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Electrical driving of the surface memorization in dimerized
nematics with short range smectic order
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Electrical control of the surface memorization of an oriented smectic C texture in the temper-
ature range of dimerized nematics with short range smectic C order (4-n-alkyloxybenzoic acids)
is presented. It is demonstrated that by suitable choice of the electric field parameters and
surface conditions it is possible to separate the thermal and electrical components of the total
erasure activation energy. The significant role of the double charge electric layer in the mech-
anism of the surface memorization is verified. By the electrical control of the memorization,
we have confirmed the electrical part of the modified Rapini-Papoular anchoring energy in

the effective surface energy.

1. Introduction

Substrate interfaces which have an orienting action
on liquid crystal (LC) molecules can be generated by a
variety of means including chemical cleaning or etching,
rubbing, SiO oblique evaporation, physical adsorption
and deposition of organic or inorganic thin films. The
surface-generate d orienting forces may result from hydro-
gen bonding, physiochemical processes, van der Waals
and/or dipolar interactions, or pure mechanical inter-
actions induced by the liquid crystal anisotropic elasticity.
So the balance of these forces, and therefore the resulting
LC orientation, will be determined by the chemical
composition of both the surface and the liquid crystal,
as well as by the surface topology. Varying ecither of
these conditions, the balance may be changed leading
to change in the LC orientation [1].

Several theories have been proposed to explain the
surface alignment of LCs: the Berreman model [2], the
surface tension model [ 3, 4], van der Waals force model
[5, 6], but these models cannot completely explain the
experimental results for liquid crystal alignment. We
have analysed the memorization (induced by the surface)
of an oriented smectic C texture [ 7, 8 in the temperature
range of the nematic phase and confirmed the idea that
the investigation of this phenomenon is a useful method

* Author for correspondence e-mail: lyubo@issp.bas.bg

for understanding the complex surface forces acting for
different boundary conditions —various coatings and liquid
crystal materials. The surface memory effect (SME),
discovered by Friedel [9] has been studied in detail by
Clark [10] who realized memorization of smectic A or
C phases on hydrophobic polyimide surfaces in the
nematic (and isotropic) temperature range. Some ideas
for explanation of the SME and for understanding its
mechanism were presented by Ouchi et al. [11] and
Myrvold [12]. The mechanism of the SME, however,
was still not clear. So far as the surface memorization is
controlled by the temperature and by the surface con-
ditions, the rotational diffusion model [11] proposed
by Ouchi et al., as well as the absorption model in [13]
could be accepted as basic models.

Understandin g of the surface memorization mechanism
has become very important in recent years when it was
found that the SME dominates the usual weak elastic
anchoring in the ‘flow alignment effect’” [13]. In this
case, the nematic anchoring on most of the isotropic or
slightly anisotropic solid substrates is completely defined
by the flow direction during the first contact of the nematic
with the surface while filling the LC cell. Therefore,
surface memorization could be studied from two aspects:
(1) memorization of an oriented smectic texture in the
nematic phase region, and (ii) ‘flow alignment’. We
discuss only the first aspect in the present paper.
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As we demonstrated in [7, 8], a quantitative study of
surface memorization could be realized if one can control
the two fundamental processes—recording and erasure.
Until now such control was achieved by thermal
excitation over the memorized texture (picture), inducing
a counteracting torque proportional to the thermal
activation kz T in order to overcome the energy barrier
of the irreversible deformation of the liquid crystal layer
close to the surface. This thermal driving of the surface
memorization structures enables us to apply the rotational
diffusion model [11] to achieve a quantitative analysis
of the SME. The fundamental parameters in this
analysis are: the recording and the erasure temperatures
(T,ec» T.;), the recording and erasure times (7., Z.,), the
surface memorization strength t = 7, /1, and the erasure
activation energy Q calculated from the dependence [ 7]
to, =ty exp(QlkgT), where ky is the Boltzmann constant
and 1, is an extrapolation parameter. Knowing these
parameters and the corresponding dependences, we have
succeeded in presenting new information about the
memorization mechanism.

