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Elastic Deformations and 
Electro h yd rodynam ic I nsta bi I ities 
in Large Pitch Cholesteric Liquid 
Crystals under an Electric Field? 
M. L. SARTIRANA, B. VALENTI and R. BARTOLINO' 
lstituto di Chimica Industride, Universita di Genova, Genova (ltalia), 
*Dipartimento di Fisica, Universitd dell8 Calabria, Cosenza (ltalia) 

(Received February 18, 1983) 

We report experimental observations on large pitch cholesteric liquid crystals in the planar 
geometry submitted to DC or low frequency AC fields applied along the helical axis. An 
electric field can cause orientation of the molecules in the field direction (tilting of the helical 
axis leading to a fingerprint texture and unwinding of the cholesteric spiral) or disruption of 
the orientation due to the hydrodynamic effect of current caniers (periodic two-dimensional 
deformations). The behavior of the samples depends upon the sign and the absolute value of 
the dielectric anisotropy E.. We have investigated a wide range of systems by using nematic 
matrices with E. between -4 and +33 doped with small amounts of cholesteryl chloride 
(E. > 0) and cholesteryl benzoate (E. < 0). 

Instabilities are observed in negative E, mixtures; depending upon the frequency, two 
regimes can be found, as in nematics. The behavior above threshold depends largely on the 
magnitude of the negative anisotropy. In the case of a small positive E., domain instabilities 
and elastic deformations occur. The nature and the amount of the cholesteric dopant affect the 
threshold for the square grid deformation. The response of mixtures with strong E. involves 
processes in which the orientation of the molecules by the field is the principal effect. Upon 
increasing the voltage, the instabilities of the nematic phase in the homeotropic geometry 
appear in the form of a conduction and a dielectric regime of splay. The Frank elastic constants 
are derived from the threshold field of the different deformations. 

'Resented at the Ninth lntemational Liquid Crystal Conference, Bangalore, Decem- 
ber 6-10, 1982. 
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INTRODUCTION 

M. L. SARTIRANA, B. VALENTI and R. BARTOLINO 

The behavior of cholesteric liquid crystals in an electric field is generally 
far less well explained than that for nematics. Some basic effects have been 
elucidated, but although intensive investigations have been devoted to this 
topic in the last decade,' many questions remain unanswered because of the 
rather complex nature of the phenomena. Technological applications of 
cholesteric electro-optical effects have not as yet been extensively realized; 
this is because of the reasons just described and the difficulty in obtaining 
samples that are uniformly oriented (single crystals). Reports on the electric 
conductivity are still incomplete at present, but some results indicate that 
ionic transport may be the dominant conduction mechanism in the choles- 
teric phase of cholesteryl esters.' A number of investigations of the di- 
electric properties of cholesterics are reported in the literature,' but their 
interpretation is often difficult because of the confusing influence of the 
texture. It should be realized that e, = 41 - cl is positive for cholesteryl 
halides and negative for cholesteryl esters3 (q and E~ are the dielectric 
constants measured respectively parallel and perpendicular to the molecular 
axis). 

An analogy with the behavior of nematics may provide some useful 
means for interpreting the electro-optical effects of cholesterics. The main 
results can be summarized as follows: 

0 In the case of negative e, the cholesteric sample minimizes its energy 
by aligning the helical axis with the field. This effect can be observed in 
A.C. by doping MBBA with cholesterol esters;4 beyond a certain fre- 
quency, the convective instabilities are eliminated and a well ordered planar 
texture is obtained. Instabilities have also been studied under AC fields; 
depending on the frequency, two regimes can be found, as in the case of 
negative nematics in a planar  texture.'^^ 

0 Cholesteric samples with positive ea tend to adjust the helical axis 
normal to the applied field. Experimentally, a cholesteric liquid crystal in 
the planar texture goes to the focal-conic texture because of a 90" rotation 
of the helical axis.7 As the field strength approaches a critical value &, 
the pitch increases logarithmically; for E > & the helix is destroyed 
completely and the structure becomes nemati~.~.~ In the original experi- 
ments on cholesterol derivatives, the pitch was small, the threshold voltage 
high, and the spatial periodicity too small for direct optical observation. 
The phenomena can be studied more accurateiy in the case of nematic/ 
cholesteric mixtures where the pitch is large. 

Another possible mechanism must be considered for the disappearance 
of the helical structure in an electric field: the expansion of the helix due 
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ELE&TRIC FIELD EFFECI'S IN CHOLESTERICS 323 

to a conical deformation." In this case, the field acts parallel to the helical 
axis and the helix is extinguished by a reduction of the angle between its 
axis and that of the molecules (the cholesteric pseudo-layers intersect each 
other). However, numerous cholesterics do not undergo such a trans- 
formation; prerequisites for this process are a positive E, and the relation 
Kz2 > K33 between the elastic constants for twisting and bending. 

Recently Bartolino, et af. , I '  have carried out coupled capacitance and 
optical measurements showing that in the same sample of a small pitch 
cholesteric, different deformations occur at different values of a DC electric 
field applied parallel to the helical axis. They found a definite hierarchy for 
the onset of different deformations in the case of a sample thickness much 
larger than the cholesteric pitch. 

