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Influence of flexoelectricity above the nematic Fredericksz transition
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Continuum theory is used to demonstrate that the presence of flexoelectricity significantly alters the response
to an applied voltage of a homogeneous nematic liquid crystal cell above théeateFoksz threshold voltage.
In such a system there is a fitting degeneracy: we obtain very good fits between theory and experimental
permittivity data using any value of the sum of flexoelectric coefficieeis} es;, between 0.0 C/m and
1.5x 10 C/m. The corresponding values of the nematic bend elastic constant show an inverse parabolic
relationship withe;,+ ez3, with K33 being reduced down to 90% of its value when flexoelectricity is neglected.
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[. INTRODUCTION wheren is the nematic director, a unit vector which denotes
the locally averaged molecular orientation, and the flexoelec-

In the continuum theory of Frankl] and Oseen2] the tric coefficientse;; and es3 in Eq. (1) correspond to splay
magnitude of the splay, twist, and bend elastic distortions irand bend distortions, respectively. The existence of this ef-
a nematic liquid crystal director field are parametrized by thefect has since been verified for a number of different nematic
K11, Ky, and Ky elastic constants, respectively. Knowl- and cholesteric materials, both polar and nonpolar, although
edge of these parameters has played a critical role in ththe values obtained for the nematic flexoelectric coefficients
exploitation of liquid crystals for the development of what measured using different techniques have shown large dis-
have proved to be highly successful commercial display decrepancies in certain materigl8—13).
vices. In previous work the influence of the flexoelectric polar-

The standard approach to increasing the speed, contragtation on the magnetic Feelericksz effect has been consid-
and brightness of conventional liquid crystal displays hasered[14]. Small changes were observed in the retardation of
involved the development of nematic liquid crystal mixturesthe liquid crystal layer above the threshold field as the sweep
possessing elastic and dielectric material properties whichate of the magnetic field was changed. The magnitude of
have been specifically tailored for the particular type of dis-these changes gave an estimate of the valug pandess;.
play. This development process has relied on the ability tdn the current work a detailed theoretical study has been
accurately measure these material properties which, over théndertaken to investigate the effect that a finite flexoelectric
last 20 years, has enabled the fundamental relationships bpolarization will have on the electric field response of a ho-
tween the bulk properties and the microscopic molecular ormogeneous nematic liquid crystal cell above the aecéee
dering and intermolecular interactions in the nematic phaséeksz threshold voltage.
to be investigatefi3—6].

Measurement of nematic elastic constants is generally car-
ried out using a relatively simple liquid crystal cell geometry,
chosen so that the orienting torque due to an applied electric The geometry that will be considered in this paper com-
field is in competition with the elastic torque exerted by theprises a nematic liquid crystal layer sandwiched between two
cell boundaries. The ac Federicksz effec3,7], that is  conducting electrodes in which the average molecular align-
based on this principle, has been used as a standard teahent, or director, is parallel to the bounding plates at all
nique to determine the values of tl€; and K53 elastic  points in the layer. In the analysis that follows it will be
constants. In this method the director reorientation in theassumed that the liquid crystal molecules at the bounding
bulk of the liquid crystal layer starts to occur only when the plate are rigidly aligned in a direction that is exactly parallel
applied ac voltage is above a critical value, thed@iericksz  to the plates.
threshold. In Fig. 1 the filled circles show experimental measure-

In this paper the influence of an additional material prop-ments of the permittivity for a Feslericksz cell of thickness
erty, the flexoelectric polarization, when using the aceBlre  5.5x 10 © m filled with the nematic materid@7, as a func-
ericksz technique is investigated. Mey8i proposed that an tion of the rms of the applied ac voltage at a frequency of
ensemble of nematic molecules that possess a shape polary0x 10° Hz. This frequency was chosen to be large enough
as well as a permanent electric dipole moment will also shovgo that the liquid crystal shows a nonzero average response.
a flexoelectric effect, in analogy to the piezoelectric effect inThe aligning agent on the cell surfaces was a rubbed polymer
crystals. For these nematic materials a splay or bend defothat gave a surface pretilt, the angle between the director and
mation will induce a polarization in the material the cell surface, below 0.5°.

