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The reorientation process of an HAN cell submitted to electric fields is studied both 
theoretically and experimentally. To isolate the flexoelectric effect from the dielectric 
one, the experiments are made under d.c. and a x .  excitations. Preliminary results on 
6 pm thick MBBA have been reported. In this paper we investigate the influence of 
the thickness in the range between 3 and 15 pm for MBBA. The theoretical model 
includes into the free energy the flexoelectric term in the hypothesis that the true inner 
electric field is due to the effective conduction anisotropy. In such a way we derive 
simultaneously from the experiments the surface anchoring energy and the sum of the 
flexoelectric coefficients; the found values are in good agreement with those derived 
by other groups with different techniques. 

Keywords: flexoelectricity, hybrid cell, reorientation, anchoring energy, 
e Iecfrooptics, flexoelectric coefficients 

INTRODUCTION 

A hybrid aligned nematic (HAN) sample is obtained when the two 
glass surfaces of a cell are treated to induce, respectively, homeotropic 

tGNSM-CISM Unita di Cosenza Arcavacata di Rende, Cosenza-Italy. 
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308 B. VALENTI et al. 

and planar alignments. 1-3 We analyze the molecular reorientation of 
this cell submitted to an electric field applied parallel to the defor- 
mation plane and perpendicular to the glass boundaries; in this ge- 
ometry, under a.c. fields, there is no threshold for the appearance 
of the electro-optical effects1 

In a first paper4 we noticed that the main contribution to the mo- 
lecular reorientation of a HAN cell excited by a.c. voltages arises 
from the dielectric term in the free energy; to explain qualitatively 
the anomalous behavior evidenced in the d.c. case at low fields we 
took into account the flexoelectric characteristics of the examined 
cell. 

A successive investigation5 evidenced this last effect; the theoretical 
curve derived by including the flexoelectric term in the total free 
energy appeared to be in good agreement with the experimental 
behavior of a 6 pm cell of MBBA doped with a small amount of an 
electrochemical standard material. To justify the experimental results 
obtained with undoped MBBA we assumed a low voltage screening 
of the applied electric field due to the presence of ionic impurities in 
the material; this interpretation was in line with the idea of Madhu- 
sudana and Durand,6 who attributed to the screening by counterions 
the non linearity observed at low voltage in the electrically-controlled 
birefringence of a similar cell. 

In the present paper we report a systematic investigation of the 
influence of the cell thickness on the a x .  and d.c. electro-optical 
behavior of HAN cells of MBBA. To better clarify the role played 
at low voltages by both the flexoelectric and the screening effects we 
improve the experimental accuracy of our measurements and critically 
consider the effect of slight variations in some of the parameters 
involved, first of all the cell thickness. The theoretical model includes 
into the free energy the flexoelectric term, in the hyphotesis that the 
true inner electric field is due to the effective conduction ani~otropy.~ 

EXPERIMENTAL 

MBBA slabs of various thicknesses (ranged between 3 and 15 pm) 
have been sandwiched between two conductive glass surfaces coated 
respectively with ODs-E by Chisso Co. (homeotropic alignment) and 
a polymeric thin film of formvar (planar alignment), as previously 
d e s ~ r i b e d . ~ . ~ , ~  The experimental arrangement used is schematized in 
Figure 1. The cells have been analyzed between two crossed polar- 
hers, as in Refs. 4 and 5 ,  using a He-Ne laser as light source and a 
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FIGURE 1 Schematic representation of the experimental arrangement ( L :  He-Ne 
laser, P :  polarizer, A :  analyzer, LC: sample, P.T. :  phototransistor, G: saw tooth or 
a.c. generator) 

phototransistor of high sensitivity to detect the transmitted light in- 
tensity; the whole recordering system is fully automated. 

All the cells have been investigated using a 500 Hz a.c. sinewave 
(0-5 volts) and a d.c. power source (0-8 volts). The rate of increasing 
of the applied voltage has been maintained constant and not exceed- 
ing the value of 5 x lop3 Vlsec. As discussed in a previous paper,s 
on the basis of the characteristic times, we can consider that all the 
measurements are taken under thermodinamic equilibrium condi- 
tions. 

The role played by the flexoelectric effect has been investigated 
by comparing a x .  measurements with the d.c. behavior under positive 
and negative voltages. To verify the hypothesis of a screening effect 
by counterions we have examined at any thickness the behavior of 
undoped MBBA and of MBBA doped with a small amount (2 x 
M1- l) of ferrocene (bicyclopentadienyliron). 

