
This article was downloaded by: [University of California, San Diego]
On: 21 August 2012, At: 11:41
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Flexoelectric Induced Vanishing of the
Cholesteric Helix
P. E. Cladis a
a Bell Laboratories, Lucent Technologies, Murray Hill, NJ, 07974,
U.S.A.

Version of record first published: 24 Sep 2006

To cite this article: P. E. Cladis (1997): Flexoelectric Induced Vanishing of the Cholesteric Helix,
Molecular Crystals and Liquid Crystals Science and Technology. Section A. Molecular Crystals and
Liquid Crystals, 292:1, 147-154

To link to this article:  http://dx.doi.org/10.1080/10587259708031926

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708031926
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. C r p r .  Liy. Cryst.,  1997, Vol. 292, pp. 147-154 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1997 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands under 

license by Gordon and Breach Science Publishers 
Printed in Malaysia 

Flexoelectric Induced Vanishing 
of the Cholesteric Helix* 
P. E. CLADIS 

Bell Laboratories, Lucent Technologies, Murray Hill, NJ 07974 U.S.A 

In the cholesteric liquid crystal helix structure, the director, n, rotates in a plane about an axis, 
to l n, with a constant twist, n m r l n  = - q. The inverse helix pitch is defined by y = Zx/pitch. 
Here we show that in the limit of a small electric field, E, applied perpendicular to to, a 
solution to the minimizer of the elastic free energy, including a linear coupling between E and 
splay/bend deformations of n (the flexoelectric term), is one where the director develops a small 
periodic component parallel to t,. As the wave number of this distortion is also y, the net effect 
is a rotation of the optic axis by a small angle relative to to. There is no threshold for this effect 
when the dielectric anisotropy E, is greater than E, > - 8xe2 /K .  e is the flexoelectric coefficient 
and K is an elastic constant. 

When E 11 to and E, > 0, it  is well-known that this director configuration can be created by 
boundary conditions. In which case, above a critical field, Ec, the cholesteric helix transforms 
to a uniform director field with nllt,, without y-0 continuously and without introducing 
defects. As this is similar to solutions presented here when E l n  but E,<O, the suggestion is 
that flexoelectricity could mediate a similar commensurate defect free vanishing of the choles- 
teric helix in this case. When E, > 0, the conclusion is that a defect free transformation of the 
cholesteric helix to a uniform director field with nllE requires the assistance of induced flows. 

Keywords: Cholesteric liquid crystals; flexoelectricity 

In this volume, Brand and Pleiner [l] give a straightforward discussion 
showing that the original interpretation of Pate1 and Meyer (PM) of a 
flexoelectric [2] electro-optic effect they observed in a cholesteric liquid 
crystal [3] is a surface effect. Here we reinterpret the PM effect and show 
that when the applied electric field, E, is small, so dielectric effects can be 

*With deep respect, this paper is dedicated to Alfred Saupe on the occasion of his birthday. 
A1 carved out a large part of our understanding of liquid crystal physics and material science. 
His contributions have not only stood the test of time, they have also encouraged the discovery 
of new physics, the most valuable gift of liquid crystals-and Al's continuing gift to us all. 
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148 P. E. CLADIS 

ignored, a bulk flexoelectric effect could induce a small amplitude periodic 
component of the director, n, along the undistorted cholesteric twist axis, to. 
The resulting director field is similar to the one determined by boundary 
conditions and discussed by Berreman and Heffner (BH) [4] for a super- 
twisted nematic (cholesteric) geometry. These authors showed that when 
E 11 to and the dielectric anisotropy E, > 0, pretilt boundary conditions pre- 
pare the helix so that it can transform to a uniform state with n 11 to 11 E 
without introducing defects [4]. A striking feature of their model is that the 
inverse pitch, q = 2 n / p  where p is the helix pitch, does not continuously go 
to zero above a threshold field: the helix simply vanishes. 

Here we show in a different geometry that flexoelectricity plays a role 
similar to pretilt boundary conditions for BH [4]. This raises the novel 
possibility that, when E, < 0, the cholesteric helix may transform to a uniform 
director field with n 11 to I E without introducing line defects or walls. 
However, to avoid walls and/or disclination lines [S] when E, > 0, the trans- 
formation from a helix structure to a uniform director field with n 11 E re- 
quires a cooperative rotation mediated by back-flow [6] or by a Lehmann 
coupling [l] not discussed here. 

This is an old result [7]. It was originally inspired by the seminal remarks 
of Helmut Brand and Harald Pleiner [l] in 1987 and A1 Saupe’s even 
earlier remark [8] that a twisted nematic structure with pre-tilt may simply 
vanish in a large enough applied field. 