The data shows a very well-defined Edericksz thresh-
old atV,,s=0.92 V. Below this threshold there is no distor-
P=e1n(V-n)+ez(VXn)Xn, (1) tion of the liquid crystal director field which remains parallel

Il. THE FRE EDERICKSZ EFFECT
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20 layer, perpendicular to the cell surfaces. The electric field
E(zt) is calculated, using Maxwell's equations, B§z,t)
=(D3—P3)/ (€, +Aesir?d) in terms of,P, thez compo-

2151 nent of the polarization vector given by E(l) and thez
& component of the displacement field
€
s o1 d (ey1+€33)SiN(26) 96
a 10 (Vg Vo) + (e11+e€33) n( )_ .
0 €o(€, +Aesirtg) 92
Da(t)= ,
d 1
5 + + + f . dz
0 5 10 15 20 0 eo(€, +Aesintg)
r.m.s. Voltage (V) ®)

FIG. 1. Filled circles denote experimental data taken on a howhere V4—V, is the potential difference between the cell
mogeneous Fetlericksz cell of thickness 55m filled with the  electrodes. When the director is rigidly fixed at the two sub-
material E7 for applied ac voltages at a frequency of 2.0 girates, the flexoelectric contribution s, the second term
X 10° Hz. The so!id Iin.e indipates the numerical fit to B8) with in the numerator of Eq(3), will integrate to zero. In the
the parameters given in main text and wétfy +e33=0.0 C/m. present case, a sinusoidal voltage of frequehgjven by

V4= 2V, ,sin(2xft) is applied at one electrod@t z=d,

to the _subs_trates thr_oughou_t the layer. The permittivity Me3he cell thicknesswith the other electrodéat z=0) at earth
sured in this subcritical region corresponds to the perm'tt'v'potentialvozo. At both cell surfaces it is assumed that the

ity perpendicular to the molecular directer . Just above director angle will take a fixed value so that0)=a and
the threshold, the director starts to reorient in the bulk of the@(d t)=a wherea is the small pretilt angle assumed to be
liquid crystal from the cell surface alignment direction to- zer(') in the analysis below. '

wards the direction of the electric field. As the voltage is Although we will later .fit the experimental data to an
increased a greater proportion of the bulk region aligns withex

i o act numerical solution of ER), it is possible to obtain an
the field and so the permittivity asymptotes towards the Valu%pproximate analytic solution and learn a great deal about
parallel to the molecular directay .

. . .. the dynamical behavior of the director and electric field
Continuum theory can be used to model the nematic lig- y

id tal and its int " ith th lied electric fi Idwithin the cell. If we assume that the rms applied voltage is
uid crystal and IS intéraction with the applied electric fie only slightly above the critical voltage then the director angle
and the critical rms voltage is found to bé/,

) , within the cell will remain small and a perturbation approach
=K1/ oA e, a function of the splay elastic constdtdy,  may pe used19]. The director angle will then be the sum of
the permittivity of free space,, and the dielectric anisot-

- ; a time-independent contribution, resulting from the response
ropy Ae=e)—e, [15]. Immediately above the threshold, of {he nematic to the root mean squared of the applied volt-
and in the absence of any flexoelectric polarization, the ﬂeld;,Jlge and a small oscillatory contribution from the high fre-

induced reorientation of the nematic liquid crystal is pre- _ ;
: , . F'*"quency ac voltaged(z,t) = 6y(2) + 6.(z,t). The electric
dicted by continuum theory to be determined by the ratio ofe|g \ill consist of the applied ac field pius a small pertur-

the elastic constantsss/Ky; [16]. bation to this field, E(zt)=—(\2V,y./d)sin(2mft)
+E;(zt). Substituting these expressions into Et). and the
Ill. THEORY calculation of the electric field leads to approximate expres-

When the presence of flexoelectricity is included and weSions for the director angle and electric field
assume that fluid flow is of secondary importance, the gov-
erning equation for the directar= (cog 6(z,t)],0,sif 6(z,t)]) 0(z,t) = 0msin(ﬂ—z