We have demonstrated [ 7, 8] that physical adsorption
is an important, but not the only mechanism of the
SME. The total erasure activation energy Q is signi-
ficantly bigger than the physical adsorption energy
(Q.4s~0.8eV) due to the presence of some additional
terms [8]:

Q = Qads + onl + Qmech + 6Q

where Q,45> Opots Omeen and 8Q will be clarified later in
the text.

The purpose of the present work is to separate these
terms by combining the standard thermal erasure process
with an electrical excitation.

2. Qualitative phenomenological analysis

One possibility for realizing the separation of Q,4,
and Q,; is the dependence found by us of the SME on
the nature of the coatings—conducting or dielectric [ 8].
As we have found, some electrical phenomena (surface
order electrical polarization and selective ion adsorption)
are included in the surface memorization for dielectric
and conducting surfaces, respectively. This inclusion is
shown by the corresponding induced surface torques
and the balance of these torques with the other surface
and bulk forces during recording. In order to detect the
electrical component of the SME, we excite the recording
and the erasure process by external a.c. or d.c. electric
fields. We took as driving parameters the frequency v
and the amplitude U of the applied electric field and
verified four possible fundamental electrical excitations
depending on the experimental geometry and the
liquid crystal materials—dielectric, electrohydrodyn amic,

surface polar and flexoelectric—which can induce the
corresponding instabilities. It is difficult to distinguish
each one of these electric affects in a pure situation, but
in our case, taking into account the geometry, the surface
coatings and the diclectric anisotropy of the material
used, by a microtextural polarization analysis, we found
the dielectric and electrohydrodynamic excitations to be
the most effective.

In order to illustrate the existence of different com-
ponents in the erasure activation energy Q one can
consider the total free energy density. The general pre-
sentation of the free energy includes different components

[14]:

(i) the bulk elastic energy fe@st=(K/2)(6?0/or?),
where K is the effective elastic constant and
0= (nan,) is the angle between the director n
and its direction in the non-excited state ny; n, is
the ‘easy’ axis along which n would align on the
surface in the absence of all other external fields;
dielectric coupling with the electric field given by
fol = — (¢, /8m)m EV:

(iii) the surface energy f**T which is generally
assumed to be of the Rapini—Papoular form [157:
fuf=— (W,/2)(n, n,), where n, is the surface value
of n and W,=KJ/L, L being the extrapolation
length;

(iv) the term fsufrol= — P_E cos 0, 0,=(n, A n,), where
P, represents that some surface polarization of a
flexoelectric or ordoelectric nature is also possible

[16].

~

(ii

Taking into account (a) the bulk and surface parts of
the free energy density when the liquid crystal system
is in an external (e.g. electric) field as indicated above;
(b) the initial geometry (E Ln, or E| n,; (c) the electric
field parameters—voltage U and frequency v; (d) the
material constants (¢,—dielectric constant anisotropy and
a,—electrical conductivity anisotropy), the possible bulk
torques are [17]: dielectric bulk torque Iy~ ¢,(E n,)?
and the electrohydrodynamic torque I.,4~ o, E(00/or).
The corresponding surface torques participating in the
balance equation are: I',= — (K/&g) sin(ng A n,)), where
Egl=(e,/4nK)'?E and &g is the electrical coherence
length, and a stabilizing surface torque proportional to
sin(20) [18].

It is also very important for the mechanism of the
SME that a double electrical layer (see [8, 14]) exists
at the interface conducting surface—liquid crystal due
to the selective absorption of one type of ions (usually
positively charged). Here we recall that in the dielectric
component W, of the effective anchoring energy
W = W, + W, there is included also the surface electric
field + E, which is confined in the double electrical layer
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induced by the selective ion adsorption. We can consider
this electric field as internal with respect to the applied
a.c. or d.c. electric fields.