The aim of this work is the investigation of the orientation effects and of 
the electric field-induced instabilities in cholesteric liquid crystals of differ- 
ent E,. To increase the size of the distortions and decrease the threshold 
voltages we investigated nematicicholesteric mixtures of large pitch pre- 
pared by doping nematic liquid crystals with small amounts of cholesteryl 
chloride CC ( E ,  > 0) and cholesteryl benzoate CB (E ,  < 0). The cases of 
both negative and positive dielectric anisotropy were investigated, since the 
experiments were carried out with negative and positive nematics. Most of 
the results agree satisfactorily with theoretical predictions and experimental 
reports, and allow a determination of some elastic constants of pure nemat- 
ics. The most interesting situation appears to be the limiting one E, = 0. 

EXPERIMENTAL 

The nematic phases studied are schematically indicated in Table I and are 
the same as those investigated in previous work concerning the effect of 
dielectric anisotropy on the behavior of nematic liquid crystals in an electric 
field.'* The CC sample was obtained from FLUKA AG and the CB sample 
from Riedel de Haen AG. 

Nematicicholesteric mixtures of different compositions were prepared by 
weighing the two components in a glass tube and heating in an oven up to 
the clearing point. 

The compositions, pitches and handedness of the mixtures are reported 
in Table I. The pitches were derived using the Grandjean-Can0 wedge 
technique from the positions of the discontinuity  line^,^.'^'^ observed with 
a polarizing microscope (Reichert-Zetopan). The accuracy is not better than 
10%. The handedness of the helices was obtained by observing the dis- 
placement of the extinction rings, connected with the variation of the 
rotatory power with thickness, induced by rotation of the analyzer." 
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324 M. L. SARI”A, B. VALENTI and R. BARTOLINO 

Table 1 

NematidCholesteric Mixtures 
~ ~ ~~ ~~ 

Constant 
Nematic Phase CC, w/w% CB, w/w% Pitch, Mrn (P - c) Handedness 

S 1014 
(E. = -4.0)’ 

MBBA 
(E ,  = -0.62,224 

“1052 
(E. = +0.1,204 

PEBAB 
(E. = +15.5,1254 

S1016 
(E. = +33.0)’ 

1 
3.8 

1 
2 
4 
8 

1 
2 
5 

10 

1 
10 

1.5 
3.1 

1 
2 

10 

1 
2 
6 

10 

4 
10 
2.9 
4 

13.5 
3.5 
6.5 
3 

21 .o 
12.5 
6.0* 
3 .O* 

24.0 
13.5 

22.0 
12.5 

2 9  

5.7** 
4.3** 

14.0 
9.0 
3.0* 
I S *  

100 
10 
10 
4 

24 
17 

0.133 f 0.001 

0.049 f 0.001 

0.23 f 0.02 

0.25 e 0.02 

0.235 f 0.015 

- 
- 

0.16 f 0.02 

1 

0.4 

0.688 f 0.08 

right 
right 
right 
right 
left 
left 

left 
left 

left 
left 

left 
left 

*Values calculated from P - c = constant 
**These values are larger than predicted by the simple equation P * c = constant, probably 

‘Values extrapolated from results obtained with mom temperahm solutions in an eutectic 
due to a saturation effect at higher concentrations of the cholesteric dopant. 

mixture of azoxy compounds. 

CC and CB bestow a different twist upon nematic phases. When a small 
concentration of an optically active dopant is dissolved in a nematic, the 
resulting pitch can be defined’ as 

P = l/C& 

where C, is the weight concentration and PI the macroscopic twisting 
power of the Pure CC is right-handed (PI = +2.96), while pure 
cholesteryl esters are left-handed (PI C 0). Applying Eq. 1 to our systems, 
we obtain pitch values which generally differ from the data in Table I. In 
addition, therefore, a significant effect of the achiral molecules of the 
nematic host must be considered. 
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ELECTRIC FIELD EFFECTS IN CHOLESTERICS 325 

Pitch vs composition can be calculated quite accurately if it is assumed 
that the nematic is passive. Some cholesteric mixtures show a linearly 
additive effect of the helical twisting power or inverse pitch of the two 
components on a weight basis.” However, many systems composed of 
cholesteric and nematic compounds do not obey such a linear law. These 
systems can be treated by including first order interaction terms. 
MBBA/CC mixtures are consistent with this model.M22 Thus it is also 
necessary to ascribe a “helical twisting power” to the achiral nematic.23 

An electro-optical cell consisting of two parallel coated plates held apart 
by insulating mica spacers of thickness L was used to study electrical 
realignment. The liquid crystals were introduced by capillarity between the 
rubbed electrodes and the electric field was directed normal to the layers 
which exhibited the planar texture with oily streaks. The cells were placed 
between crossed polarizers (the microscope was equipped with a Mettler 
FP-52 electrically heated hot-stage) and submitted to DC and low 
frequency AC fields, as described elsewhere.’’ Care was taken to avoid 
geometries with P / L  3 1. 

RESULTS AND DISCUSSION 

(a) Negative dielectric anisotropy. 