0m7TK11 i ( Tz
SIN|

—) sin(4m ft), (4

is given by the Ericksen-Leslie equatiph7,18 d 4fy,d? d
a6 . 7%0 \/Evrms . (ell+e33)776§1 _[2mz
‘ylE—(KllCOSZG"' K333|n20)g E(z,0) =~ — sin(2r ft)— Sdege. S ( g )
] 76\? w02 \JAeK 27z
+(Kg3— Kll)smacose(a—) - 1lcos{ )Sin(Z’ﬂ ft), 5)
z de, \2¢g d
+ €A €E2sin 6 cosh— (e, + e33)sin6c050{;—E, where 6, is the maximum distortion in the middle of the
z cell.
2 Equation(4) is the expected form of the director response

to a high frequency ac voltage: a time-periodic perturbation,
where the rotational viscosity, = a3— a5 is the difference at a frequency that is double that of the applied voltage, and
between two Leslie viscosities and we have takenztke-  a time-independent director angle offset. Sirickas been
ordinate direction as the direction through the liquid crystalassumed to be large, the second term in @gis consider-
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numerically calculated dc excess field component is clearly
in good agreement with the analytic solution, for which we
have used the valug,,=8.322°. The antisymmetry of the dc
component is clearly seen and shows that the dc field value
at the center of the cell is zero. Figuréb? shows the nu-
merically calculated ac component of the excess field, the
excess field minus the dc component, at a quarter petiod (
=1/4f). The numerical and analytic solutions are again in
good agreement. Figure 3 shows the numeilidashed lines
and analyticalsolid lineg excess electric field solutions as a
function of time over two periods of the applied electric

FIG. 2. (a8 The numerically(dashed linesand analytically ~field. It is clear from this figure that the dc component is zero
(solid lines calculated time averaged excess electric field as a funcat the center of the celk=d/2, leaving only the oscillating
tion of the distancez/d through the cell.(b) The numerically —ac component. At the quarter points in the cel;d/4 and
(dashed lingsand analytically(solid lineg calculated ac component z=3d/4, the dc component is nonzero but the ac component
of the excess electric field as a function of the distazicethrough  is small. In fact in the ideal analytic solution the ac compo-
the cell. nent, the third term in Eq(5), is exactly zero at the points

z=d/4 andz=3d/4.
ably smaller in magnitude than the first term. The only dif-  As discussed below, the presence of a dc component of
ference in the director angle when flexoelectricity is presenthe electric field, even when the applied electric field is os-
is that the magnitude of the director respoigeis altered.  cillatory, will significantly affect any ions within the cell.

However, the form of the electric field in E¢5) has an  This flexoelectricity-induced dc component also couples to
important dependency on the flexoelectric coefficients. Wehe director distortion leading to a change in the effective
see that there exists a dc contribution in the electric fielgpermittivity.
solution, the second term in E€p), which would disappear
if flexoelectricity was ignored. This dc contribution is anti-
symmetric within the cell, that is, the dc component in one-
half of the cell is exactly the negative of that in the other half A very good fit between experimental data and the nu-
of the cell. merical solution may be obtained. The solid line in Fig. 1

Figures 2 and 3 illustrate the electric field solution in Eq.shows a theoretical fit to the Federicksz curve using the
(5) as well as the numerical solution to E¢8) and(3) with  exact numerical solution of E¢R) with the parameters given
the parameterskK,;=1.01622x10 ' N, K33=1.63508 in Sec. Il and for which the sum of the flexoelectric coeffi-
X107 N, €,=18.6454, €, =5.3064, V;,s=0.94V, f  cients,e,;+es;, has been set to zero. For both the experi-
=1000 Hz, and with the flexoelectric coefficierdg;+e33  mental data and the numerical solution of the equation,
=2.5x10 ' C/m. For this voltage, close to the transition a sinusoidal voltage of frequencyf given by V4
voltage of 0.92 V, there is only a small director deflection in = \/EV,mssin(Zm‘t) is applied across the cell. The experimen-
the middle of the cell ofg,,=8.322° and the approximate tally measured permittivity is then found theoretically by cal-
analytical solution is in good agreement. culating the ratio of the time differential of the displacement

In Fig. 2(@ the numerically calculated excess electricfield dD5/dt to applied voltagd/,(t). This analysis assumes
field (dashed lings which is the total electric field in the cell that the cell is operating in the linear response regime in
minus the applied electric field, has been integrated over onghich the output displacement field is also sinusoidal as a
time period of the applied field and compared to the secongunction of time. This assumption is correct for the material
term in the analytic solutiorisolid lineg in Eqg. (5). The  E7 at the frequency usedi=2.0x 10° Hz.