Along with the frame of reference used here, Figure 1 shows (a) the 
undistorted helix in the concise Friedel-Kliman [9] representation and (b) 
the PM model as equivalent to a simple shear of the twist axis introducing a 
new length for 9. To avoid introducing a length for 9, let’s consider n given 
by (cos8cos6, sinecosd, sinS) with the ansatz, 8 = qz + 8,. We take 8, = 0 
when E, > 0 and 4 2  when E, < 0 [lo] and assume 6 is only a function of z. 
With the electric field, E given by E = (E,O, 0), in the one constant elastic (K) 
and flexoelectric (e) limit, the cholesteric elastic energy is: 

F = dV-K(div(n)2 + (n x curln)2) s :  
1 
2 

+ -K((n. curln + q)2 - div(ndivn + n x curln)) 

- eE.(ndivn + n x curln) - S(E-n) ’  8n 
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VANISHING OF CHOLESTERIC HELIX 149 

a 

0 = qz 

a 

i - c 

E 
/ ,  

0 = qz + py 

b 
FIGURE 1 The helix phase, 0, is shown on the left. (a) A right-handed helix with a constant 
pitch (p = 2n/q), 0 = qz, is shown using the Friedel-Kleman representation [9]. The drawing is 
in the (y,z) plane, the plane perpendicular to the applied field. In this right-handed coordinate 
system, the positive 9 direction, shown with open circles, is towards the viewer. The negative 2 
direction is shown with filled circles. to is the optic axis (0.a.) for the uniform helix. (b) The PM 
model: [3] n = (cosO,sin0,0) with 0 = qz + By (j < 0 in the figure). The flexoelectric effect 
rotates the optic axis by an angle a = -B/q relative to t,. It can be obtained from the uniform 
helix (Fig. la) by applying a shear in the (y ,z)  plane. Here t( is exaggerated to illustrate their 
point [3]. The observed a in their compound is small: a ,., 5 - 8". 

The corresponding Euler-Lagrange equation is 

where a = eE/Kq = E/E,, a number. = ( ~ R K / E ,  E 2 )  ' I 2 ,  a coherence length, 
is a measure of the dielectric coupling (the term quadratic in E in Eq. 1). 
When this length is comparable to the pitch, p ,  the cholesteric helix unwinds 
with q -0 continuously in increasing field [l 11. 

It is interesting to note that 6 = 4 2  is a trivial solution to Eq. 2. This 
corresponds to the case where n, = 1 and the helix structure has vanished. 
In contrast, 6 = 0 is a solution to Eq. 2 if and only if a = 0. As soon as E is 
turned on (tl # 0), the director develops a small periodic component along to 
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150 P. E. CLADIS 

(n, # 0) commensurate with the undistorted helix even when 5 > l/q i.e. 
before conventional (E ,  > 0) helix unwinding takes place [ 111. 

In the limit ( >>q- and to first order in 6, a solution to Eq. 2 is: 

6 = asin0 (3) 

showing a periodic component for n, with amplitude, a, linear in E and the 
pitch and wavenumber determined by q. For comparison, Figure 2a shows 
the director configuration with 6 = 0 and Figure 2b with 6 # 0. While 6 
follows 0 = qz, the director has the same inclination relative to to resulting 
in a net rotation of the optic axis relative to to given by [12] = 

a/*, i.e., is linear in E as observed 131. Figure 2b also shows this director 
configuration to be similar to the Berreman-Heffner tilted half pitch state 
which they showed can transform to a uniform state (in the reference frame 
used here this corresponds to 6 = n/2) without introducing defects [4]. 

dynes, 
e N 1 x 10-4cgs units [13], for a material with a 0.5 pm pitch [3], E ,  - 400 
kV/cm (using 300 volts = 1 volt esu). We conclude, therefore, that E <<E, 
(hence a << 1) in the range of fields where this effect was first observed [3]. 

However, when E, > 0, the threshold field to unwind the helix [ 113 is 
given by E, = n/2q [4nK/~,]”~. It is possible that for the compound used in 
the original study [3] that E, is a small positive number. For an estimated 
E, - 1, then, the threshold field to unwind the helix would be E,  - 200 
kV/cm < E,. Thus, the condition, E < E, < E ,  is consistent with the cri- 
terion of small 6 when E,, is order one or smaller [ 141. For larger positive E,, 

E, decreases reducing the range of applied fields where this effect may be 
observed. This is because when E N E,  even if 6 is still small, the dielectric term 
in Eq. 2 can no longer be neglected: the uniform helix ansatz (0=qz+B0)  
breaks down. 

The energy density averaged over one pitch for this solution (Eq. 3) is 
(from Eq. 1): 

Eq. 3 is valid when a < 1 or E < Kq/e = E,. Taking K - 1 x 

F 
P 2K 

e2E2[ E,K ( I-- T)] . 
l+8Re2 

-= -- (4) 

Using the same values for the material constants as above: c,K/8xe2 = E, 

X - 4~,. The energy density monotonically decreases with increasing field 
as the director develops a periodic small amplitude 2-component when 
E, > - 1/X - -0.25. In this case the effect is observable for fields 0 < E < E, 
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VANISHING OF CHOLESTERIC HELIX 151 

i.e. without a threshold. A larger negative dielectric anisotropy (i.e. E ,  < - 1/X) 
suppresses this effect until E is greater than E; > 2E, (1 + ~ R ~ ~ / K E , ) ’ / ~ .  
Thus, while a threshold field can be defined, it implies a value for a > 1 
which is outside the scope of effects discussed here. 