If the molecules are polar, which is not so in our case,
a surface polarization P, can be induced and the corres-
ponding surface polarization torque I, = — P E cos 0.
As mentioned, P, could be a flexoelectric dipole or
quadrupole type polarization. We shall present an experi-
ment with dimer molecules where the quadrupolar aspect
of the flexoelectricity could be active, but not the dipolar
one. With the experiment which we present here, we
cannot demonstrate the flexoelectric excitation either
in the conducting or in the dielectric case. We found
however that the SME does not exist in the case of a
diclectric coating (glass, SiO, PVA). Recently we have
found that using such surfaces [16] (SiO, obliquely
evaporated) an ordoelectric surface polarization P
could be detected. This polarization is due to the rough-
ness of the solid SiO substrates since the scalar order
parameter S decreases in the interface layer. As a result,
the surface order parameter S, tends to zero or to a
value very different from the bulk equilibrium value
S(T). So the gradient of the nematic order parameter
perpendicular to the surface over a distance & (correlation
length)—V S/é—creates a horizontal (parallel to the
substrates) ‘ordoelectric’ surface polarization P°™ which
was indicated by a lateral electric field in [19]. Thus for
the dielectric surface and E| n, two surface torques could
be induced: I,~EPcosp and I',~ E P cos 0
where ¢ is the azimuthal angle of the n, director. The
surface memorization on the dielectric surface is one of
the two aspects of the SME [8] and the study by a
lateral (E| ny) electric field is very important in under-
standing the SME mechanism and as well as for the
separation of the components of the erasure activation
energy. However, we will develop this case in detail in
future work. At this stage we will concentrate on the
conducting surfaces, where according to our observations,
surface polarization cannot be detected. In our erasure
experiments however we observe dielectric and electro-
hydrodynamic regimes. For clarity we briefly recall the
electro-optical characteristics of dielectric reorientation
and the electrohydrodynamical instabilities in a nematic
liquid crystal with short range smectic order and a small
positive dielectric anistropy ¢, which is characteristic of
the substance we use here. For details of these instabilities
see [20].

The electrohydrodynamic instabilities (EHDI) in
nematics with a different sign and magnitude of the
dielectric anisotropy &, =¢, — &, and with an initial
orientation of the director n, perpendicular to the applied
electric field E could be manifested as follows [20]:
(1) at large negative values of ¢,, the nematic is stable
for all electric fields and frequencies; (ii) EHDI is

expressed in a ‘conducting regime’ (Williams domains)
at low frequencies, and in a ‘dielectric regime’ at high
frequencies. The two regimes are divided by a critical
frequency v,. Since we work with ¢, > 0, it is interesting
that EHDI in this case can arise depending on the value
of the anisotropy. Using the dependence E% = f(v?) one
can separate the EHDI and dielectric reorientation for
a substance with 0< ¢, < ¢,,/3, where ¢,, = ¢,0,/0,. For
example [20], for the substance used by us, 4-n-octyloxy-
benzoic acid with ¢,~0.018 and o, > 0 at T — Ty, ~ 2°
(i.e. in the nematic phase), the critical frequency v, which
clearly divides these two instabilities is v, = 700 Hz.
Above this frequency only pure dielectric reorientation
can be observed. The domain EHDI and dielectric
instabilities are easily distinguishabl ¢ by micropolarization
analysis. The first one arises as cell-like domain lines,
followed by dynamic scattering at v = const with increasing
field U, where as the second one arises as a clear change
of the colour, typical for the Fréedericksz transition.
Finally, let us mention the mechanical component
of Q. It is difficult, however, to describe quantitatively
this part Q... concerning the elastic adaptation of the
director to the surface, when the surface topology is not
well defined. That is why we give here only an estimation
of Oeen @and propose a future experiment with a holo-
graphic grating as orienting surface, where the anchoring
will be better defined. As is known from the Berreman
model [ 2], the surface energy depends on the amplitude
and the period of the grating. Changing these para-
meters, one can vary the surface energy value. In such a
simplified experimental situation, a useful comparison
between theory and experiment should be possible.

