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External electric-field effect on nematic anchoring energy
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The influence of an external field on the effective anchoring energy of a nematic liquid crystal in contact
with a substrate is theoretically analyzed. Our analysis is performed on the hypothesis that the electrodes are
perfectly blocking and that there is no selective ion adsorption. The proposed theory predicts an effective
anchoring energy dependent on the applied dc voltage. According to the sign of the dielectric anisotropy and
of the flexoelectric coefficient the dependence of the anchoring energy strength with the bias can be monotonic
or not. For large bias voltage the effective anchoring energy strength tends to a constant value. Our theory is
in qualitative agreement with published data investigating the influence of the bias on the saturation voltage.

DOI: 10.1103/PhysRevE.65.031721 PACS nunier61.30-v, 66.10-X, 41.20--q, 82.45-h

I. INTRODUCTION the bounding surfaces, with the origin in the middle of the
sample. The liquid is supposed to contain ions. In the ab-
The influence of the selective ionic adsorption on the ansence of external electric field the liquid is globally and lo-
isotropic part of the anchoring energy strength has been digally neutral, i.e.n.(z)=n_(z)=n,. If U is the difference
cussed by several authors in the last yg¢arsl5. According  of potential across the sample due to the external power sup-

to the proposed model2,3], the adsorption phenomenon is ply we have, according to Poisson-Boltzmann theory
responsible for an ionic separation inside the liquid. To this

charge separation is connected an electric-field distribution n.(z)=ne"¥®, (1)
across the sample. The coupling of this field with the dielec-

tric [16] and flexoelectri¢17] properties of the liquid crystal where

gives rise to a dielectric energy density, localized near to the

limiting surfaces, on mesoscopic thicknesses. This energy gV(z)

can be considered as a surface energy, which renormalizes W2)= kT @
the anisotropic part of the interfacial energy characterizing

the interface nematic liquid-crystal substrate. The distribujs the electric potential ilkgT/q units andn is the density of
tion of the field across the sample and its connection with thgsns wherey=0. Equation(1) has been obtained by assum-
adsorption energy has been recently discussd®,18,19.  jng v(+d/2)=+U/2, i.e., V(2)=—-V(-2). In Eq. (1) n

In the case in which the phenomenon of selective adsorption. iy, (0) has to be determined by imposing the conservation

is absent because the adsorption energy for positive angk the number of ions. From Eq1) the bulk density of
negative ions is the same, the effect discussed above {ectric charge is

absent.
In this paper, we analyze the influence of an external elec- p(z2)=0q[n.(2)—n_(z)]=—2ngsinhy(z). (3)
tric field on the nematic anchoring energy when the selective
ion adsorption can be neglected. We show that the charga simple calculation shows that
separation induced by the external field gives rise to an effect
similar to the one connected to the selective ion adsorption. di2 di2
It is responsible for a bias-voltage dependence of the effec- f p(z)dz= —ZHQJ sinhy(z)dz=0, (4)
. . . d/i2 —d/2
tive surface energjl4]. Our paper is organized as follows.
In Sec. Il the description of a liquid containing ions submit- :
ted to a dc electric field is presented. The analysis is perf-Jls required. : . -

. . : The conservation of the number of ions implies that
formed in the framework of Poisson-Boltzmann theory. The
peculiarities of the field distribution across the cell and its a2
non-Debye’s screening are discussed in the same section. nod:f n,(z)dz (5)
The particular cases relevant to small and large bias voltage —aiz
are presented in Sec. Ill. In Sec. IV, we evaluate the dielec-
tric contribution to the surface energy and its dependence ohhe distribution ofy(z) across the sample is obtained by
the bias voltage. Section V is devoted to the conclusionssolving the Poisson equatiatfV/dz*= — (p/¢), that by tak-

where our results are critically analyzed. ing into account Eq(3) reads
Il. POISSON-BOLTZMANN THEORY FOR A LIQUID d2 _
SUBMITTED TO AN EXTERNAL FIELD ] =§Smh #(2), (6)

Let us consider an isotropic liquid limited by two nonad-
sorbing surfaces, at a distan¢@part. Thez axis is normal to  with the boundary conditions
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N| =