In the case of nematic/cholesteric mixtures of negative E, a good planar 
cholesteric texture can be obtained using preliminary rubbing of the elec- 
trodes followed by dielectric alignment at high frequency and voltage. An 
electric field applied parallel to the helical axis causes, below a critical 
frequency w, (conduction regime), a periodic bending of the cholesteric 
planes. Above the threshold, the undulations build up a square grid pattern 
(undulation of the layers along two orthogonal directions). Beyond the 
cut-off frequency, in the dielectric regime, the distortions which take place 
at threshold are time-dependent; we observe domain instabilities in the 
form of a square grid of focal units having a shorter period (in a few pm 
range) than in the frequency region below w,. These effects are observed 
both with small and large negative dielectric anisotropy (doped MBBA and 
S1014). The analogy with the behavior of undoped nematics is striking. 

As a small negative E, cholesteric, we chose doped MBBA and report 
just a few data to compare with those which are described in the literat~re;’.~ 
our results agree quite well with such reports. Figure 1 refers to the room 
temperature frequency dependence of the threshold fields for two mixtures 
where the same amount of CC is dissolved in two MBBA samples differing 
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M. L. SARTIRANA, B. VALENTI and R. BARTOLINO 

8 

6 

4 

2 

1 10 100 

Frequency, Hz 
FIGURE 1 Frequency dependence of the threshold fields for MBBA/2% CC mixtures; 
c w e  8: fresh sample, curve b sample of increased conductivity due to ageing (room tem- 
perature, L = 20 p ~ ) .  0 0 square grid pattern, 0 H polygonal texture, 8 dielectric regime. 

in ageing (curve a: fresh sample, curve b: sample of increased conductivity 
due to ageing). Microscopic observations at threshold on a mixture of 
MBBA/CC are shown in Figure 2. The low frequency mode, correspond- 
ing to the static square grid, is replaced by the tilted polygonal texture 
nucleated from the centers of the squares% as the field is raised to about 
double the threshold. This resulting state is metastable and relaxes slowly 
to the planar texture if the field is switched off. However, it is possible to 
accelerate the recovery of the planar texture by applying a signal of fre- 
quency in the range of the dielectric regime. At higher voltages, turbulence 
sets in and the system reaches the dynamic scattering mode. On turning off 
the field, the liquid crystal relaxes to the polygonal texture. 

The theory of the square grid deformation was proposed by Helfiichu*26 
and subsequently elaborated by Hurault,” who discussed the threshold 
condition in a cholesteric planar texture of pitch Po and thickness L under 
AC fields. The frequency dependence of the threshold field is quite similar 
to the one predicted for nematics28*29 and is given by 

In Eq. 2, w is the frequency of the applied field, K22 and K33 the Frank 
elastic constants for twist and bend,  the space charge dielectric relaxation 
time related to the critical frequency w, for the observation of the conduc- 
tion regime, 
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ELECTRIC FIELD EFFECTS IN CHOLESTERICS 321 

(b  1 
FIGURE 2 Microscopic observations at threshold on a mixture MBBA/2% CC. 
(a) conduction regime (b) dielectric regime (room temperature, L = 20 pm). Magnifi- 
cation 175 X . 
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328 M.L. SARTIRANA, 8. VALENTI and R. BARTOLlNO 

I 500 1 

2 4 6 
L I  Po 

FIGURE 3 Conduction regime: square. of the threshold voltage vs LIP.  (open points: 
MBBAICC mixtures, full points: MBBA/CB mixtures). 0 m fresh samples, 0 0 aged 
samples. 

and 3 is a positive dimensionless coefficient given by 

6 = 1 -  (4) + Ul El1 - E l  

(ql and ul are the conductivities parallel and perpendicular to the local 
director axis). At threshold, the distortion is nucleated with a wavelength 
A given by 

Estimating pure MBBA-like values for ql/al, EII and eli2 we obtain from 
Eq. 4 6 = 4.25. If we consider cut-off frequenciesf, = wC/27r of 20 and 
100 Hz for fresh and aged samples respectively, we find dielectric relax- 
ation times 7 of the order of 14 and 3 msec. From the slope of the plots V i  
vs LIPo (Figure 3) and from the periodicity of the distortion (MBBA/ 
2% CC, MBBA/2% CB) we obtain for fresh and aged samples respec- 
tively: KU * KS3 = 1.99 X lo-’* and 1.07 X dynes’, K3,/KU = 6.2 
and 8.1. The elastic constants of twist and bend can be evaluated to be of 
the order: KU = 5.6 X lo-’ dynes, K33 = 3.5 X dynes (fresh sam- 
ples); KZ2 = 3.6 X lo-’ dynes, K33 = 3.0 X dynes (aged samples). 
The twist modulus appears to be qualitatively in agreement with other data 
on MBBA reported in the the bend modulus is satisfactorily 
comparable with the value derived from the Carr-Helfrich instability in the 
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ELECTRIC FLELD EFFECTS IN CHOLESTERICS 329 

pure nematic. The smaller value of KZz derived with aged samples can be 
justified on the basis of a renormalization of the modulus of isothermal 
compressibility due to the presence of impurities in the liquid crystal.” 