3. Experiments and comments
We used cells with rubbed ITO coatings on the walls.
The electric field was applied as E Ln, perpendicular to
the substrates. The liquid crystal material was 4-n-octyl-
oxybenzoic acid (OOBA) with the following temperatures
(°C) of the phase transitions

101 108.1 146
Cr «— SmC «— N «— L

OOBA is a liquid crystal material involving hydrogen-
bonded dimer molecules. The electrical material con-
stants of OOBA are as follows: in the SmC phase
&, = —0.02 and o, > 0; in the nematic phase ¢, = 0.018
and o,> 0 [16]. The thickness d of the liquid crystal
cells in our experiments varied between 3 and 200 pm.
The recording of surface memorized texture was
realized by cooling the cell from the isotropic phase in
the presence of an a.c. field down to the SmC phase. The
recording temperature in the SmC phase was 105.5°C
and the recording time ¢, = 20 min. The electric field
was applied to stimulate formation of smectic C textures
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characterized by large well oriented local single domains
for the purpose of better observation and optical
resolution. In table 1 the dependence of the SmC mono-
domains diameter on the a.c. electric field parameters is
presented. The effective role of the electric field on the
SmC local domain formation is, in general, readily seen:
the domain size increases with increasing U at v = const,
as well as with increasing v at U= const at low
frequencies.

The dielectric or electrohydrodynamic textures were
analysed by optical polarization microscopy. Varying
T.,, v, and at fixed U we measured the erasure time f,,.
The results are presented in table 2. We must remember
that for v=5kHz the dielectric regime predominates,
while for v< 700 Hz the electrohydrodynamical regime
predominates (see previous section).

The influence of an external a.c. field on the erasure
time itself is obvious: the combined, simultaneous action
of two destroying agents (the voltage used in our experi-
ments for combined erasure is always over the instability
threshold [20]) on the memorized texture shortens the
erasure time compared with the purely thermal process.
As is seen, f,, tends to be considerably shorter with v,
decreasing and for 145°C in the N phase, t,,~ 10s.
The extreme values of the ratio 7™/l at T, = 135°C,

ve, = S0Hz and d =20 pm is ~240/2 = 120. We concen-
trate our analysis on the erasure activation energy Q in
the context of the general formula from the introduction.

Let us denote the energy Q for purely thermal erasure
as O™ and for combined erasure as Q"*°. Our experi-
ments (table 2) demonstrate that, in general, Qth* ¢ + g
and the deviation AQ = Q"¢ — Q' has different values
and signs for different values of 4 and v. The most
significant changes of Q™*¢ with respect to Q" are
concentrated in the frequency interval 50 Hz—5 kHz; out
of this interval AQ is nearly constant and does not
generate essential new information.

Qaas and Oy,c, are electrically independent; Q,,; (Which
includes for example the effect of the double electric
layer [8, 14]) depends on the external electric fields of
amplitude U and frequency v and could be modified by
them in a combined erasure process. We can write:

ch = Qads + Qmech + onl(U = O) + 6Q
for purely thermal erasure
and

ch+ o= Qads + Qmesh + onl(U9 V) + 6Q

for combined erasure

Table 1. Maximum effective diameter @ of SmC domains in textures which are recorded by cooling the nematic in the presence
of a normal a.c. electric field of amplitude U and frequency v. d = 20 um.

