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The director structure around topological defects and in 2p walls in the two-dimensional orientation field of
thin freely suspended films of tilted chiral smectic liquid crystal is observed to minimize splay of the sponta-
neous polarization. Concentric ring patterns in the director field unwind more slowly in higher polarization
films. These experiments confirm that polarization space charge increases the effective elasticity of static
polarization-splay distortions and that it attracts ionic charge, leading to an increase in the effective orienta-
tional viscosity of the director field.
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I. INTRODUCTION

A freely suspended film of smectic liquid crystal can be
thought of as a stack of two-dimensionals2Dd fluid layers
where the average orientation of the long axis of the rodlike
moleculesn̂ is either along the layer normalẑ, as in the
smecticA phase, or tilted fromẑ by an anglec, as shown in
Fig. 1. In the tilted smectic phases, the projection ofn̂ onto
the film plane defines the 2Dc-director field,ĉsr d, with azi-
muthal orientationwsr d f1g. In the smecticC sSm-Cd phase,
the molecular tilt is synclinic, uniform from layer to layer,
giving a nonpolar structure with C2h symmetry. When the
molecules are chiral, however, there is no mirror plane, the
symmetry being onlyC2, and a netschirality-inducedd spon-
taneous polarization is allowed perpendicular to the molecu-
lar tilt plane f2g. Hence, chiral Sm-C films sSm-C* d are
ferroelectric, with a polarizationsdipole moment per unit
aread Psr d perpendicular toĉ. Similarly, in the case of the
chiral anticlinic smectic-CA sSm-CA

*d phase, where the mo-
lecular tilt direction alternates in adjacent layers, chirality
results in antiferroelectric ordering of the polarizationf3,4g,
with the result that in films with odd layer numberN, the net
spontaneous polarization is transversesPT, normal to bothc
and ẑd, while in evenN films the polarization is longitudinal
sPL, coplanar withc and ẑd f5,6g. In general, chirality also
allows helixing of the director alongẑ, although this effect is
negligible in thin films such as those studied here.

Thin freely suspended films of achiral Sm-C films are
well described by a 2DXY model, with the elastic free en-
ergy expressed in terms of the orientation of thec-director
field of the top layer as

Felastic=E SKS

2
s= · ĉd2 +

KB

2
sẑ · = 3 ĉd2Dd2x. s1d

The two-dimensional splay and bend elastic constantsKS
and KB are related to the bulk Frank elastic constants by

KS=hK11 sin2 c and KB=hsK22 sin2 c cos2 c+K33 sin4 cd,
whereh is the film thicknessf1g. If we assumeKS=KB;K,
and introduce a 2D viscous damping coefficientg, the equa-
tion of motion forwsr ,td can be written as

]w

]t
=

K

g
=2w = D=2w, s2d

where we have used the relationĉsr ,ud= x̂ cosw+ ŷ sinw,
and D=K /g is a rotational diffusion constant. The equilib-
rium director field swhen ]w /]t=0d is found by solving
Laplace’s equation,¹2w=0. In particular, this equation de-
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FIG. 1. Structures and phase diagrams of the liquid crystals
TFMHPOBC, C7, and DOBAMBC, and molecular tilt arrangement
of Sm-C ssynclinicd and Sm-CA santiclinicd phases. The projection
of the directorn̂ onto thex-y plane defines thec directors£d, which
has an azimuthal orientationf. In the Sm-C phase, the director
orientation is constant from layer to layer, while in the Sm-CA phase
there is alternating tilt.PL and PT denote longitudinal and trans-
verse polarizations, the latter being identically zero in nonchiral
materials.
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scribes the static director field around disclinations or vorti-
ces, singular points in the film about whichĉ rotates through
an integer number of revolutions. In cylindrical coordinates,
the c-director field near a disclination at the origin is de-
scribed bywsr ,ud=su+a, where the integers is the strength
of the disclination anda is an arbitrary angle. When freely
suspended films of tilted smectics are viewed through a po-
larized light microscope using depolarized reflected light mi-
croscopysDRLMd, a characteristicschlierentexture of dark
and light brushes is observedssee Figs. 2–4d. The points
where these dark brushes converge are the disclinations.
Since the discovery of liquid crystals, such topological de-

fects have been crucial in understanding the symmetry and
phases of bulk nematics and smecticsf7,8g and they are de-
scribed extensively in standard textsf9,10g.