In the dielectric regime there is a field threshold that varies with the 
excitation frequency as shown in Figure 1; according to Amould-Netillard 
and Rondelez5 we observe periodic and bidimensional patterns of different 
geometries (square or hexagonal symmetry). In Figure 4, the square of the 
threshold voltage for the appearance of dielectric instabilities in 
MBBA/CC mixtures is plotted as a function of frequency for different 
pitches. V h  appears to be more pitch-dependent than previously reported.’ 
No detailed investigation of the distortion wavelength of the dielectric 
instability was carried out; qualitatively, A appears to increase weakly with 
frequency (aged samples, ff = 100 Hz). 

The frequency dependence of the threshold voltages for doped S 1014 is 
reported in Figure 5a. In this case (large negative EJ, the square grid pattern 
of the conduction regime (threshold V,) is not followed by space charge 
induced turbulence, but by the restoring of a new planar texture. The square 
grid pattern changes as the voltage is raised above the threshold tending to 
a polygonal cholesteric texture; however, under still increasing fields, this 
perturbed structure gradually changes to a new, incomplete planar texture 
with disclination threads. Assuming for the physical parameters E I ~ ,  E ~ ,  E, 

and q/a, the valuesI2 of undoped S1014 and applying Hurault’s 
approach” to the threshold voltages for the square grid perturbation of 
different mixtures (Figure 6), we derive K,, - K33 = 1.3 f 0.5 X lo-’’ 

. s 3  
‘9 

’- 2 

x 
(v 

CL 
(v0 > 

1 

50 150 250 
Frequency, Hz 

FIGURE 4. Dielectric regime: square of the threshold voltage vs frequency (MBBA/CC 
mixtures, sample thickness 25 pn). 
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330 M. L. SARTIRANA, B. VALENTI and R. BARTOLINO 

150 - 

Frcqucncy,Hz 

FIGURE 5 Frequency dependence of the threshold voltages for Sl014/1.5% CB (40°C, 
sample thickness 50 prn). (a) conduction and dielectric modes in a normal sample: 0 VH 
-hold of the square grid pattern, A VR restoring of a new planar texture, Vo threshold 
of the dielectric regime; (b) conduction regime in a sample of increased conductivity due 
to ionic additives: 0 VH threshold of the square grid pattern, A VR restoring of a new 
planar texture. 

L /  Po 
FIGURE 6 Conduction regime: square of the threshold voltage VH vs L / P o  (open points 
SIOI4/CC mixtures, full points SIOI4/CB mixtures). D
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ELECTRIC FIELD EFFECTS IN CHOLESTERICS 331 

dynes’. K33  can be deduced from the Helfrich deformation of the 
pure nematic (6.5 & 1 X dynesI2); thus we find KZ2 = 2.0 f 
0.5 X lO-’dynes. 

Considering the AC field-induced distortion in cholesteric liquid 
crystals of large negative dielectric anisotropy, De Z w d 2  observed sev- 
eral times in succession at higher voltages the formation of a new planar 
texture in which the original number of helices across the layer was in- 
creased by one. 

We are unable to observe successively induced planar regions in our 
mixtures. The behavior of doped S1014 appears to be very like that 
reported for pure S1014.’2 Under DC excitation, we reveal a threshold for 
the onset of the square grid deformation VH, a threshold for the restoring of 
a new planar texture V, and, in some regions of the samples, a zero- 
frequency dielectric threshold V, very close to the first threshold VH (VD 
(o = 0) must be unobservable since it lies within the instability region of 
the conduction mode). Increasing the conductivity of the sample with ionic 
additives (Figure 5b), the conduction regime moves outward in frequency 
and the total threshold curve becomes strongly s-shaped, due to the cross- 
over of the two instability modes. 

(bl Small positive dielectric anisotropy. 

The two-dimensional periodic pattern of the conduction regime, which can 
be observed both with negative and small positive is not,6 in the case of 
nematickholesteric mixtures of weakly positive dielectric anisotropy , con- 
fined in a region of the field-frequency plane below a critical pulsation w,, 
but appears in the whole range of frequency investigated (&lo4 Hz). As 
expected, the threshold voltage VH increases with frequency and reaches a 
saturation value for OT S 1. The behavior of a mixture NP1052/ 1% CC is 
displayed in Figure 7. Upon increasing the voltage above VH at a threshold 
V, the helical axis is turned from the original position parallel to the field 
and the grid pattern deformation is replaced by the irregular polygonal 
texture with orientations of the helical axis varying from place to place; this 
configuration gradually reverts to a planar cholesteric texture with oily 
streaks if the field is switched off. Now the cholesteric-pseudolayers are 
mainly in oblique positions with respect to the electrodes and to the applied 
field; at higher voltages the angle between the field direction and the helical D
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332 M. L. S A R W A ,  B. VALENTI and R. BARTOLINO 

20 ~ 

m 102 lo3 
Frrqurncy, Hz 

FIGURE 7 Frequency dependence of the threshold voltages for NP1052/1% CC (room 
temperature, sample thickness 30 pm). VH threshold of the square grid pattern, Vp threshold 
of the polygonal texture, V, cholesteric to nematic transition, VBw threshold for the onset of 
butterfly wing-like instabilities. 

axis increases. At the same time, since E, is positive, the helix is gradually 
unwound by increasing the pitch until, at the critical voltage V,, the helix 
has vanished leading to a homeotropic nematic phase. Increasing the volt- 
age above V,, when we reach a critical threshold Vew, a distortion of the 
homeotropic alignment occurs in the form of localized conduction in- 
stabilities, looking like butterfly wings or coffee beans, as previously 
described." When the field is turned off, the isotropic-like nematic texture 
reverts to the cholesteric polygonal texture. 