Parameter Value
U/vV 40 80 160
v/kHz 0.2 1 2 5 0.2 1 2 5 0.2 1 2 5
@/um 30 30 10 5 100 300 800 50 150 300 500 100

Table 2. Erasure times 7., and erasure activation energies Q—thermal and under a.c. electric fields of different frequencies v—at
fixed field amplitude U = 50 V and at different cell thickness values d in the case of OOBA confined between two ITO coated

glass plates. #.. = 20 min, Ty = 105°C.

a.c. electric erasure at frequency v

Thermal erasure S5kHz 500Hz 50Hz
d/um T../°C fer/min Q/eV fer/min Q/eV fer/min Q/eV fer/min Q/eV
145 5 3 2 1
6 140 10 2.6 6 3.6 5 2.3 2 2.3
135 30 14 10 5
145 5 3 3 1.5
12 140 8 22 7.5 3.2 6 2 3 2.0
135 19 20 11 6
145 20 5 1 0.2
20 140 60 4 30 4.2 3 3 1 1.8
135 240 90 6 2
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where 0Q describes other possible mechanisms of
memorization anchoring (e.g. steric interactions) and

onl(U9 V) = onl(U = 0) [1 +f(U9 V)],
the function f is always f> — 1.

When the external field weakens the electrical connections
described by Q,,(U = 0), then Q,,(U, v) becomes lower
than Q,,(U=0). In the extreme ‘reduction’ case
0poi(U,v) =0, ie. f = — 1, therefore

ch+51_ ch == onl(U: 0) == |AQ|max'

When the external field strengthens the electric
connections described by Q,,(U =0), then Q,,(U,v)
becomes larger than Q,,(U =0). Even in the extreme
‘positive’ case, however, the increase of @, cannot be
higher than Q,,;(U = 0) itself, i.e. f<1 and

Qe = 0" = 0, (U =0) = |AQ| -

Our main assumption is that the electrically determined
component @, of the erasure energy O™ does not
exceed the maximum experimentally measured deviation

|AQ|max> ie.
onl < |AQ|max'

Practically, we have (see the figure and table 2):
(1) for cells of thickness d#20um: |AQ|...=1¢€V,
O =22+26¢eV; for cells of thickness d=20pm:
|AQ|max = 2.2V, O™ =4¢eV. Therefore we propose the
following phenomenological estimation: the electrical
contribution Q.. in O™ does not correspond to more
than half of the erasure activation energy Q%= 0, i.e.

onl < Q/2

Up to now we do not develop a full end exact model of
the SME; we suppose that such an estimation is accept-

5.0+
4.5
4.0 "
3.5
3.0 N
25 I "
204 |

1.5
1.0
0.5

0.0 T T — T T T
0 50 100 150 200 250

d /um

Q/eV

Figure. Erasure activation energy (Q™) dependence on cell
thickness for the purely thermal erasure process. Cell:
OOBA, ITO-rubbed.

able, at least to give an idea about the order of magnitude
of Q,, by separating it in this way from the other
components of Q.

Let us summarize the results for the purely thermal
erasure process:

Q = Qads + Qmech + onl + 6Q
onl ~ Q/2
0.4:~ 0.8 eV (typically, see e.g. [7]).

Therefore we find another estimation:

Qmech + 6Q ~ Q/2 - Qads'

In our case: (i) for cells of thickness d# 20um,
Omeen T 00~ 0.5¢V; (ii) for cells of thickness d = 20 pm,
Omecn T 00~ 1.2eV. Therefore we can reach another
important conclusion:

Qmech < onl .

For some parameters of the electric field and E_LE,
the dependence from the figure disappeared, i.e. the
external electric field depressed the thickness variation
of Q (table 2), meaning a variation of the ratio g,/q
where ¢, and ¢, are the surface and bulk free charges,
respectively, thus eliminating the electric part W, of the
surface effective energy W= W, + W, in the case of
conducting substrates, as a result of electrical double
layer depression. In such a way we confirmed our
assumption in [8] that in the surface memorization
mechanism, the role of selective ion adsorption and the
creation by it of a double electric charge layer is
significant.