In the single elastic constant model, +1 disclinations of
both bend typefa=p /2 or 3p /2, see Fig. 2sadg and splay
type fa=0 or p, see Fig. 2sbdg have the same free energy
and would be expected to occur with equal frequency. In
practice, however, the elastic constants are not equal and we
find that +1 disclinations in a given film are consequently
either all of bend type or all of splay type, depending on
which elastic constant is smaller. Since disclinations of
strengths=−1 fFigs. 2scd and 2sddg are required by their

FIG. 2. DRLM images of director patterns around disclinations
in tilted smectic films, along with sketches of the corresponding
c-director s£d and polarizations→d patterns. Thec directors are
drawn for the top layer only, whereas the polarization arrows rep-
resent the in-plane component of the polarizationPsr d averaged
over the entire film.sad Bend-types= +1 disclination in a Sm-CA*
film of TFMHPOBC with evenN. sbd Splay-types= +1 disclina-
tion in a Sm-CA* film of TFMHPOBC with oddN. scd s= ±1 dis-
clination pair in a Sm-CA* film of TFMHPOBC with evenN. sdd
s= ±1 disclination pair in a Sm-C* film of C7. While s= +1 discli-
nations always have cylindrical symmetryfwhite circles inscd and
sddg, the field arounds=−1 disclinationsfwhite boxes inscd and
sddg is distorted to reduce splay in the polarizationfat the expense
of increasing splaysbendd in ĉ when the polarization is transverse
slongitudinaldg. When the polarization is very large, as in the ferro-
electric C7, the chargedssplayedd regions around −1 defects be-
come very narrow, separated by large regions with uniform director
orientation. sed and sfd Polarization space charge distributions
around −1 defects in films with low and high polarization, respec-
tively ssuperimposed on simulated defect textures as viewed using
DRLMd.
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topology to be surrounded by both splay and bend distor-
tions, anisotropy of the elastic constants results in a change
in the relative widths of the bend and splay regions, with the
deformation corresponding to the smaller elasticity being
spatially compressed.

Purely elastic theories have been used with some success
to describe, for example, the static structures of defects with
anisotropic elasticityf11g, disclination diffusion in two di-
mensionsf12g, defect pair annihilationf13g, equilibrium
structures when inclusions are presentf14g, and complex di-
rector structures in islandsf15g. The presence of a spontane-
ous polarization, however, has a significant effect on the dy-
namic fluctuations and static structures of the director field in
films f1g. In particular, splay of the polarization gives rise to
space charge,dsr d=−= ·P, which makes an electrostatic
contribution to the free energyf2g

Fdipoles=
1

2
E = ·Psr d E = ·Psr 8d

ur − r 8u
d2x8 d2x. s3d

This may be expressed in a modal expansion of the total free
energy as

Fq =E SKS

2
qi

2 +
KB

2
q'

2 + 2pP2qPDfq
2d2x, s4d

wherefq is the amplitude of thec-director fluctuation with

wave vectorq, qi and q' are the components ofq parallel
and perpendicular to the tilt plane, andqP is the component
alongP. This leads to an increase in the effective elasticity
for certain modes, as confirmed in extensive dynamic light
scattering experiments on Sm-C* films and cells, where sig-
nificant quenching of bend mode director fluctuations has
been observedf1,16,17g. This effect also qualitatively ex-
plains the large difference in the magnitude of director fluc-
tuations observed in Sm-C* and Sm-CA* films f5g.