< 0, the 
threshold EH for the nucleation of a static Helfrich distortion can be written 
in the form 

According to Hurault's approach,n similarly to the case 

Provided that w is sufficiently large, we can assume that EH is practically 
independent of frequency and given by D
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ELECTRIC FIELD EFFECTS IN CHOLESTERlCS 333 

The dimensionless coefficient 5 and the wavelength of the distortion are 
always given by Eq. 4 and 5 .  

The frequency dependences of VH for mixtures NP1052/CB and 
NP1052/CC of different ratios LIP, (pitches from 22.0 to 1.5 pm) are 
reported respectively in Figures 8 and 9; the plots (o+ m) vs LIPo 
are inserted. In the case of CB mixtures, increases linearly with L/Po ,  
as predicted by Eq. 7; however, if we consider the mixture with 10%CB 
(LIP, = 20, Po = 1.5 pm) the plateau expected from a linear extrapo- 
lation of v', (= 123 Vrms) is not experimentally observed and VH increases 
with frequency, resembling the behavior of a mixture of negative E,. We 
could suppose that at high concentration of CB in the nematic NP1052, E, 

changes sign; this observation might be reasonable as long as a cholesteric 
dopant with E, C 0 is dissolved in a nematic matrix with E, close to zero. 

The behavior of NP1052/CC mixtures is quite different; VH (o + a)' 
increases with LIP, for large values of the cholesteric pitch (1-2% CC), but 
decreases abruptly when the pitch becomes smaller (510% CC). In 
Figure 10, the squares of the threshold voltages VH (w + 00) are normalized 
to the sample thickness and plotted as a function of the inverse of the natural 
pitch Po. For CB mixtures, G/L is found proportional to P i ' ;  the slope of 
this plot is related to the product K2* * K33 of the elastic constants for twist 

I - t nematic 

1 

10 102 lo3 
Frequency, Hz 

FIGURE 8 Frequency dependence of VH for mixtures NP1052/CB with different ratios 
L I P ,  (natural pitches of 14, 9, 3 and 1.5 pm). The plot V i  (o - m) vs L / P o  is inserted. 
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334 M.L. SARTIRANA, B. VALENTI and R. BARTOLINO 

10 102 
Frcqurncy,Hz 

FIGURE 9 Frequency dependence of Vn for mixtures NP1052/CC with different ratios 
LIP.  (natural pitches of 22, 12.5 and 4.3 pm). The plot v', (m+ m) vs L / f o  is inserted. 

and bend deformations. Assuming pure NP1052-like values for ea, el and 
ell'' at low concentrations of the cholesteric dopant, we obtain 
KZz K33 = 1.89 X lo-'' dynes.' On the contrary, in the case of CC mix- 
tures, the product Kzz * K33 appears to be strongly pitch dependent. From 
the wavelength of the deformation at threshold, we can derive the ratio of 
the two elastic constants. Combining these data with the results for the 
product Ku K33 we determine Kz and K33 for different mixtures. The 
calculated values are reported in Table II. K33 is in relatively good agree- 
ment with the value" derived h m  the Helfrich threshold of undoped 
NP1052 (3.9 k 1 X dynes); the twist modulus Ku varies with the 
cholesteric dopant and for CC mixtures decreases strongly, decreasing 
the cholesteric pitch of the sample. 

When the applied field is raised to the threshold V, (see Figure 7), the 
cholesteric arrangement of CC and CB mixtures corresponds to the tilted 
polygonal texture; in mixtures of small natural pitch (Po < 5 pm), V, 
indicates a helical axis rotation to a focal conic state. At threshold, the 
neighboring domains are not well defmed; under increasing fields, dis- 
location lines are visible which separate regions of different orientation of 
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250 - 

200 - 

I 

0.1 0.2 0.3 0.4 

FIGURE 10 Square of the threshold voltage VH normalized to the sample thickness vs 
reciprocal pitch (0 NP1052/CB mixtures, 0 NP1052/CC mixtures). 