+df2)=*xu== qu 7
Y(£d2)=*u== KeT (7
In Eq. (6), \ is the effective Debye screening length of the
liquid when the bias voltage 8. It is given by

_ EkBT _ no
29°n N

2
0

)\2

8

where )\§= ekgT/(29°n,) is the usual Debye screening
length[20]. In the present problerk depends on the applied

voltage.
From Eq.(6) we easily obtain
d 2
d—li = \/T_\/coshz/mL k, 9
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FIG. 1. Integration constahtversus the applied voltage. For
smallU, k— — 1. In this situation the electric field a&=0 vanishes.
For d=10 um andXy=0.36 um, this happens foU <0.2 V.

wherek is an integration constant, whose value is directly:O_36Mm typical for a nematic cell made with commercial

connected with the electric field at=0 by
dy
dz

In particular, if d¥/d2),=0, k=—1 and Eq.(9) can be

)\2 2

=5 (10

0

liquid crystal[21,22. As it follows from this figure, for bias
voltage in the range€U=<0.2 V, (d¢/d2),~0, which im-
plies that the electric field faz=0 vanishes. This means that
for small bias voltage, the ionic charges screen completely
the field due to the external power supply. The liquid be-
haves as a conductor: the ions move until the electric field

easily integrated. This case will be considered in the neXfnside it vanishes. In this case the electric field is localized

section. By means of Eq$9) and (8), we can rewrite Egs.
(5) and(7) in the form

dx
J(k,u)=\2 N (1D)
0
and
d
I(k,u)=\/§X, (12
respectively, where
u e_‘/’
J(k,u)= ——d
(k) —uy/coshy+k v
and
u 1
I(k, =J’ —dy. 13
( u) 7u\/m w ( )
From Egs.(11) and(12) we obtain
d 2
I(k,u)J(k,u)zZ()\—) , (14)
0

which determinek=k(U). When this quantity is known,
the effective Debye screening length is

A=12

In Fig. 1, k=k(U) is reported ford=10 wm and \g

d
I(k,u)’

(19

close to the bounding surfaces over a thickness of the order
of N\g=\(0).

In Fig. 2, we showh=\(U). As it is expected, folU
—0, N\—N\g. On the contrary for larg&), A — because all
the ions are pushed at the surfaces, and there are no more
ions in the liquid, which becomes a true insulating material.

IIl. LIMITING CASES OF SMALL AND LARGE BIAS
VOLTAGE

The reduced voltage across the samp(e) for arbitrary
bias voltages has been obtained in the previous section. Now
we consider the particular cases of small and large bias volt-
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FIG. 2. Effective Debye’s screening lengthversus the applied
voltageU. ForU—0, A — \q. For largeU all the ions are pushed at
the surfaces, and the liquid behaves as a perfect insulator, for which
N—oo. The curve refers tal=10 um and\(=0.36 um.
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age. In the case of a small applied voltage=QU/2kgT
<1), |#(z)|<u<1. Consequently, the solution of E)
with the boundary condition&’) is

sinh(z/\)
WD =UGnran) - (16)
In this case
sinh(z/\)
WD) — P
e =1-d2)=1-ugiamy) (17)
and Eq.(5) givesn~ng, which implies
A=\o+ O(u?). (18
It follows that in the considered limit, Eq16) reads
sinh(z/\ o)
~YSinhdi2ng) (19

The charge distributions are then obtained by means of the

relations(1), and in the present case are found to be

sinh(z/\q)
+U—

sinh(d/2\g) |’ (20

Nn.(z)=ng 1

As expected, the positive ions are collected near the negative
electrode, and the negative ions near to the positive one, inl/f(Z)ZZUd

surface layers of thickness of the order)af. Another im-
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u

e
v:xgi, (25)

showing that fou—, A — too. By means of Eq24) the
charge distributions across the sample are found to be

1+22/d)]

n.(z)=2ungel 4 . (26)

In particular, n, (—d/2)=n_(d/2)=2nyu. Equation (26)

shows that in the considered limit of large bias voltage, the
ionic charges are confined in a surface layer whose thickness

is of the order ofd/2u. Hence, for d/2u~\g, i.e., u

~d/2\( the thickness of the surface layer is comparable with

the Debye screening length.