Just above the threshold region critical slowing down oc-
curs and so it must be ensured that sufficient time is allowed
in both the simulation and the experimental measurement for
equilibrium to be obtained. In addition, the density of experi-
mental data is highly concentrated near to the threshold to
weight the fit to that region which increases the accuracy
with which K33/K; can be extracted.

The effect of a nonzero value ef;+e3; on the distorted
director profile for applied voltages above the édericksz
transition voltage of 0.92 V is shown in Fig. 4. The solid
lines were generated using @) with e;;+e33=0 C/m and
for the dashed lines,;+ e33=2.5x 10" ! C/m. The value of

FIG. 3. The excess electric field in the middle of the cell, the tilt angle in the center of the cel,, is larger for the
=d/2, and at the pointg=d/4 and 31/4. Solid curves are plots of higher applied voltage of 2.0 V as expected. However, for
the analytic solution in Eq(5) and the dashed lines denote the both applied voltages of 1.5V and 2.0 V there is a reduction
numerical solution to Eqg2) and (3). of 6,, whene,;+ e;; takes on the nonzero value. The reduc-

Excess Field (10° V/m)

0.0 0.2 04 0.6 0.8 1.0
z/d

IV. FITTING THE EXPERIMENTAL DATA

Excess Field (10° V/im)

0.0 0.5 1.0 1.5 2.0
No. periods of applied voltage

031702-3



C. V. BROWN AND N. J. MOTTRAM PHYSICAL REVIEW E68, 031702 (2003

75 17 0.15
///20 V n:\\ — 16 S g
4 N o - 0.10 =
o 50 74 __ \) 15 ¢+ B ]
o Ay WAV \ = .y
o / 7 rms ~ A\ T 5
o N © =
[} / 4 AN \ ¥t:«) 14 ¥+ 5
o y A\ F 0.05
25 74 A\ <
o / >
\ 13 7T =

0 . . . 12 t t t i ¥ 0.00

0.00 0.25 0.50 0.75 1.00 0 5 10 S 20 25

S /d ey + €45 (1072C/m)

FIG. 4. Theoretical director profiles showing the effect of a
nonzero value of;;+ e33. The solid lines were generated using Eq.
(2) with e;;+e33=0 C/m and for the dashed lines;+e33=2.5
x 10" C/m.

FIG. 6. The solid line shows the valueskf; ande;;+ ez3 that
give the best fit to the experimental data over the range 0.0-3.0 V
shown in Fig. 3. The dashed line plots the average absolute differ-
ence between the theoretical curve and the experimental data as a
function of e+ ez3.

tion of O, when th_ere IS & Nonzero fI(_axoeIectrlc polanzatlonvalue of theKs3 elastic constant has been decreased. For
will be accompanied by a reduction in the value of the per-

mittivity above the Fredericksz threshold. However, both instance, ~for the ‘highest value —oféj tes=2.5

the exact numerical solution to E(R) and the perturbation x 107 C/m the best fit was obtained witi{s3=1.2045
; . and the per X 10" N, which has been reduced to 74% of the value
analysis predict that the threshold will still be given Wy

calculated when the flexoelectric coefficients were set to
= mKu/€A e and thalve has no dependence on the value ;o " However, it is also qualitatively evident from Fig. 5

of €11+ €53 . . _that the fit to the data has become poorer at the higher values
In Fig. 5 the lower curve is a repeat of the theoretical f|tOf e+ ess

(solid line) to the datdfilled circles shown in Fig. 1 but here It was found that small changes in the cell thickness had

an expanded scale has. been used. The curves shown ab%vc?eﬁect on the shapes of the theoretical curves produced. It
have been generated with nonzero values of the flexoelectr ould also be noted that when the theoretical curves at the

.coeff|C|ents.. Each curve has been Sh'fted up by one unit ANitferent values ob;,+ egz are plotted on the expanded scale
is shown with a repe_at of the experimental data for clarlty.Of Fig. 1 it is difficult to distinguish between them.