When - 1/X < E, < 0, the Berreman-Heffner defect free unwinding pro- 
cess [4] may apply. This then could be an interesting geometry to explore 
helix vanishing in materials with small negative dielectric anisotropy [lS], a 
phenomenon that, as far as we know, has not yet been observed. 

Figure 2 shows a possible scenario for helix vanishing when E ,  > 0. Bet- 
ween Figures 2b and 2c, the large bracket covers the part of the pitch that 
must be rotated to convert the “frustration” at the helix phase 8 = R to a 
splay/bend deformation symmetric about R. This avoids the creation of a 
twist wall at R. Once this takes place (Fig. 2c), the splay/bend deformation 

F 

C d e 
JRE 2 The helix phase, 8, is shown on I ; left. (a) A right-hande- uniform helix, 6 = 0. 

The arrows are an aid to follow the evolution of this three dimensional structure and do not 
represent new symmetries. (b) 6 # 0 A right-handed helix periodically perturbed following Eq. 3. 
Attention is drawn to the effective tilt in the optic axis (0.a.). A flow field is required to rotate half 
the pitch (the bracketed region) to clear twist “frustration” at 8 = A. (c) The frustrated region is 
replaced by a splay/bend deformation symmetric about O = A .  (d) The symmetric splay/bend 
deformation anneals. (e) Transformation to a uniform state with nllE is now defect free. The 
arrow missing at A illustrates reduction in splay/bend gradients after annealing. 
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152 P. E. CLADIS 

(Fig. 2d) may anneal (Fig. 2e) and the transition to the uniform state with 
n [I E is defect free. While elastic torques alone cannot account for the direc- 
tor rotation to go from Figure 2b to Figure 2c, it is well-known that transi- 
ent splay/bend deformations couple to velocity gradients (backflow) [ 161. 
The suggestion is that a feature of the effects discussed here (and perhaps 
also conventional helix unwinding in cholesterics) involves macroscopic 
induced flows. 

These ideas may help better understand electro-optic processes in poly- 
mer stabilized cholesteric textures [ 171 and polymer dispersed cholesteric 
liquid crystals. It also suggests new display applications if negative dielectric 
anisotropy materials can be found with a much larger flexoelectric coeffi- 
cient. One could test some of these ideas on cholesteric droplets floating in 
the isotropic liquid. But that seems too obvious. Rather, in homage to A1 
Saupe’s genius for connecting subtle optical observations to deep truths, 
more recently in lyotropic liquid crystals, we propose a speculative experi- 
ment using the beautiful single crystals involving sugar-water-transmem- 
brane protein aggregates [18]. In solution, sugar aggregates are well known 
to form lyotropic liquid crystal phases [ 191 and structural studies show the 
transmembrane protein crystals contain a large volume of water in a unit 
cell [20]. While protein crystals are typically solids, these protein/sugar/ 
water single crystals may be soft lyotropic liquid crystals. 

We are particularly interested in the needle crystals of bR (bacterior- 
hodopsin) solubilized with octylglucoside (a sugar). These crystals exhibit an 
optical absorption (560-580 nm) maximum along the long crystal axis but 
compatible with rotation of the chromophore on the surface of a 13” cone 
[18]. The flexoelectric effect predicts that in a dc electric field, the maximum 
along the optical absorption axis will be slightly off the crystal symmetry 
axis (the &axis) in either the plus or minus y-direction, as shown in e.g. 
Figure 2b. If, in addition, the crystal shape distorts (Fig. lb), one has evi- 
dence of the surface flexoelectric effect (Fig. lb) [3]. As the surface energy of 
cholesterics in contact with their isotropic liquid is small in thermotropic 
liquid crystals [Zl], no change in crystal shape could mean that a bulk 
effect (Eq. 3) has been observed (Fig. 2b). It could also mean that lyotropic 
liquid crystals are not “soft” enough so the effect will be too small to 
observe-unless A1 Saupe comes up with a way. 

In conclusion, a global minimum has been found when an electric field, E, 
linearly couples to elastic distortions of a cholesteric liquid crystal. In this 
solution, the director, n, develops a small amplitude periodic component, 
with wave number q, parallel to the zero field twist axis, to. The amplitude 
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VANISHING O F  CHOLESTERIC HELIX 153 

of this deformation is linear in E and the pitch. Single crystals of the purple 
membrane which exhibit a maximum in optical absorption parallel to the 
long crystal axis may be an interesting lyotropic system to test the existence 
of flexoelectricity in biologically relevant liquid crystals. Finally, numerical 
solution to Eq. 2 may shed light on intermediate steps connecting a field 
induced uniform director configuration (n 11 to) to the low field periodic state 
(Eq. 3) when - 8ze2/K < E ,  < 0. 
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