By putting #(z) = ¢o(z) + ¢1(2) into Eqg. (6) and taking
into account Eq(25) and the boundary conditiong) we
obtain

Z sinh2uz/d)
~23 " sinhu

e/ d\?
4/;1(2)227(2—}\()) sinhu

(27)

Consequently, since in the present limi&=1 and, hence,
sinhu~€"/2, we have fory(z) the expression

211 d\? 2e*”d2, oy
—EZ—)\O +TZ_)\O Sin Ua.

(28)

portant particular case is the one in whicls very close to

—1. As underlined above, in this situation the electric field ingom this equation we derive that, in the considered case, in
the middle of the sample vanishes. By assunkirg-1, the 6 pylk, the electrical potential is approximately given by
solution of Eq.(6), with the boundary condition§) is

- z 1(d)\2
lﬂ(z) lﬂ_(Z)+lﬂ+(Z), (21) 1,//B(Z)=2u— 1__ - . (29)
d u?\2ng
where
1+ ye(Fd2ig Equation(29) shqws that the presence of the.ionic charges
po=2In| ——0n |, (22)  reduce the effective potential. The trendy(z) differs from

B 175 yelzFd2)ho ¥s(z) mainly close to the surfaces at = d/2, for a quantity
where y=tanh{/4). In this limit the total electric potential e U 2 7
¥(2) is obtained by adding the potentigl (z) and . (2) Aw(Z)=ZT<2—AO sin)—( ZUH)- (30

created by the two surfaces separately. This means that the

sample is considered as formed by two half spaces. Thlis it follows from Eq. (28) the analysis presented above

approximation works well itl/2, is very large. holds for @/2\ou)2<1, which impliesusd/2\,, or if d
Let us consider, finally, the case of large applied voltage

(u=qU/2kgT>1). In this situation practically all the ions ~10 zm andio~0.36 um we haveU>0.8 V.

are collected at the surfaces, and in the bulk the liquid can be In Fig. 3, the potential across the sample, numerically
s . : S evaluated by means of E() with k and\ given by Egs.
considered as a perfect insulator. In a first approximation th

electric potential across the samole is qiven b ?14) and (15), respectively, is shown for different bias volt-
P P 9 y ages. The trend agrees with the one discussed above. In Fig.

4, the electric field in the bulEEg=E(0) for different\ is

z
¢0(z)~2ua. (23 reported. As expected, the presence of the surface charges of
ionic origin reduces the bulk electric field. This reduction is,
-~ ; ; for commercial liquid crystals, rather important. In fact, for a
By substituting Eq(23) into Eqg. (5) we obtain
y g Eai23y A bias voltage of the order of 1 V the actual bulk field is neg-
n=2unee Y, (24) ligible with respect to the one in the absence of the ions. It

follows that to identify the bulk electric field with the applied

and, using Eq(8) the effective Debye screening length is  one is not correct.
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] fQ—e<co 0— 5)5, (32
0.4
0.2 where 6= cos }(n-2) is the angle formed by the nematic di-
0.0 rectorn with the z axis. Furthermore¢,= € — €, is the di-
02 electric anisotropy|(and.L refer ton), ande=e;;+es; the
o (©) total flexoelectric coefficient2,3,16,17.
-0.4 Let us indicate byeg=E(0) and byEgs=E(d/2) the val-
A " _'4 " '2 " (') ' é " 4', " é ues of the eIecFric fie!d in the middle and at the sgrface of the
sample. The dielectric energy, per unit surface, is
z (um)
dr2 1 1\dE
FIG. 3. \oltage V(z) versus z, for d=10um and A FE:j [——eaE(z)zcoszeJre cog6— _>_ dz
=0.36 um. For smallU, E vanishes ar=0. (8 U=0.2 V, (b) U —dpl 2 3/ dz
=0.4 V, and(c) U=0.8 V. (33
IV. CONTRIBUTION TO THE SURFACE ENERGY This quantity can be written as
OF DIELECTRIC ORIGIN
dr2 1 1
In previous sections, we have evaluated the influence of FE=f - Eea[E(z)z—Eé]cos’-avLe cosf— 5)
the ionic charge on the electric potential across a sample of a2
an isotropic liquid. If the liquid is an anisotropic fluid, as a dE dEg dr2 1
nematic liquid crystal, in a first approximation the electric x(d—— d—) +f [— EeaEB(Z)Z
potential is still given by the equations reported above. How- z z —ar
ever, in this event the presence of the ionic charges gives rise X coLh
to a surplus of surface energy characterizing the nematic
liquid-crystal-substrate interface. To evaluate the dielectric 1\dEg
contributions to the surface energy we have to take into ac- +e| coS 60— 5)3 dz (34)

