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Flexoelectric polarization in hybrid nematic films
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Hybrid films of the nematic liquid crystal penthylcyanobipheri§CB) on the surface of glycerol were
studied in the presence of an in-plane electric field. In this geometry there is a macroscopic flexoelectric
polarizationP; with a component in the film plane that couples linearly to the field. Here we report the electric
field and film thickness dependence of the width of ther2orientations (2r walls) in the c director that are
trapped by the field and interpret these observations based on continuum elastic theory. We find the difference
between the flexoelectric coefficients to &e-e;=+11 pC/m.
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The high symmetry of the nematic liquid crystal phasefilms have been the subject of increasing interest, particularly
forbids a net spontaneous polarization. However, if there aré the context of spinoidal dewetting of nematic liquid crys-
distortions in the nematic directar, which indicates the lo- tal on silicon wafer[8,9].
cal average orientation of the molecular long axis, then a Here we report the direct observation of flexoelectricity in
flexoelectric polarizatiofP; proportional to the distortions is thin hybrid nematic films on the surface of glycerol. Hybrid
allowed. This was described by Meyer in 1968 to be a connematic films consist of a thin layer of nematic liquid crystal
sequence of the ordering of molecular dipoles along osandwiched between two isotropic media, one having ho-
across pear- or banana-shaped moleddlédn this descrip-  meotropic boundary conditions and one having planar

tion Ps is given by the equation boundary conditions. The continuous reorientation of the
nematic directon between these two surfaces defines a tilt
P;=en(V-n)+e3nxX(VXn), (1) plane and the projection afonto the film surface defines the

c director, a two-dimensional unit-vector fielgee Fig. 1 In
wheree; and e; are, respectively, the flexoelectric coeffi- extremely thin films, less then about 08m, spontaneous
cients for bend and splay of the director. stripe patterns irt are observedl10], while in thicker films

Later, Prost and Marcerou argued that flexoelectricity carvarious transient patterns are found due to film thickness
be described by distortions in the molecular quadrupolar mogradients[10—12. In this study we focus our attention on
mentum[2]. In their descriptionP; is given byP;~eVQ, films from 0.4 to 3.5um in thickness after sufficient time
where Q is the electric quadrupole density, proportional to passed for them to become relatively flat.
the nematic order parameter aads a tensor, which rotates Films were prepared by placing a small drop of the nem-
in space as the nematic order parameter itself. atic liquid cyrstal 5CB(penthylcyanobipheny] on the sur-

It has been proposed that flexoelectricity plays a signififace of glycerol. As 5CB completely wets the glycerol sur-
cant role in fixing the orientation af both in nematid3-5]  face, it rapidly spreads to form a thin layer covering the
as well as cholesteric liquid crystdl8]. The typical geom- surface. The orientation of the director is determined by
etry for measuring the flexoelectric coefficients is the hybridpolarized transmission microscopy, and the film thickness is
aligned nematic cell. In this geometry, nematic liquid crystalmeasured by counting fringes in the unpolarized monochro-
is confined between two glass plates with homeotropic andhatic reflected light. The difference in film thicknelsse-
planar boundary conditions that enforce a nonuniform directween interference fringes is given by\h=X\/2n,
tor structure. In principle, the measured linear couplinfof =0.16 um for light of wavelengtih =532 nm and average
to either an electric field applied in the plane of the cell or
that across the cell gives, respectivady,— e; or e;+es.

These measurements, however, have proven to be diffi-
cult. To make accurate measurements of the flexoelectric co-
efficients, one must simultaneously take into account surface 5CB
polar ordering, azymuthal anchoring strength, order electric-
ity, preferential adsorption of ions by the alignment layers,
dielectric anisotropy, pretilt angles, and twist of the director
from top to bottom of the cell. As a result of these complexi-
ties, for a given liquid crystal the reported values of the sum
and difference of the coefficients vary not only in magnitude, FG. 1. Chemical structure of 5CB and hybrid nematic film
but also in sign from one experiment to the nésee, for  geometry. An electric fieldE applied in the plane of the film of
example, the discussion in Refd] or [7]). thicknessh along thex axis couples linearly to the component of the

One place where flexoelectricity is expected to be large islexoelectric polarization along thedirectorP;. (—). Thec direc-
in thin films of nematic liquid crystal having antagonipta-  tor () is given by the projection of onto the film surface and
nar and homeotropjcboundary conditions. Recently, such makes an angle with the x axis.
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index of refraction along n.=1.63[11]. As it is necessary

to have a film edge to measure the film thickness a small
amount of surfactanfstearic acidl is added to prevent the
complete spreading of the 5CB film. An electric field was
applied in the film plane along the direction bisecting the
polarizer and analyzer by means of two indium-tin oxide
(ITO) coated glass plates fixed to stand vertically in the glyc-
erol with a separation of 1 cm. Note that in order to apply an
electric field in the film plane it is necessary for the ITO to
make contact with the glycerol as glycerol has a finite con-

ductivit. _ S ©)] 'K $ > W > < ﬁﬁi 4N
In the hybrid film geometry, a flexoelectric polarization is ,K x k /K 'k ,k

expected as given by E@l). If we assume infinitely strong & $7?‘_)| ‘44(—

anchoring ofn at both surfaces so tha&t the anglen makes

with the film normal, varies uniformly from 0 ter/2 from

top to bottom of the film A 6= 7/2), then the average po-
larization along the director is given by