In 1979, Pelcovits and Halperin described theoretically
how space charge should affect static structures in tilted chi-
ral films, although the ferroelectric LC materials available at
the time had extremely low polarization and were not par-
ticularly puref18g. While it had been demonstrated that po-
larization splay results in an enhanced restoring force for
thermal orientational director fluctuations in filmsf1g, it ap-
peared that ionic impurities in liquid crystals effectively
screened out the space charge in static structures, canceling
its effectsf19g. Nevertheless, the effects of impurities were
noted in the original free film studies at Harvardf1,16g, and
their influence on the slow dynamics of director fluctuations
were later confirmed in bulk light scattering experiments
f17g. Ions have since been observed to affect the shape of
layer dislocations in filmsf20g, and computer simulations of
the dynamic response of chiral films suggest that ions change
the shape and hence the velocity ofp walls moving in re-
sponse to applied electric fieldsf21g.

Although the predicted effects of polarization charge on
the texture of chiral films are expected to be screened to
some extent in any material that contains ionic impurities,
recent experiments, described in detail below, confirm that
the polarization can nevertheless strongly affect the static
director field in some LC systems, for example, around dis-
clinations. We have also studied the relaxation of ring pat-
terns in the director field of chiral Sm-CA* films, where the

FIG. 4. Racemic TFMHPOBC film in the anticlinic Sm-CA

phase. The photomicrographs show ±1 defect pairsfsad andsbdg in
an oddN regionswith no net average polarizationd andfscd andsddg
in an evenN regionswith longitudinal polarizationd. The −1 defect
structure is slightly distorted in both cases, minimizing polarization
splay as discussed in the text. Decrossing the polarizer and analyzer
slightly fsbd andsddg reveals that both +1 defects are of bend type.
The scale in all images is the same.

FIG. 3. Chiral TFMHPOBC film in the Sm-CA* phase. sad
Brush patterns around +1 defects in even and oddN regions. A
layer step is indicated by the dashed line.sbd By slightly decrossing
the polarizer and analyzer, these defects are revealed to have differ-
ent structures: in the evenN region, the dark brushes are parallel to
the polarizer implying that the defect is of bend type. In the oddN
region, the brushes are perpendicular to the polarizer, implying
c-director splay.scd Pair of ±1 defects in an evenN region. sdd
Distorted −1 defect in an oddN region, with a director field as
sketched in Fig. 2sdd.
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magnitude of the polarization, correlated with smectic layer
numberN, produces a striking odd-even effect in their ap-
pearance and in their relaxation dynamics. Finally, we show
that the orientational dynamics of high polarization films are
strongly influenced by the presence of ions.

II. DEFECT STRUCTURES

Films from N=2–10 smectic layers of chiral and racemic
TFMHPOBC f22g and of chiral C7f23g, respectively, in the
Sm-CA*, Sm-CA, and Sm-C* phases, were drawn across a
4-mm-diam hole in a microscope glass coverslip. The chemi-
cal structures and phase transitions of the materials studied
are shown in Fig. 1. The film thickness was determined by
laser reflectivity and the textures were studied using DRLM
with slightly oblique incidence. To supplement the disclina-
tions that appeared spontaneously, additional topological de-
fects could be generated by dragging the glass spreader
quickly but carefully sideways across the edge of a freshly
made film. This disturbance would result in the appearance
of a number ofs= ±1 disclination pairs. These then diffused
further onto the film, forming a disperse ensemble of weakly
associated point defects that slowly coarsened through pair
annihilation.