Figures 2-6 show the experimental trends of the transmitted light 
intensity against the applied a.c. and d.c. voltage for mylar thicknesses 
of 3, 9 and 15 km in cells of undoped MBBA (Figures 2, 5 and 6) 
and for 4 and 6 km spaced cells of MBBA additioned with ferrocene 
(Figures 3 and 4). The transmitted light intensity is normalized as 
I* = (I-lmin)~(lmax-lmin), where I,,, and Imin are respectively the 
higher and the lower intensity value of the whole set of data (common 
for the a.c. and d.c. curves belonging to the same thickness). The 
shape of the d.c. curves appears to be strongly affected by the polarity 
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310 B.  VALENTI et al. 
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0 2 - 2  I 
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FIGURE 2 Intensity of the transmitted light under d.c. (solid curve) and a x .  (dotted 
line) voltages for an undoped MBBA cell of 3 km. 

of the applied field and by the thickness of the cell, but no appreciable 
difference seems to be evidenced by the comparison between doped 
and undoped cells. Responses under d.c. positive voltages (i.e. when 
the planar wall is connected to the plus of the generator) are very 
close to the a.c. ones, as shown on the right hand sides of Figures 

- 4  - 2  0 2 
v ,,volts 

FIGURE 3 MBBA doped with ferrocene, d = 4 km. 
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FLEXOELECTRICITY IN THE HAN CELL 311 

1 

1" 

0 

V,v0lts 

FIGURE 4 MBBA doped with ferrocene, d = 6 km. 

2-6; when the applied voltage is negative d.c. and a.c. curves differ 
mainly for thinner samples. The linear response region around zero 
voltage is strongly asymmetric and becomes shorter when the cell 
thickness is increased. From our measurements it is also evident that, 
by changing the rate of increasing of the applied voltage, the re- 
orientation process of the system is more rapid for thinner samples. 

v ,  volts 

FIGURE 5 Undoped MBBA, d = 9 pm. 
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312 B.  VALENTI et al. 

'1 

I * I  1 

0 '  
- 4  

---7Y-l 

- 2  0 2 4 
v, volts 

FIGURE 6 Undoped MBBA, d = 15 pm. 

THEORY AND DISCUSSION 

A detailed theoretical analysis have been reported in Ref. 5 .  In this 
paper we review briefly the hypotheses on which the treatment is 
based and the fundamental equations. 

1. The liquid crystal is assumed to be a conductor, with Debye 
screening length L,* much smaller than the sample thickness 
d ;  therefore the diffusion current is negligible in the medium. 

2. The electrodes are supposed to be ideal; hence the charge trans- 
fer from surface ions is instantaneous and uniform. 

3. The dissipation function of the steady problem is assumed to 
be given only by R = a,(+) E,E,, where + is the tilt angle 
between the director n and the z axis, url the conductivity tensor 
and El ,  El the electric field components. Then the viscous torque 
is dRld(d+ ld t )  = 0 and the problem is a static one. The only 
role of the dissipation is to fix the potential distribution through 
the a,(+) dependence. 

4. The tilt angles are supposed to be small; as a consequence terms 
in +4 are neglected. 

5. For sake of simplicity the splay and bend elastic constants are 
assumed to be equal kll  = k33 = k (one-constant approxima- 
tion) .9 

6. The anchoring energy W on the homeotropic wall is infinitely 
large (silane treatmentlo), but it is small on the planar boundary 
(formvar treatment). 
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FLEXOELECTRICITY IN THE HAN CELL 313 

The intensity of the transmitted light for normal incidence can 
be written in the form 

where Af is the optical path difference between the ordinary and the 
extraordinary ray. In the frame of the previous hypotheses Af can be 
evaluated as the sum of the contributions from thin layers of the 
crystals of thickness d z  

1 A1 = no [JOd ( I - R  sin2c$)-%z - d 

with R = 1 - (n0/n,)*.  

written as 
On the other hand, from hypotheses 1 and 3, the voltage can be 

In Eq. (3) 6 = ~ I T V ‘ ~ ,  where k is the elastic constant, E, = 
ell - el the dielectric anisotropy, w = 1 - (wL/wll) the relative con- 
ductivity anisotropy and p = j3/Bg. j 3  is the electric current density 
in the z direction and B can be determined by resolving the equation 
which gives the orientational deformations of the director profile with 
the boundary conditions characteristic of the HAN cell.5 