Table I1 

Determination of the twist and bend elastic modules from the threshold voltage 
and the wavelength of the square grid deformation (doped NP1052) 

Cholesteric K 2 2  * K33 X loi2, K22 X lo', K 3 3  X lo6, 
dopant Po, pm dynes' A2/LPo K33/Kn dynes dynes 

4.77 3.96 CB I-6% 14-3 1.89 
CB 2% 9 3.53 8.3 
cc 1% 22 0.77 6.72 30.2 1.59 4.81 
cc 2% 12.5 0.40 8.15 44.3 0.95 4.21 
cc 5% 5.7 0.15 9.90 65.3 0.48 3.13 
cc 10% 4.3 0.064 D
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336 M. L. SARTIRANA, B. VALENTI and R. BARTOLINO 

FIGURE 1 1  
NP1052/1% CC. (Sample thickness 50 pm; 550x). 

Microscopic observation on a “defect” in the polygonal texture of 

the helical axis. In the bulk of the sample we can observe a number of 
“defects” (as depicted in Figure 11) which vanish gradually at higher fields. 
In mixtures containing small amounts of the cholesteric dopants, our sam- 
ple thickness is some small multiple of the pitch. In this situation we must 
take into account the role played by the boundary conditions; because of the 
finite penetration length, they will cause a strong bending of the cholesteric 
layers. For a small tilt angle, the layers are simply curved; when this angle 
increases with increasing voltage, the layers intersect each other and typical 
features, as in Figure 11, appear. 

Under still increasing fields, a distortion of the helical structure occurs. 
The apparent pitch, which is essentially unperturbed at low voltages, di- 
lates first very slowly and then diverges logarithmically for V = V,. 
Beyond Vm the cholesteric liquid crystal transforms into a nematic. 

Microscopic observations of the unwinding of the cholesteric helix are 
reported in Figure 12 for a mixture NP1052/1% CC. The reduced pitch, 
PIPi vs the reduced voltage V/V, is shown in Figure 13. Pi represents the 
average value of the apparent pitches before the beginning of helix expan- 
sion; in our experimental situation, this is generally smaller than the natural 
values Po,  due to the mainly oblique position of the cholesteric pseudo- 
layers with respect to the glass electrodes. P values at different voltages are 
averaged over many experimental determinations. 
De G e ~ e s ’ ~  and Meye? demonstrate that complete unwinding of the 

cholesteric is induced above a threshold 
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(c 1 
FlGURE 12 Microscopic observations on the unwinding of the cholesteric helix 
(NP1052/2% CC; L = 50 pm). (a) V = V,; (b) V = VCN; (c) V > V,- 175X. 
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1.8 

21.4; 6- 

1.0 

1 
I 

J - 
I 

I 
I I I 

V’VCN 
FIGURE 13 Reduced pitch P/Pi  M a function of the reduced voltage V/Vm (Np1052/2% 
CB; L = 50 m). 

- 
0.1 0.2 

FIGURE 14 Cholesteric to nematic transition: threshold voltage normalized to the sample 
thickness as a function of the reciprocal pitch (0 NP1052/CB mixtures, 0 NP1052/CC 
mixtURS). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
33

 2
1 

Fe
br

ua
ry

 2
01

3 



ELECTRIC FIELD EFFECTS IN CHOLESTERICS 339 

The variation of VcN/L vs Pi '  for NP1052/CC and NP1052/CB mixtures 
is shown in Figure 14. We are unable to detect this field-induced phase 
transition in samples with too small a pitch; qualitative results refer to Po 
values from 22 to 5.7 pm (CC 1, 2, 5'37, CB 1, 2%). However, it is quite 
surprising to derive a twist elastic modulus KZ2 of 11 +- 2 X lo-' dynes, 
independent of the nature and the amount of the cholesteric dopa@. It does 
not compare with the preceding determinations using VH. 

We can try to discuss this anomalous result taking into account some 
quantities involved in Eqs. 7 and 8 respectively. Generally it is assumed 
that small amounts of a cholesteric dopant do not affect the dielqtric 
constants and E, of the nematic matrix. However, this approximation 
would be not valid in the case of NP1052 whose dielectric anisotropy is 
close to zero. We have just mentioned that a mixture containing 10% CB 
resembles a cholesteric liquid crystal with negative E*; CC is expected to 
maintain or more probably to increase the positive anisotropy of NP1052. 
Eqs. 7 and 8 show that the thresholds VH and V, are respectively propor- 
tional to (41 + E ~ ) / E ~ E ,  and l/ca. These two terms might be differently 
affected by the presence of increasing amounts of CC in the mixture. 

Another quantity to consider is, in our opinion, the threshold voltage of 
the cholesteric to nematic transition. We can take into account non-uniform 
distortions during the cholesteric spiral untwisting; Meyer'' observed that 
in a real sample strongly interacting with the walls, the dynamics of the 
distortion of the helical structure must be non-uniform. As evidence for this 
non-uniformity, he mentioned a threshold field greater than the critical one 
in samples where a few alignment inversion walls were present. Additional 
reports of non-uniform distortions during electric field induced unwinding 
of the cholesteric are in the literat~re.~'-~' 

Recently, Asai, et u L . , ~ '  indicate that the de Gennes model for field- 
induced cholesteric-nematic phase changeg3 can be applied to determine the 
pitch change and the critical field, but not to express the actual defor- 
mation. These authors prove that a new parameter including the tilt angle 
in the direction of the helical axis is more suitable for evaluating the 
deformation, since the molecules are tilted along the helical axis under the 
influence of the surface treatment. 