1/ h T
<Pfc>zﬁf0 Pfc(Z)dZ=E(el—93)- (2

Similarly, the component of the polarization along the film
normalz is calculated to béP,)=(1/2h)(e;+e3). There is

no component OPy perpendicular ta_: in this model. FIG. 2. A strengths= + 1 disclination in a hybrid nematic film.
The CO‘_JD"”Q .ofc tp ap e>§ternal field can t,’e clgarly Seen the photomicrograph irfta) shows the four broad brushes of the
by observing point disclinations. Shown in FigaRis a flat  giscination. In the presence of an electric field, thdirector (in-
film with a strengths= + 1 point disclination. A point discli-  gjcated byl ) rotates to align parallel with the field compressing
nation is a topological defect about which tb@lirector ro-  the brushes into a narrow2wall. Shown in(c) is a sketch of the
tates through &7. When an external electric fielll is ap- ¢ director orientation in the region of the box ). The polariza-
plied in the film plane, the director rotates to align with the tion direction here is indicated with arrows. The measured width
field. In doing so, the 2 rotation ofc at the disclination is  of the centralr rotation of the 2r wall as sketched irfc) is pro-
trapped to form a 2 wall, as shown in Fig. @). A sketch of  portional to& with £=0.5%v. At the film edgedashed lines irid)]
the ¢ director orientation through thez2wall [boxed region the c director is fixed parallel to the normal of the film edgeA
of Fig. 2(b)] is shown in Fig. 2c). At the edge of the film, single 7= wall is then trapped at the film edge whénis applied
however, thee director is fixed to point out along the normal along—a[boxed region in(d)], but not wherE is along+a[boxed
to the film edgea and cannot reorient to align with the field. "egion in(e)] indicating the sign of Pyc) is positive.
As a result, wherk is alonga there is then a singler wall ) i i
trapped at the film edge for one sign of the field, but not forPlane, while the second term gives a correction to the energy
the other depending on if the sign ¢P;.) is positive or for nonunlfc_)rmlltles in the film thlckness:,. In the_ Ilmlt of a
negative. As shown in Figs(@ and 2e) we observe that the small electric f|elq wherg the ﬂgxoelectrlc coupllzng is much
sign of (Py.) is positive for 5CB. Similar 2 walls are ob-  9reater than the dielectric coupling?c)E> €A €E®, where
served in freely suspended films of ferroelectric and antifer& € is the dielectric anisotropy ane} the vacuum dielectric
roelectric smectic liquid crystals in the presence of an exterPermitivity, the addition of an electric field along theaxis

nal electric field[13]. results in the free energy
These 2r walls can be understood by considering a sim- ; _
plified free energy density=fejasiict friexo- Based on the flexo( @) =(Pic) E cose. 4

discussion of Lavrentovicfil4], we previously reported that
elastic deformations in hybrid nematic films are well de-
scribed using the free energy equation

In the absence of a gradieny€ 0) there are two equilib-
rium solutions to the total free enerdythe minimum free
energy solution wherep(x,y)=0 and the soliton solution
A§— ycosgy where(x,y) =4 arctan@’®). The characteristic width of the

K 2
h ) . (3 soliton is given by

K’ 5
felastic(‘PuQDg): T(V@) + 2

HereK' is equal toK/2 (in the single elastic constant limit B \/ K™ \/ 4K'h
whereK =K p1ay= Kpend=Kuwis). 7 is the gradient in film NP IE Vre,—enE
thickness(defined byVh=—yg, g being a unit vector ¢4

is the angle that makes with the gradierg and ¢ is the In our geometry with the direction of the electric field
angle thatt makes with thex axis[12]. The first term in this  bisecting the crossed polarizers, the distance between the
equation gives the energy for distortions ofin the film  centers of the two outer bright lines [Fig. 2(c)] of the 27

®
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FIG. 3. Soliton (27 wall) width as a function of field strength ou 1 ]
and film thickness. Irfa) the soliton widthé is shown for a film of -0.02 -0.01 0 0.01 0.02
thicknessh=0.25 um as a function of electric-field strenghand
1/\E in the inset. The film thickness dependence at fixed field FIG. 4. Hybrid nematic film with a slight gradient in film thick-

strengthE=0.03 V/um is shown in(b) with the inset showing: ness. The gradient is observed in the interference fringe in the

versusyh. The solid lines in(a) and (b) are fits to Eq(5). The fit ~ Mmonochromatic reflected light image\ €532 nm) of (a). Here
givese;—e;=+11 pC/m. each fringe corresponds to a difference in film thickness of

0.16 um. The 27 wall in the absence of an electric fiel@d€0) is
shown in(b). The box indicates the region where the data was
taken. The characteristic width of the soliténs plotted in(c) as a