We have also observed that the mean single local
monodomain diameter decreases when the cell thickness
decreases. This fact obviously correlates with the decrease
of the erasure activation energy and of the SME strength
below 20 um. The cell thickness of approximately 20 um
is critical in this sense. So the dependence in the figure
presented here for the memorization strength seems to
be very general for the surface phenomena at the inter-
face between dimerized nematics and solid substrates. A
similar dependence was found for the scalar order para-
meter and anchoring energy thickness dependence [21]
for dimerized nematics, as well as for the dependence
of the selective ion density on the cell thickness for the
classical nematics presented by Barbero et al. [22].

4. Conclusions
An electrical control of the surface memorization of
the oriented smectic C texture in the temperature range
of dimerized nematics with short range smectic C order
(4-n-alkyloxybenzoic acids) is presented. It is demon-
strated that by suitable choice of the electric field para-
meters and surface conditions it is possible to separate
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the thermal and the electrical components of the erasure
activation energy. The significant role of the electrical
double charge layer in the mechanism of surface
memorization is verified. By the electrical control of
the memorization we have confirmed selective ion
adsorption and the electrical part of the modified
Rapini—-Papoular anchoring energy in the effective
surface energy.

This study was supported by Grant No. ERBIC 15
CT 960744 from the COPERNICUS Program and
Grant No. 582 from the Ministry of Education, Science
and Technology of Bulgaria.

References

[1] JeroME, B., 1991, Rep. Prog. Phys., 54, 391.

[2] BERREMAN, D., 1972, Phys. Rev. Lett., 28, 1683.

[3] DuBors, J. C., GAZARD, M., and ZANN, A., 1981, J. appl.
Phys., 47, 1270.

[4] MaDpAa, H., 1981, J. chem. Phys., 75, 372.

[5] DE GenNEs, P. G., 1970, C.R. Acad. Sci. Paris, 270B, 319.

[6] MaDpA, H., 1979, Mol. Cryst. lig. Cryst., 53, 127.

[7] PETrROV, M., and TsoNEv, L., 1996, Lig. Cryst., 21, 543.

[8] TsonNEv, L., PETROV, M., and BARBERO, G., 1998, Lig.
Cryst., 24, 853.
[9] FrIEDEL, G., 1922, Ann. Phys. (Paris), 18, 273.

[10] CLARK, N. A., 1985, Phys. Rev. Lett., 55, 292.

[11] OucHy, Y., FELLER, M. B., Mosgs, T., and SHEN, Y. R.,
1992, Phys. Rev. Lett., 68, 3040.

[12] MyrvoLp, B., 1995, Lig. Cryst., 18, 287.

[13] Yokovyama, H., KopayasHi, S., and Kamel, H., 1984,
J. appl. Phys., 56, 2645.

[14] BarBeErO, G., and DurAND, G., 1990, J. appl. Phys.,
67, 2678.

[15] RapiNg A., and PAPOULAR, M., 1969, J. Phys. (Paris),
Collog., 30, C4-54.

[16] PeETROV, M., BrAsLau, A., LEvELUT, A. M., and
DuranD, G., 1992, J. Phys. 11, Fr., 2, 1159.

[17] DuBois-VIOLETTE, E., DE GENNES, P. G., and PAroDI, O.,
1971, J. Physique, 32, 305.

[18] LEeLEDIS, 1., NoBiLl, M., and DurRAND, G., 1993, Phys.
Rev. E, 48, 3818.

[19] PeTROV, M., and DuUrAND, G., 1996, J. Phys. II, Fr.,
6, 1259.

[20] Smmova, P., and PeTROV, M., 1981, J. Phys. D: appl.
Phys., 14, 1.

[21] PetrROV, M., ANTONOVA, K., BARBERO, G., RATAICZAK, H.,
and BARAN, J., J. mol. Struct. (in the press).

[227] BaARBERO, G., ZVEZDIN, A. P., and EVANGELISTA, L. R.,
1998, in Proceedings of the 17th ILCC, Strasbourg
0-34, D3.