Theoretical discussions leading to Eq. 8 consider a situation of pure twist 
with the helical axis normal to the field. This is indeed the usual situation 
for homeotropically aligned cholesteric slabs. However, in the case of 
oblique positions of the cholesteric pseudolayers with respect to the applied 
field (tilt angle < !No), the one-dimensional situation of pure twist can no 
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150 

> 

i loo- > 

50 

- 

- 

I I 1 I 1 

longer be assumed; in addition the experimental threshold is probably 
overvalued, since only one component of the applied field is effective in 
favorably orientating the molecules along the field. The dielectric constant 
measured along the helical axis is el; when measured normal to the helical 
axis it is the average M(q + el). In the case of doped NP1052, this average 
should be very little larger than el; in consequence, the tendency of the heli- 
cal axis to orient normal to the applied field should be weak. From the com- 
parison between the apparent pitches Pi and the unperturbed pitches Po, we 
can evaluate tilt angles of 50 and 25-30" for CB and CC mixtures re- 
spectively. calculating with Eq. 8 the expected threshold using the twist 
elastic constants derived from the Helfrich distortion and comparing these 
data with the experimental values of V,, we find tilt angles of about 60 and 
20" for CJ3 and CC mixtures. The agreement between the data is not too good, 

Frequency, Hz 
FIGURE 15 Frequency dependence of the threshold voltage for the onset of conduction 
instabilities (VBw) in doped NP1052 transformed to the nematic state with homeotropic 
configuration by the applied field (0 1% CC, 0 2% CC, A 2% CB, 0 pure nematic; sample 
thickness 30 pm). 
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ELECWC FIELD EFFECTS IN CHOLESTERICS 341 

probably due to the poor experimental accuracy in the evaluation of Pi 
which is not quite constant in different domains. However, we feel that the 
principal cause of the anomalous results for Kz2 derived from the thesholds 
V,, arises from different tilt angles of the helical structure in CB and CC 
mixtures, which can be related to the relative values of the dielectric 
constants, to surface interactions, to the different ability of CB and CC to 
twist the nematic phase, and to the different twist modules. 

The behavior of doped NP1052 transformed to a nematic state with a 
homeotropic configuration is shown in Figure 15 and compared with pure 
NP1052. The experimental points identify a shift of the threshold curve 
toward higher voltages with increasing amounts of CC in the nematic; on 
the other hand, in a 2% CB mixture, instabilities are observed at a threshold 
a little smaller than in the pure nematic. The cholesteric dopants in this 
configuration can in our opinion only affect the dielectric constants and the 

FIGURE 16 Frequency dependence of the threshold voltages for PEBAB/4% CB 
(T = 12O"C, sample thickness 50 pm). V,,, tilting over to a finger print texture, V,, choles- 
teric to nematic transition, V, and V,,,, lower and upper limits of the splay conduction 
mode, VDR splay dielectric regime. 
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conductivities of the nematic phase. We suggest that the principal effect is 
a variation of the dielectric anisotropy which is reduced by CB and in- 
creased by CC. We cannot verify such an effect since theoretical predic- 
tions about positive nematics in the homeotropic alignmene9 do not lead to 
an analytical form for the threshold line. 

(c) Large positive dielectric anlsotropy. 

Figure 16 refers to the response of doped PEBAB (4% CB) in the planar 
configuration to an externally applied AC field. Due to its positive E ~ ,  the 
system tends to orient with the cholesteric planes parallel to the field; as a 
consequence, @e helical axis is turned 7r/2 from the original position 
parallel to the field at a threshold of few volts. Now the field is applied at 
right angles to the helical axis; as the voltage approaches the critical value 
V, the pitch increases logarithmically; for V > V, the helix is destroyed 
completely and the structure becomes nematic. In mixtures with high 
positive E,, V, can be as low as a few volts. Optically, the slabs look clear 
under ordinary light and isotropic-like between crossed polarizers (homeo- 

20 40 60 

FIGURE 17 V& om) as a function of (L/P.)2. PEBAB mixtures. 
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ELECTRIC FIELD EFFECTS IN CHOLESTERICS 343 

tropic configuration). Extinction is maintained when the sample is rotated 
around the optic axis. Increasing the voltage above VCN, a distortion of the 
homeotropic alignment occurs at a threshold VmL. Butterfly wing-like or 
coffee bean-shaped conduction instabilities appear from zero to a cut-off 
frequency. At higher voltage (VDR), a splay dielectric regime in the form of 
a few pm-period square grid is observed, whose wave vector is strongly 
frequency dependent. The domain of existence of the conduction mode 
appears to be a closed loop in a voltage/frequency plane, since it has a lower 
threshold V,, at which instabilities appear and an upper limiting voltage 
VcR, above which only the dielectric mode is distinguishable; the low 
frequency dielectric threshold intersects the instability region of the con- 
duction regime. The observed behavior agrees with theoretical predictions3' 
and with our previous results on undoped PEBAB and S1016.l2 When the 
field is turned off the liquid crystal returns to the twisted state. 