Although both +1 and −1 defects exhibit four-arm
brushes under crossed polarizersfsee Fig. 3scdg, they can be
distinguished because +1 defects haveC` symmetry around
their cores while −1 defects have onlyC2v symmetry, with
two orthogonal mirror planes bisecting theC2 axis. This
means, for example, for the defects shown in Figs. 2 and 3,
wherea=mp /2, with m an integer, that the dark brushes of
+1 defects always lie along the polarizer axes, while the dark
brushes of −1 defects lie along the polarizer axes only if the
mirror planes happen to be aligned with the crossed polariz-
ers or are oriented at 45° to them.

The odd-even effect in the spontaneous polarization of
Sm-CA* films makes antiferroelectrics a natural choice for
investigating the effect of polarization on defect structures.
For s= +1 disclinations, we find in every case that thec
director orients so as to reduce splay in the polarization. This
means that for films of materials such as TFMHPOBC,
which show transverseslongitudinald polarization, respec-
tively, in odd sevend N films, there is a corresponding odd-
even effect in topological defect type:s= +1 disclinations
have only bend inĉ whenN is even and only splay inĉ when
N is odd fsee Figs. 2sad and 2sbdg. While s= +1 defects
fwhite circles in Figs. 2scd and 2sddg are always cylindrically
symmetricswith constant]f /]ud, we find that the director
field of s=−1 disclinationsfwhite boxes in Figs. 2scd and
2sddg is distorted to minimize splay in the polarizationsat the
expense of increasing bendd: splayed regions become very
broad, while bend regions are narrow. In high polarization
materials, such as TFMHPOBC, these distortions can be-
come extreme. Analogous observations are made with high
polarization liquid crystals in the Sm-C* phase. In the mate-
rial C7, for example, −1 defects are highly distorted, as il-
lustrated dramatically in Fig. 2sdd. Demikhov described the
sharp brush patterns associated with arrays of point defects
in C7 films as a “chessboard” texture and proposed that their

structure was driven by a preference for minimizing the po-
larization chargef24g.

Bend and splay type +1 defects may be distinguished
experimentally by slightly decrossing the polarizer and
analyzer, reducing the four brushesfFig. 3sadg to two fFig.
3sbdg: when these brushes near the defect core are aligned
parallel to the polarizer, the defect has bend structure, as seen
in the evenN region of Fig. 3sbd; brushes oriented perpen-
dicular to the polarizer, on the other hand, implyc-director
splay structure around the defect, as in the oddN region of
Fig. 3sbd.

Figures 3scd and 3sdd illustrate the effects of space charge
on −1 defects in chiral TFMHPOBC. The brushes of a −1
defect in an evenN film fFig. 3scdg are seen to be slightly
narrower than those of the +1 defect. In an oddN film, with
higher polarizationf5g, the brushes are much narrowerfFig.
3sddg, indicating that the director field is highly distorted
here, as in Fig. 2sdd.

Films of racemic TFMHPOBC in the Sm-CA phase have
also been investigated. Figure 4 shows ±1 defect pairs in odd
and evenN films in this phase, which have, respectively,P
=0 and longitudinal polarizationPL f25g. In both cases, +1
defects exhibit bend structure, while the −1 defects are
weakly distorted, with brushes slightly narrower than those
of the +1 defects. The texture of the evenN regions can be
explained using the same arguments as for Sm-CA* films,
since they have the same polarizationf5g. TheC2h symmetry
of odd N films of the achiral material does not allow a net
spontaneous polarization. However, while the longitudinal
polarizations at the two surfaces cancel on average, any in-
stance of director splay in the film leads to the creation of
polarization charges of opposite sign at the two surfaces. The
associated increase in electrostatic free energy results in
higher splay elasticityf1g.

III. RING PATTERN ANISOTROPY

The effects of high polarization are also manifest in ring
patterns in thec-director field of Sm-CA* films, where there
is a striking odd-even effect in their appearance and relax-
ation dynamics correlated with smectic layer numberN: not
only is there an obvious difference in the relative widths of
the splay and bend parts of the ringsf27g, but, as we will see
in the next section, the relaxation times of the rings differ by
an order of magnitude in odd an even filmsf26g.

