,t) (d). In (c) and (d) solid, x=0.8
equipotential(zero electric fielgl The time dependence of x 101 m%s 1 dash dotu=2.1x 101 m?%sv~L dot, x=10
the electric field at the surfadg;(—d/2,t) and in the middle  x 1011 m2s™v-1,

FIG. 5. Profile of the electric fiel&g(z,t) close to the limiting
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0

1
Wo(t) =~ e f , [Es@)-E50)dz, (20

gEi =T whereas the contribution associated to the flexoelectric po-
Jid larization is

Wo(t) = - el Eg(- d/2,t) - Eg(0,0)], (22)

0 5 10 15 20
@) tis] where e=e;;+e3; is the total flexoelectric coefficierftlQ].
0 The anchoring energy strengthg(t) and W(t) vs t are
shown in Figs. @) and &c), respectively.

&

E .

2 2 QIS ——. IV. DEFORMATION INDUCED BY THE EXTERNAL
e FIELD ON THE NEMATIC SAMPLE

A. Equations

0 5 10 15 20 The nematic sample is a slab of thicknessin the ab-
sence of the external field the nematic directds oriented,
100 by means of the surface treatment, at an argleery small
with respect to thex axis, homogeneous across the sample.
=T The parametep, could be measured by means of the bire-
27T Fomie T fringence of the sample in the absence of the external field.
it However, in our case it will be considered as a free param-
eter, and determined by the fit of the curve of the birefrin-
gence vs time, for different values of the applied voltage. We
0 5 10 15 20 consider the case af,=¢,—¢, > 0. If the sample is submit-
() t[s] ted to an electric fieldE=E(t)k, wherek is the unit vector
parallel to thez axis, the electric torque can destabilize the
FIG. 6. Surface polarizatio® due to the ions separation con- initial orientation. We are in the situation to observe a kind of
nected with the external field vs(a). Surface anchoring energy Freedericksz transitiofi36]. In this section we investigate
Wp(t) connected with the dielectric anisotropy of the nematic liquid the dynamics of the orientation induced by the external field
crystal due to the surface field of ionic origin v¢b), and surface  jn the case of strong anchoring on the surfaces. In this frame-
anchoring energy of flexoelectric origM/g(t) vs t (c). Solid, Vg work 6(xd/2)= g, for any external field.
=1.3V; dashVo=12 V; dot,Vo=1.1 V; dash dotVo=10 V. The The dynamical evolution of the system is governed, in the
ionic mobility is £=2.1x 107 m°s=V ™, one constant approximation, by the equatjtb]

2
WQ [ J/m=]
[4)]
o
&
A
B
(B

By means of the profil&(z,t)=n,(z,t)—n_(z,t) it is pos- @ 1 - . 90 _
sible to evaluate the contribution of the ions to the surface KaZZ * 2€aE (z,1)sin(26) n&t =0, (22)

polarization. It is given by _ _ _
whereK is the Frank’s elastic constant, amdthe rotational

0 d viscosity coefficient of the liquid crystal. We note that in the
P(t) :f qz nztdz+q Ul(t)E, (19 strong anchoring hypothesis the flexolectric effect does not
a2 enter in the dynamical equilibrium equation. In the following

where the latter contribution is connected with the chargeWe write Eq.(22) in the form

adsorbed on the limiting surface. The time dependence of 20 1 EY)

P(t) is shown in Fig. 6a). The order of magnitude of is Py + 5772 h?(Z,t)sin(26) - LT 0, (23)

the same as the one determined by Mazzetlal. [33], and

due, according to the authors [&3], to molecular properties where {=z/d, h({,t)=E({,t)/Ey, is the electric field ex-
of the liquid crystal. On the contrary in our analysis, it is pressed in units of the threshold fiéﬁlh:(ﬂ-/d)\s’m' and
simply due to the ions dissolved in the liquid crysta#,35. 7 =(;/K)d? the viscous relaxation time of the sample under
As follows from Fig. a) the electric field across the sample ¢gnsjderation. In the limit of smab, i.e., for E of the order

is not homogeneous. lts spatial variation is localized in &y the critical fieldE,, Eq.(22) at the first order irg can be
surface layer close to the limiting surfaces. In this case, agitien as

discussed elsewhefé0], the electrostatic energy connected
with the interaction of the electric field localized in the sur-
face layer with the nematic liquid crystal can be considered
as a surface energy. Following the analysis reported in Ref.
[10] the contribution connected with the dielectric anisotropyFrom Eq.(24) it follows that the time evolution of the tilt
is angle is the largest between the characteristic timesid 7.