The value ofe,+ e increases from 0.0 C/rlower curve The solid line in Fig. 6 shows the relationship between the
in steps of 5.610"*“C/m to 2.5¢10" = C/m (upper value of e;;+e33 and of K33 that gave the best fits to the
curve. The values oty + g3 that were used are comparable oy o imental data in the vicinity of the threshold region

with the range of measured values reported for a number qfy -
. . . : . .Shown in Fig. 4. At the lower values + e353 the change
different materials in the literature. In order to obtain the fit. g @1t e 9

o th ) tal data for the high | tenth in K3 is relatively small, but the gradient of the curve in-
0 the experimental data for the higher valueer €33 e o ra55es for higher values. Here the exact numerical solution

to Eq. (2) has been used to fit the data in the region up to

20 three times the critical voltage.
The dashed line in Fig. 6 shows the mean absolute differ-
25x10-1 C/m ence between the data and the theoretical curve, a quantita-
> 15 1 tive measure of the quality of the fit to the experimental data.
s The quality of fit is very good for values beloe;;+ e3;
-‘g =1.5x10 ! C/m but above this value the mean error in-
5 creases rapidly. This is consistent with the qualitative obser-
a 107 &11+e55=0.0x107"" C/m vation from Fig. 5. The minimum in the error that occurs in
Fig. 6 cannot be regarded as an estimate of the true value of
e;1+ €33 because the minimum is shallow and is therefore
5 - —t t t t t very sensitive to experimental variations in the region imme-
0.5 1.0 1.5 20 2.5 3.0 diately above the threshold.
r.m.s Voltage (V)
FIG. 5. Solid lines show theoretical curves generated for values V. DISCUSSION AND CONCLUSION
of ej;+es; increasing from 0 C/m(lower) in steps of 5.0
X 10 12 C/m to 2.5¢<10 ! C/m (uppej. In order to prevent the It can be concluded that the value of the flexoelectric
curves overlapping, each theoretical curve is displaced upwards bgoefficient could lie within the range e;;+es;
an additional 1.0 unit and the experimental dditted circles are ~ =0.0 C/m-1.5¢10"** C/m and still be consistent with the
repeated in the displaced positions. measurements of the ac Edericksz transition. This obser-
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vation could have serious implications for the standard meaand may therefore cause a drift of positive and negative ions
surement method fdk 33 and the subsequent use of the val- towards the center of the cell and the cell boundaries, respec-
ues in the modeling and optimization of liquid crystal tively (or vice versa depending on the signefi+esy).
devices. The effects of a finite anchoring or of a finite pretilt have
The value ofe,;+ e3; that has been measured using fully not been considered in the current work. If the anchoring was
leaky guided mode techniques in Ref20] was 1.5 weak this leads to a systematic increase in the permittivity
x 10 1 C/m, which falls within this range. However, the below the critical voltage and a less distinct transition at the
degeneracy in fitting the data between the valui&gfand threshold voltage. A finite pretilt above a certain value would
the value ofe;;+ e3; also applied to these measurements. Ithave lead to a number of different alignment configurations
should also be noted that if there is any appreciable ionién the device[23]. Neither of these effects were observed in
contamination in the nematic material then this could have &he current experimental cell. A theoretical treatment of the
screening effect on the flexoelectric polarization in a manneeffects of flexoelectricity for cells with higher pretilt and
which is analogous to the possible ionic screening of thecontaining ions will be addressed in a future publication.
spontaneous polarization in ferroelectric liquid crystal mate-
nals_ [14_1,21,22,. In Ref. [22] it was pred_lcted that the renor- ACKNOWLEDGMENTS
malization of the smecti€&* bend elastic constant®; was
directly influenced by the ionic screening length in the ma- The authors gratefully thank J. S. Strer and acknowl-
terial. edge Merck Chemicals Ltd. NB-C UK for the provision of
In addition, we have shown that in the flexoelectric casethe experimental data shown in Fig. 1, and Professor E. P.
the dc offset electric field is antisymmetric within the cell Raynes for many illuminating discussions.
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