Ring patterns form spontaneously in tilted chiral films
subjected to a rotatingE field of appropriate strength and
frequencysseef26g and references thereind. These patterns
consist either of sets of concentric, circular 2p walls or of a
single spiraling 2p wall that terminates at ans= +1 point
defect in the center of the pattern. When the field is removed,
the ring pattern relaxes, the film eventually returning to a
uniform schlieren texture f9g. In ring patterns in Sm-CA*
films, the anisotropy of the widths of bend and splay walls
reverses in even and oddN films, an effect that can be ex-
plained by polarization stiffening of the corresponding orien-
tational rigidities.

As first pointed out by Utoet al. f28g, when thec-director
field forms a series of concentricp walls, regions of pure
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bend and pure splay form a spiral pattern, shown in Fig. 5sad.
The handedness of this spiral is dependent on the sign of
rotation of thec director. From Eqs.s3d and s4d, we have
seen that the polarization space charge enhances the effective
elasticity for the director deformation involving= ·P, corre-
sponding to bend of thec director in oddN films and splay in
evenN films, as indicated in Fig. 5sbd.

The anisotropy in the ring widths is evident in the ring
patterns in chiral TFMHPOBC films, illustrated in Fig. 5:
for an evenN film scd the splay rigidity is greater, while for
an oddN film sdd the bend rigidity is greater. This conclu-
sion is reached by comparing the widthWB of a given
white ring along the radial black line, a region of pure bend,
with its width WS along the white line, where there is pure
splay. The inversion in the appearance of the rings in images
scd andsdd indicates a reversal of the effective elastic aniso-
tropy. To confirm that the spontaneous polarization does in
fact play a role in producing this effect,N=3 layer films of
racemic TFMHPOBCsdoped with a tiny amount of chiral
TFMHPOBC to facilitate ring windingd were studied. These
films have almost no discernible anisotropy in ring width
along their radius, as can be seen in Fig. 5sed. Numerical
simulations of the director field evolution in films with an-
isotropic elasticity yield qualitatively similar textures
f27,29g. The contrast between the anisotropy of chiral films
and the lack of any anisotropy in the racemate is direct visual
evidence that the effective elasticity is modified by the spon-
taneous polarization.

IV. RING RELAXATION DYNAMICS: EXPERIMENT

We studied the relaxation of concentric ring patterns in
Sm-C* DOBAMBC f30g and Sm-CA* TFMHPOBC films by
analyzing the radial director profilesfsr ,td obtained from
digitized video. We assumed that the director field in ring
patterns in both ferroelectric and antiferroelectric films could
be described theoretically by a truncated series of harmonic
functions solving Eq.s2d. The decay of the ring patterns over
time was analyzed to obtain the rotational diffusion constant
D f26g.

The functional form proposed forfsr ,td was found to fit
the experimental director profiles very wellf26g, although
the fits to solutions of Eq.s2d for evenN films swhich have
low polarizationd were noticeably better than for oddN films.
In addition, the value forD obtained in Sm-C* DOBAMBC
was about a factor of 10 lower than the value previously
obtained by light scatteringf19g.

We also observed a significant and rather puzzling differ-
ence between the relaxation rates of ring patterns in even and
oddN antiferroelectric TFMHPOBC films, with oddN films
relaxing much more slowly than evenN films, as can be seen
in Fig. 6. This effect, which seemed initially quite counter-
intuitive, cannot be understood in terms of the simple theory
presented so far. In the case ofc-director fluctuations, the
relatively large polarization of oddN films is argued to
stiffen the films, resulting in a greatly increased effective
elasticity. In the light of our previous discussion, the effec-