count the coupling of the external field with the dielectric
anisotropy,fp, and with the flexoelectric properties of the
liquid crystal,fq [2,3,16,17.

The quantitiesf, and fo, which are bulk energy densi-
ties, are given by

Taking into account thaE(z) is changing very rapidly close
to the limiting surfaces we can put E@4) in the form

di2 1
FE:f1+f2+f __EaEB(Z)ZCO§0
,d/ 2
f ! E(z)?cosé (31) 1\ dE
=——¢,E(2)°co
DT3¢ +e| cogo— =| —|dz, (35
3/ dz
and where
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fi=- ;ea coéaljf [E?(z)—E3]dz— e( cos 6, — E)

di2 3
X (Es—Eg) T
T T T I(a)
and 08 12 16 20
Ead N
1 di2 1 m;
fzz—zeacoszezf [E?(z)—E3]dz+e| cog6,— §) =37
0 w-44
= 5] b
X(ES_ EB)7 (37) -6 T T T |( )
08 12 16 20
1.0 ’
with 6;= 6(—d/2) andd,= 0(d/2). f, andf, are the dielec- 0571 7
tric contributions, due to the ions, to the surface energy. The 0071 <
relevant anchoring energy strengths, coinciding with the co- -0.51
efficient of cod 6 (i=1,2), are then -1.01 (c)
'1 -5 T T T T T T
1 a2 00 04 08 12 16 20
Wp=- e [EX(z)—E2]dz (39) U(v)
0
d FIG. 5. Dielectric contribution to the surface eneMy¢ versus
an the applied voltag®) for e,=10ey, d=10 um, Ay=0.36 um and
(@ e=5x10" C/m (solid), e=10 1! C/m (dotted, and e=5
Wo=*e(Es—Eg), (399 X107*2C/m (dashegt (b) e=-5x10"C/m (solid),
=—10"*! C/m (dotted; ande= —5x 101! C/m (dashed, and(c)
_ comparison oWg versusU for e=5x 10" C/m (dashedl ande
where= refer toz=+d/2. Using now Eq(9) and boundary = —5x 10! C/m (solid).

conditions(7), Wp andWg can be written as

W, :_le(kB_T)zEf”—COShw dy
° 2™ g/ N JoJcoshy+k

107° J/n?. However,

KeT
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strongly depends oRy.

In Fig. 5, we report the quantitiVe=Wp+Wq versus the
bias voltageU for e,=10 and typical values of.

As it is evident from Fig. 5Wg tends to a saturation
voltage for large bias, as experimentally obsery&d]. In
the limit of small voltage, wher&~ — 1, using Eq.(21) and
Eq. (37), we obtain(for z=d/2)

W kel
= Tan

kgT
Zea%sinh2

voltage, using Eq(28) we obtain(for z=d/2)

1( kT keT d choring energy due to the bias could be important. To neglect
Wg=— 5( ea—+e) — —2+(’)(u‘1). (43 it can be the source of mistakes in the determination of the
q 9 AG flexoelectric coefficients.