) . _ . P function of electric field. The solid line is a fit to E7). The two
for a film of thicknesh=0.4 wm is shown in Fig. &). The insets in(c) show the boxed region ifb) under application of a

solid line in the graph is a fit of to 1/\/E and the inset field of E=+0.006 V/ium. The data points in the graph corre-

shows¢ versus 14/E. _The film t_hiCkneSS dependenc_e Of  sponding to these two images are indicated by open diamonds.
could also be determined experimentally by measuwirfgr

films of various thickness at the same field strength as is oK
shown in Fig. 8b). The solid line in this case is a fit @fto C:—y_
Eq. (5) and the inset shows plotted against/h. From this h(e;—es)
fit we determine thag;—e;=+11+1 pC/m for 5CB using o ) )
a value ofK' = (1/2)K zyerage WhereKz,erage is the average Thg effect of the g'ra(.ju'ant is then to shift the field strength at
of the bend and splay elastic constants, respectivgly,y  Which ¢ becomes infinite fronE=0 toE.. _
=6.37x10° 12 N andK gpja,= 8.60 1012 N for 5CB[15]. An exgmple of a wall produced_ by a fllm thickness
We now turn our attention to the situation where the filmgradient is shown in Fig. 4. The gradient is indicated by the
is not flat (y+ 0). Recently, we reported that in this situation mter_fernce fringes in the mo_nochratlc reflected Ilg_ht image
the ¢ director tends to align parallel to the direction in which ©f Fig. 4@ and the 27 wall in the absence of a fieldE(
the film thins resulting in the formation of2walls even in ~ =0) iS shown in Fig. &). As indicated in the field strength
the absence of an electric figli2]. In the special case where dependence df plotted in Fig. 4c), for a small positive field
g is parallel toE, i.e., ;= ¢, a soliton equilibrium solution the 2= wall narrows, while for a small negative field it ex-
for o(x,y) still exists with the soliton width given in the case Pands. With increasing negative field strength, the @all
of small y andA 6= /2 by continues to expand until it completely unwinds and then
reforms with the opposite winding sense. The two photomi-
crograph insets in Fig. (4) show the 2r wall at E=

walls is directly proportional t& with the constant of pro-
portionality given by¢é=0.54v. The field dependence &f

)

K’ 1

&= = , (6) +0.006 V/um. Their corresponding data points are indi-
”K7_<P VE Va(E.—E) cated by open diamonds in the graph. The solid line in Fig.
2h? fe 4(c) is a fit to Eq.(6) showing the divergence in width where

the torques due to the electric field and film thickness gradi-
with E; given by ent balance.
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The calculated value d&.=0.0033£0.0005 V/jum from  observe no deviation, we believe that such a contribution is
Eq. (7) (using y=1.2x10 % and h=0.48+0.05 um as small.

measured from the photomicrographé=7.5x10 12 N A third limitation of our model is that it assumes that the
and e;—e;=11 pC/m) is in excellent agreement with the director remains in the same plane from top to bottom of the
valueE,=0.00325 Vjum determined from the fit. film in all situations and that the director profile in the tilt

The observed response of thelirector in hybrid nematic Plane does not change wit even in the center of the2
films to an external electric field is well explained by con- Wall: A change in the director profile to increaBg; outside
siderations of the flexoelectric polarization alone. Such g"€ 27 wall and decrease it inside thervall must exist on

model, however, overlooks several features of the systen‘?.gme Iegrzl. Sucr:j.?f change, |L.S|g%r!|ﬂcant, 'f) etxpectet(rj] to be
The first of these is that dielectric contributions are ignored0 servable as a difiernece in birefringence between the cen-

P, . . ter of the 27 wall and the exterior. However, we were not
Th's is justified as follows. C0n3|de_r a film of moderate able to detect a difference in birefringences and conclude
thickness, h~3 wm. For such a film we expecP;,

—0.25 nClcr. Compairing the strength of the flexoelectric, that the effect of the field on the director profile is minimal.

; . - In summary, we have directly observed the linear cou-
P-E, and dielectric,eqA €E? (Ae~0.2 for 5CB, coupling 84 y

. L X ling of the nematic director to an external electric field in
strengths, t_he flexoelectric term is still 15 times larger tha ybrid nematic films. The field, film thickness, and gradient
the dielectric term aE=0.10 V/um (1 kV acros a 1 cm

C o . : ._dependences of the resultingr2valls are well explained by
gap. For this field strength the dielectric and flexoelectric fo, qelectric models. From these models and observations
terms do not become comparable in strength until the filmye hayve determined the difference in the flexoelectric coef-
reaches 10um in thickness. ficientse;—e3=+11 pC/m in 5CB. There is no ambiguity

A second omission from our model is the additional flexo-yit, regard to the sign of the difference with our technique.
electric polarization produced by the rotationwin the 27

wall itself. Such a polarization is expected to be observed in  One of us, D.R.L. acknowledges the support of the Japa-
a deviation of the field dependence§from Eq.(5). Aswe  nese Society for the Promotion of SciendSPS3.
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