FIG. 5. Ring pattern anisotropy in antiferroelectric films.sad As in the experiments, the rings here represent contours of constant
c-director orientation, the character of the radial director distortion across a given ring alternating between splay and bend around its
circumference.sbd A 2p rotation of thec director in polar films generates polarization space charge. In evenN films swherePL i ĉd, the space
charge is greatest where thec director is splayed, while in oddN films swherePT' ĉd the charge is concentrated where there isc-director
bend.scd andsdd Reversal of bend and splay anisotropy in Sm-CA* TFMHPOBC films with odd and evenN. The anisotropy of the elastic
constants is determined by comparing the relative widths of the white rings along the two radial lines drawn at ±45°.scd In evenN films,
WS.WB implying KS.KB, while sdd in odd N films, WB.WS implying KB.KS. sed In snearlyd racemic oddN films, with P<0, the wall
widths are approximately equal.
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tive orientational diffusion constantD for oddN films would
thus be expected to be much larger than for evenN films.
This would cause odd films to relax faster, whereas the op-
posite was in fact observed. In addition, oddN films of
weakly doped racemic TFMHPOBC have largec-director
fluctuations compared to chiral filmsscommensurate with
their low polarizationd, and ring patterns in these films relax
in a time comparable toslow Pd N=2 andN=4 films, withD
much greater than in an enantiomerically pureN=3 film, as
can be seen in Fig. 6.

These observations suggest that while Eq.s2d does cap-
ture the essence of the director dynamics if we account for
the increases in the effective elasticity manifest in Eq.s4d,
important additional physics related to the role of the po-
larization in modifying the effective viscosity is being
neglected.

V. RING RELAXATION DYNAMICS: EFFECT
OF ELECTRICAL CHARGE

We have seen that oddN films of enantiomerically pure
TFMHPOBCsenantiomeric excess, ee=1d have much slower
ring relaxation dynamics than evenN films and, therefore, in
terms of the simple theory, have smaller values ofD. The
fact that in oddN films there is a net transverse polarization
PT that is large relative to the longitudinal polarizationPL in
even N films, suggests that this difference, like the defect
structures discussed above, may also be a polarization space
charge effect. This supposition is qualitatively confirmed by
the observation that in TFMHPOBC films of reduced ee
see,0.02d , D for oddN films is essentially the same as for
chiral films with evenN.

In this section, we develop a model for the retardation of
orientation dynamics by polarization space charge, showing
that screening of polarization charge by ions can have a dra-
matic effect on the dynamics ofc-director structures with
nonzero splay ofP that move on the film, the coupled motion
of ions increasing the dissipation associated with local
change ofPsr d.

A key observation motivating this approach is that in odd
N, enantiomerically pure films, the space charge due to di-
vergence ofPsr d produces in-plane electric fields large

enough to segregate the ionic impurities on the films which,
in turn, produce electric fields significant enough to be ob-
servable in thec-director patterns. Thus, as is shown in Fig.
7, stabilizing a 2p wall with an applied field and then sweep-
ing it away by reversing the field leaves a transient “shadow”
in an otherwise almost uniformc-director field, this ghost
image being produced by ions attracted by the polarization
charge densityd and partially screening it. Once the polar-
ization field is rendered nearly uniform by electric field re-
versal, the ions drift away and the shadow disappears over a
period of a few minutes.

Analysis of such effects begins with consideration of the
dynamics of the relaxation of surface charge density due to
ions in the film plane,rsr ,td, which we obtain via Fourier
transformation of the time-dependent amplitudesrqstd of ion
charge density wavessCDWsd of wave vectorq. For a three-
dimensional medium of bulk electrical conductivitysB and

FIG. 6. Layer number dependence of the rotational diffusion
constant K /g in TFMHPOBC films in the Sm-CA phase. All
measurements were made about 5 °C below the Sm-C-Sm-CA tran-
sition f26g.