As we have shown in Ref. 5,  in the previous hypotheses, the ef- 
fective anchoring energy W* is found to be 

where W is the anchoring energy on the planar plate due only to the 
nematic-substrate interaction. The above mentioned relation (4) in- 
trinsically introduces an asimmetry in the light intensity response 
when positive and negative voltages are applied. In fact, if d > 0 for 
J3  > 0 (i.e. V > 0), W* is greater than W. Therefore the planar 
configuration on the wall is stabilized. Since E, < 0, the effect of the 
electric field on the medium favours the planar orientation. It follows 
that, in a.c. and d.c. current with V > 0, the trends are similar. On 
the other hand, if J3 < 0, W* results smaller than W and hence the 
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314 B.  VALENTI et al. 

anchoring energy decreases when the intensity of the electric field 
increases. In this region the electric effects on the surface and in the 
bulk are opposite. This fact implies that, in the case of MBBA, only 
for V < 0 the trends in a.c. and d.c. current must be considerably 
different. 

In Figure 7 we show the light intensity I *  against the voltage for 
three different values of the thickness d (3.2, 6.3 and 9.5 pm); these 
curves are obtained by numerical calculations. The values of the 
MBBA parameters involved are indicated in the figure caption. Fig- 
ure 8a refers to the I* vs. V plot in a 7.4 pm sample for two values 
of the ratio w l k ;  a 10% variation of w l k  gives rise to a 25% shift in 
the left hand side of the I curve and in the I* value at V = 0 and 
therefore appears to be easily detectable. Moreover, in Figure 8b, 
which refers again to a 7.4 pm cell, we plot I* vs. V for two values 
of Plk ( 2  = el, + e33 is the sum of the flexoelectric coefficients); a 
10% variation of e l k  results in a 8% additional displacement of the 
maximum position, which cannot be attributed to an inexact evalu- 
ation of w l k ,  because I* ( V  = 0) does not depend upon e l k .  We 
emphasize that, using this new method of analyzing the I curves vs. 
voltage, we can derive the values of the ratios Plk and w / k .  It must 
be noticed that only the left hand sides of the plots ( I  vs. negative 
voltages) are useful for the evaluation of the ratios elk and wlk since, 

-4 - 2  0 2 4 
V 

FIGURE 7 Calculated curves for 3.2, 6.3 and 9.5 pm cells of MBBA (E. = -0.7". 
uI1 = 6X10-"  (0 crn)-','* uI = 4x10-"  (n cm)-','* u = 0.32, A = 0.6328 pm, k 
= 7 x  lo-' dynes,13 R =  0.207,13 n, = 1.5713). 
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FLEXOELECTRICITY IN THE HAN CELL 315 

-4 - 2  0 2 4 
V 

FIGURE 8 Calculated curves for a 7.4 pm cell of MBBA. Shifts (dotted lines) are 
due to 10% variations of w / k  (Figure 8a) and i lk  (Figure 8b). 

as already m e n t i ~ n e d , ~  the effective anchoring energy is lowered and 
the small tilt angle approximation is mainly valid only in this region. 

A method described by some of the authors in Ref. 14 permits to 
measure the Frank elastic constants by light scattering differential- 
cross-section measurements, with an error which ranges from 2% up 
to 5%. Of course, if the elastic constant k is preventively determined 
with this last procedure,I4 the method presented here allows us to 
evaluate d and w with an indetermination of about 20% which is, in 
this kind of measurements, an upper limit. 

Finally, in Figures 9-13 we report a series of fits I* vs. V which 
describe the pattern of interference fringes for the five samples of 
figures 2-6. The full lines, derived by using Eqs. 1 and 2 for the 
intensity and by numerically integrating Eq. 3 to obtain the voltage, 
are the best fits of the experimental points (also indicated in the 
figures). Let us underline that the free parameters of the fits are in 
principle the following: dlk,  wlk and the thickness d ,  with the physical 
constrain coming from the fact that the parameters dlk and wlk must 
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316 B. VALENTI er al. 