031721-5

V. CONCLUSIONS

From this equation we can estimate the order of magnitude
(40 S .
of the renormalization of the bare anchoring energy due to
the ions dissolved in the liquid crystal. é,=10e,, €
and =10 " C/m [23-29, Ay=0.36um [21,29, and d
=10 um, the saturation value foWg is of the order of
2 if N\o=0.1um, Wg tends to
WQ=ie—T(\/coshu+k— JIHK). (41) 10 4 J/n?. In other words, the saturation value ¥

We have analyzed the effect of a bias voltage on the ionic
distribution in a liquid sample, in the shape of a slab. The
case in which the liquid is a nematic liquid crystal has also
been considered. In this case we have shown that the nonho-
mogeneous distribution of the electric field can be described
E) n esinl-(E” 42) by means of a surface energy of dielectric origin. It is due to
4 2 the coupling of the electric field with the dielectric aniso-

tropy and with the quadrupolar properties of the liquid crys-
. . . tal. The surface energy of dielectric origin is bias dependent
This _equatlon shows Fhat accqrdmg o the valuekl, ar®  and tends to a saturation value for large applied voltage. Its
possible honmonotonic behaviors Wfz(U). For large bias value ranges, for typical values ef ande, from 5x 10°° to
10" 4 J/n?, for 0.1 um=\,=<0.36 um. This means that in
the presence of a dc voltage the renormalization of the an-



D. OLIVERO, L. R. EVANGELISTA, AND G. BARBERO PHYSICAL REVIEW BE55 031721

[1] G. Barbero and G. Durand, Lig. Crys, 401(1982. 011708(2001).
[2] G. Barbero and G. Durand, J. PhyBrance 51, 281 (1990. [14] G. Strangi, C. Versace, and N. Scaramuzza, Appl. Phys. Lett.
[3] A.L. Alexe-lonescu, G. Barbero, and A.G. Petrov, Phys. Rev. E 78, 2455(2002.

48, R1631(1993. [15] O.A. Gomes, R.C. Falcao, and O.N. Mesquita, Phys. Reuv. Lett.
[4] V.G. Nazarenko and O.D. Lavrentovich, Phys. Rev4g 86, 2577(2001.
R990(1994). [16] P.G. de Gennes and J. Proshe Physics of Liquid Crystals
[5] G. Barbero, L.R. Evangelista, and N.V. Madhusudana, Eur. (Clarendon Press, Oxford, 1908
Phys. J. B1, 337(1998. [17] R.B. Meyer, Phys. Rev. Let29, 918(1969.
[6] G. Barbero, A.K. Zvezdin, and L.R. Evangelista, Phys. Rev. E[18] K. Bohinc, V. Kralj-Iglic, and A. Iglic, Electrochim. Acta6,
59, 1846(1999. 3033(2001).
[7] U. Kuhnau, A.G. Petrov, G. Klose, and H. Schmiedel, Phys.[19] L.R. Evangelista and G. Barbero, Phys. Rev6& 021101
Rev. E59, 578(1999. (2001).
[8] V.G. Nazarenko, V.M. Pergamenshchik, O.V. Koval'chuk, A.B. [20] J. Israelachvili,intermolecular ForcegAcademic Press, Lon-
Nych, and B.I. Lev, Phys. Rev. B0, 5580(1999. don, 1985, Chap. 12.
[9] V.U. Fazio and L. Komitov, Europhys. Le#6(1), 38 (1999. [21] R.N. Thurston, J. Cheng, R.B. Meyer, and G.D. Boyd, J. Appl.
[10] R. Meister and B. J@me, J. Appl. Phys86, 2473(1999. Phys.56, 263(1984).
[11] H.A. Pereira and L.R. Evangelista, Eur. Phys. J3E123  [22] R.N. Thurston, J. Appl. Phy&5, 4154(1984).
(2000. [23] L.M. Blinov, M.I. Barnik, M. Ozaki, N.M. Shtykov, and K.
[12] G. Barbero and L.R. EvangelistAn Elementary Course on Yoshino, Phys. Rev. B2, 8091(2000.
the Continuum Theory for Nematic Liquid CrystgM/orld [24] L.M. Blinov, M.Il. Barnik, H. Ohoka, M. Ozaki, and K.
Scientific, Singapore, 2000 Yoshino, Phys. Rev. B4, 031707(2002).
[13] A.L. Alexe-lonescu, A.T. lonescu, N. Scaramuzza, G. Strangi[25] A. Mazzulla, F. Ciuchi, and J.R. Sambles, Phys. Re64:
C. Versace, G. Barbero, and R. Bartolino, Phys. Re64E 021708(2001).

031721-6