70 5 90 _
&§2+7T2h (§,t)0—7\,(9t—0. (24)

051708-7



SCALERANDI et al. PHYSICAL REVIEW E 69, 051708(2004

8.32 8.32
0.12 8.315
—_ -
2 8.31
o
8 008
5 8.305
; 8.3
0.04 0 5 10 15 20
t[s]
0 8.32
0 10 20 83
< 326
0.12 Vp=12V 8.24 V=13V
8.22
_ 5 10 15 20 0 5 10 15 20
*g 008 t[s] t[s]
kS
g PTEE Lttt FIG. 8. Phase shifA¢(t) vst theoretically evaluated by using
® 004 R 1=2.1x10" m%sv~1 and the physical parameter values re-
-+ ported in Table | for different applied voltages. The dots represent
the corresponding experimental data.
(b) z[um] nary index of refraction of the nematic liquid crystal, the

phase shift between the two components of a linearly polar-
FIG. 7. Tilt angle in the middle of the samp#€0,t) vst, solid,  ized beam impinging perpendicularly on the sample is given
Vp=1.3 V; dash,Vy=1.2 V; dot, Vy=1.1 V; dash dotVy=1.0 V by
(a). Tilt angle profilesé(z,t) for severalt, after the application of
the external voltag®/,=1.3 V, solid thick,t=0.0 s; dash{=0.5 s; 2

dr2
o
dot,t=2.5 s, dash dot,=7.5 s; solid thint=17.5 s(b). The ionic Ag(t) = N f_d/z[neﬁ(z’t) ~ Norgldz
mobility is ©=2.1x 10711 m?s v 1,
2dmney | 2d fm

B. Results N N Nerr(¢,1)AC, (25
Equation(22) has been again solved numerically with awhere
forward finite difference scheme, taking care of stability con-
ditions for the choice of the ratio between space and time NexiNord
steps[23]. Furthermore, provided the space discretization to Nefi(£,1) = 2 sir6(Z,t) + N2 co0(L t)' (26)
be very fine, different implementations for the strong anchor- VPexsS ' ord ’
ing boundary conditions have been proven to be equivalent In order to test the validity of the model presented above,
(with differences of the results of the order of a few perwe have experimentally investigated the phase retardation of
thousands Hence, convergence of the numerical solutionsa nematic cell submitted to an external voltage. The measure-
have been ensured. ments were carried out on a 30n thick slab filled with
In Fig. 7(a) we show the tilt angle in the middle of the commercial 4-pentyl-4’cyanobiphenil, 5CB by Merck. Thin
sample vst. In Fig. 7(b) the profiles of the tilt angle at films of poly vinyl alcohol(PVA), with A ~20 nm were lay-
different times are presented. As it follows from this figure, ered on the ITO electrodes, and rubbed in order to obtain a
the time dependence of the tilt angle, in a given point, is ggood homogeneous quasiplanar orientation. The cell was as-
nonmonotonic function of. At low times the bulk deforma- sembled putting Mylar spacers, and filled at room tempera-
tion is determined by the appearance of the electric fieldfure with the liquid crystal in the nematic phase. The mea-
while, as soon as the field in the bulk decays to low valuesurements olA ¢ were performed in the standard manner, for
[see Fig. Ba)] the tilt angle is dragged by the one close to thedifferent applied voltage$37]. The results are reported in
limiting surface, where the electric field is stronger than theFig. 8. In our framework, where the mobility of positive and
one in the bulk. negative ions are assumed the same, a good agreement be-
Since nematic media are uniaxial liquid crystals, whoseween the theoretical prediction and the experimental data is
optical axis coincides with the directar it follows thatto a  obtained for an average mobilitg=2.1x 107 m?s™v 1,
nematic distortion corresponds a change in the birefringencéhis value of u~ (u-+u,)/2 is comparable with the one
for transmitted light. For this reason we calculate the phaseeported by Ref[18], which is rather small with respect to
retardation taking into account the temporal dependence dhe one reported by Refl5]. We note that only forV
the effective difference of potential across the nematic layer=1 V the experimental data are systematically higher than
By indicating with ne,; and n,,4 the extraordinary and ordi- the theoretical predictions. However, in this case small un-
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certainties on the ordinary index of refractiog,y, of the  and potential, and of the ions by solving numerically the
order of 0.1%, gives rise to a shift of the theoretical curve ofcontinuity equations for the positive and negative ions and
the same order of the observed discrepancies. the Maxwell equation for the electric field. The characteristic
The agreement is reasonably good, taking into account thiémes of drift, trapping and reorientation have been deter-
simplifying hypotheses performed in our analysis. In particu-mined. We have investigated also the contribution of dielec-
lar, we have assumed that in the liquid crystal there is onlytric origin to the anisotropic part of the anchoring energy
one kind of positive and negative ions, with the same mobil-connected with the dielectric anisotropy and with the flex-
ity, that probably it is not realistic. Furthermore, as discussealectric effect, and the surface polarization having an ionic
by Sawadaet al. [30,31], different kinds of ions, with differ- origin, and analyzed their time dependence. Finally, we have
ent mobility, can be present simultaneously in the nematievaluated the deformation of the nematic director across the
cell. Some of these ions can also be originated by the filnsample by solving the equilibrium equation, and the optical
deposited on the electrode to align the liquid cry§18,22. transmission of the nematic cell. The comparison of our pre-
Consequently the model has to be extended to consider dictions with the experimental data is reasonably good in the
population of different type of ions. The work is in progress.low voltage region, where the developed linear theory works
well. The main conclusion of our investigation is that the
V. CONCLUSION ions play an important role on the reorientation induced by a

] ) steplike voltage on a nematic cell.
We have analyzed the influence of the ions on the dy-

namical response of a nematic sample submitted to an exter-
nal steplike voltage. We have presented the basic equations
of the hydrodynamic model for the case in which there is This work has been partially supported by INFM. Many
chemical adsorption at the surfaces limiting nematic samplehanks are due to H. Naito and H. Pauwels for the reprints,
We have determined the distribution of the electrical fieldand to J. Pavel and J. da Sylva for useful discussions.
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