Now we consider in detail the different deformations occurring at differ- 
ent values of the AC voltage and the threshold dependences on the sample 
thickness and the cholesteric pitch. 

The tilting over to a fingerprint texture is the lower threshold given by" 

FIGURE 18 V& cB. cc) as a function of (L /Po)*. PEBAB mixtures. 
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The correlation of V,,, with the ratio LIPo (Figure 17) leads to an evaluation 
of the twist elastic constant of PEBAB in the order of 8 X dynes. The 
unwinding of the helical structure is induced at the threshold voltage Vm; 
from the slope of the plot v‘, vs ( t / P o ) 2  (Figure 18), we derive KZZ = 
11 X dynes. 

These results refer to cholesteric layers thicker than the pitch of the helix. 
If Po > L only a deformation of the Frdedericksz type is observed above a 
theshold voltage V, given by’ 

where KI1 is the elastic modulus of splay. Our experimental accuracy on this 
determination is very poor; from the few samples investigated (1% CC 
mixture, sample thickness 30-50 pm) we obtain a rough evaluation of the 
bend elastic constant of PEBAB in the order of 5 x dynes, assuming 
for Kll a value of 1.3 X dynes, derived from the Frkdericksz transi- 
tion of the undoped nematic. I* 

Figure 19 refers to the behavior of doped PEBAB transformed to the 
nematic state by the applied field. The threshold curve for the appearance 
of the splay conduction mode (left side of the figure) appears to be indepen- 
dent of the type and the amount of the cholesteric dopant; it reproduces the 
trend reported for pure PEBAB . I2 As revealed by the undoped nematic, the 
cut-off frequency shifts toward higher values when the thickness is de- 
creased. In the dielectric regime, the analogy with the behavior of pure 
PEBAB is also striking; as previously discussed,” in this case’we are 
dealing with a field threshold (right side of Figure 19). Probably due to the 
small periodicity of the pattern, it is difficult to detect the onset of the 
square grid of splay in the high frequency region. 

We can conclude that PEBAB/CC and PEBAB/CB mixtures behave in 
a similar way under an AC applied field; due to the high values of E,, E I ~  and 
E~ the cholesteric dopants do not affect these physical parameters of the 
nematic matrix. Probably they act on the conductivity and on the induced 
deterioration of the liquid crystal which appears more stable chemically in 
mixtures than in the undoped state. 

The behavior of doped S 1016 appears to be quite similar to that reported 
for PEBAB mixtures. An electric field strong enough to overcome any 
influence of the walls aligns the helical axis perpendicular to itself; a twist 
modulus in the order of 3.5 X dynes is obtained. As the voltage rises, 
in the region of alignment parallel to the field, the pitch increases loga- 
rithmically and we obtain a nematic structure; from the theshold V, we 
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150- 
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0 > 
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~ 1 I I I I I 

50 100 500 50 100 500 

Frequency, Hz 
FIGURE 19 Doped PEBAB transformed to the homeotropic nematic state. Left side: thresh- 
old voltage of the lower limit of the conduction regime; right side: threshold field of the 
dielectric regime. (L = 30 jm: 0 4% CB, A 10% CB, 0 1% CC, A 10% CC. L = 50 
0 4% CB, V pure nematic). 

derive for K22 a value of about 5.5 x dynes. In the homeotropic 
configuration, instabilities occur as reported for undoped S1016. l2 

The agreement between K22 values derived from Vti, and Vm in both 
doped PEBAB and S1016 is quite good, considering the impossibility of 
determining accurately the threshold voltage for the 7r/2 rotation of the 
helical axis. 

CONCLUSIONS 

The results we have reported concern the effect of dielectric anisotropy on 
the response of nematickholesteric mixtures, in a planar alignment, to an 
electric field applied along the helical axis. The behavior of samples of 
negative or large positive dielectric anisotropy appears to be in relatively 
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346 M. L. SARTIRANA, B. VALENTI and R. BARTOLINO 

good agreement with theoretical predictions and literature experimental 
reports. Ku decreases when impurities are present. 

An uncommon effect is found in the case of a small positive eP; the 
threshold voltage for the appearance of the square grid pattern is influenced 
by the nature and the amount of the cholesteric dopant. Applying Hurault’s 
approach we evaluate a single twist modulus for CB mixtures, and different 
values of Ku for each CC mixture. These results do not compare with the 
derivation of K22 from the threshold voltage of the cbolesteric-nematic 
transition. The anomalous behavior is discussed in terms of a possible 
variation of the dielectric constants with the cholesteric dopant; limitations 
upon a good determination of V, in our experimental situation are also 
considered. 

Experiments were performed in the case L > Po, K3f > Kz.  It is well 
known that the cholesteric structure is remarkably influenced by the ratio 
LIP,. in agreement with literature’ reports for e,  S 0 and L < Po, a tran- 
sition of the Frkdericksz type is observed, rather than the tilting to a finger 
print texture and helical unwinding. For L < Po and negative or small 
positive eat in accordance with the results of Hervet et ~ l . , ~  a periodic 
one-dimensional distortion appears, in contrast to the case L > Po, where 
a square grid pattern is nucleated under the same conditions. 
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