- 2  0 2 4 -4 
V 

FIGURE 9 Fit of the d.c. results of Figure 2 normalized as I' between the maximum 
and the minimum intensity values of the first oscillation in d.c., around zero voltage. 
Extimated thickness 3.6 pm. 

be the same at any sample thickness. On the other hand the real 
sample thickness cannot be known with an accuracy better than 10- 
15%, because of the initial uncertainty on the mylar sheet thickness, 
its mechanical properties (see also Ref. 15) and finally the sample 
preparation (capillarity effect and so on). 

-4 - 2  0 2 4 
V 

FIGURE 10 Fit of the d.c. results of Figure 3. Extimated thickness 4.2 pm 
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FLEXOELECTRICITY IN THE HAN CELL 317 

V 

FIGURE 11 Fit of the d.c. results of Figure 4. Extimated thickness 6.1 km. 

Therefore we choose elk and wlk in such a way that they can fit 
simultaneously all the experimental curves and vary slightly d in  order 
to find the “real” sample thicknesses. The evaluated values of the 
ratios wl k and 21 k are: 

wlk = (0.83 ? 0.17) x lo4 cm-l 

d k  = - (0.75 ? 0.15) x lo3 dyne~O.~ cm-* 

-4  - 2  0 2 4 
V 

FIGURE 12 Fit of the d.c. results of Figure 5. Extimated thickness 10.3 p,m 
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318 B. VALENTI et al. 

I’ 

V 
FIGURE 13 Fit of the d.c. results of Figure 6. Extimated thickness 15.8 Pm. 

The extimated “real” thicknesses of the cells are indicated in the 
figure captions. 

The last point we have to discuss relates to the apparent disagree- 
ment between some results of Ref. 5 and some of those reported in 
this paper, as far as the comparison between doped and undoped 
MBBA samples is concerned. In effect we do not observe a systematic 
difference in the behavior of several doped and undoped HAN cells 
of the same thickness. This fact probably happens because commercial 
MBBA always contains impurities arising from degradation which 
mask ferrocene effects. After a critical reexamination of all our data, 
we think that the following points must be taken into account: i) the 
improved accuracy of the measurements (higher sensitivity of the 
detector and observation of a reduced area due to the use of a laser 
beam) allows us to reveal very small variations of the transmitted 
intensity; ii) the use of a more adequate normalization criterion results 
in a better understanding of the experimental behaviors. In Ref. 5 
normalized I* values have been derived by assuming for I,,, and Imin 
the highest and the lowest I data determined in the measurement 
range. However in Figures 9-13 we show that the better comparison 
between calculated and experimental curves is attained by normal- 
izing the latter between the maximum and the minimum of the first 
oscillation, around zero voltage; iii) in the previous papers we con- 
sidered the spacer thickness as the true thickness of the cells. Now 
we have shown that, in the actual accuracy, the thickness must be 
kept as a slightly adjustable parameter. On the basis of these com- 
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FLEXOELECTRICITY IN THE HAN CELL 319 

ments, when the exact normalization is adopted, it seems reasonable 
to evaluate first if small differences between experimental curves can 
be attributed to an inexact extimation of the cell thickness, before to 
take into account other effects. To check the role played by small 
amounts of ferrocene on the electrochemical behavior of MBBA we 
have probably to examine samples of the liquid crystal containing 
smaller amounts of impurities. In our case measurements of relative 
conductivity appear to be practically the same for doped and undoped 
MBBA. 

CONCLUSIONS 

We have measured the intensity of the transmitted light through 
hybrid ceIls of MBBA of different thickness when an electric field is 
applied. 

A rather new numerical analysis of the experimental results allows 
us to evaluate simultaneously the ratios w / k  and dlk. 

By evaluating the elastic constant from literature data, we calculate 
the absolute values of the anchoring energy (w = (5.8 t 0.9) 
x erg/cm2) and of the flexoelectric coefficient (2 = -(4.5 + 
0.7) x lop4 dyne~O-~). These results, whose order of magnitude is in 
agreement with that determined by other groups with different 
techniquesl6-l8 ( d  = -7 x dynes), are derived with a good 
accuracy. 

Our method can be extended to various liquid crystals. This last 
aspect is important since e is generally unknown. 2 can give infor- 
mations on the surface polarization of different materials. Checks of 
the model for several liquid crystals with different dielectric aniso- 
tropies are in progress, as well as the dynamical aspects of the reo- 
rientation. 
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