FIG. 7. sColor onlined 2p walls and their “phantoms” in a Sm-
CA* TFMHPOBC film. The DRLM photomicrographs, obtained
with decrossed polarizers in an applied electric field, show an area
with odd and evenN layer number regions. The applied fieldE
stabilizes 2p walls in thec-director fieldfmarked with open circles
sgreen onlined in sad andsbd and with open rectanglessgreen onlined
in scdg. Polarization splay in the walls produces polarization space
charge, attracting free charges of the opposite sign. When the sign
of the E field changes, the 2p walls split into pairs ofp walls.
These move away from each other, eventually joining with neigh-
boringp walls to form new 2p walls centered between the original
set, as sketched inscd. Free charge attracted to the original 2p walls
is not redistributed instantaneously upon field reversal, resulting in
“phantom” walls. These ghost images of the former 2p walls
fmarked with dots insad and sbd and with bars inscdg disappear
slowly, well after the mainc-director reorientation has been com-
pleted. This effect is clearly evident in the oddN region, which has
high polarization, while in the evenN area it is not visible.
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dielectric constant«, an initial volume charge density decays
exponentially in time toward electrostatic equilibrium, with a
relaxation timef31g

tB =
«

sB

which does not depend on wave vector. To obtain the equiva-
lent expression for a thin filmsi.e., with qh!1d, we use a
static CDW rsr ,td=rq expiqx with wavefronts parallel to
they axis. The areal charge density isrsr ,tdh and the electric
field produced by this chargef= ·Esr ,td=rsr ,td /«0g is

Esx,yd =
rqh

2«0
hy expsiqx − quyud + xs− idexpsiqx − quyudj.

From charge continuity,

]r

]t
= − = ·J = −

]

]x
ssBExd,

yielding

s2«0/hd ] Ex/]t = − qsBEx.

Defining sF=sBh andtFsqd by ]Ex/]t=−Ex/tFsqd, we find

tFsqd =
2«0

qsF
.

In summary, charge density waves in thin films also decay
exponentially, but with a wave-vector-dependent relaxation
time.

The dielectric constant of the medium surrounding the
film sair in this cased is taken here to be equal to«0, the
permittivity of free space,sB is the effective bulk conductiv-
ity of the liquid crystal, andsF=sBh is the effective 2D
sheet conductivity of the film. Note that in the film, theq−1

dependence makes the relaxation relatively slower at longer
length scales.

Next we consider the effect of this relaxation to electro-
static equilibrium on the motion of charge in the film plane,
assuming that we have a polarization CDWdsr ,td
=dq expisqx−vtd parallel to they axis traveling in thex
direction. The resulting electric field induces an ionic charge
density waversr ,td=rq expisqx−vtd of steady-state ampli-
tuderq, which we find to be

rq =
− dq

1 − ivtFsqd
=

− dq

1 − ics2«o/sBhd
=

− dq

1 − isc/cFd
.

Here c=v /q is the traveling velocity of the polarization
CDW and cF=sF /2«o has dimensions of velocity. In the
limit of slow motion sc!cFd, we haverq=−dq and the po-
larization charge will be completely screened by ions. How-
ever, the screening becomes less complete asc increases. For
c/cF small but nonzero, the incomplete screening puts the
ion CDW slightly out of phase with the polarization CDW,
generating an electric fieldEsr d of amplitude Eq

= +srq/2«odsc/cFd. This in turn acts on the polarization
charge to produce an average drag force/areakFsr dl
=kdsr dEsr dl=RsdqEq* /2d. The inverse mobility of the
CDW is then

mscd−1 =
kFl
c

=
dq

2/2sF

1 + sc/cFd2 . s5d

The drag thus increases strongly with polarization charge
density and exhibits behavior akin to shear-thinning, decreas-
ing with increasing velocity forc.cF.

This result is readily generalized to a localized reorienta-
tion of thec director with an associated polarization charge
density. Consider, for example, a 2p wall stabilized by an
in-plane electric field and subject to a rapid field reversal: the
2p wall splits into twop walls, which move from the center
of the 2p wall, leaving behind the orientation of thec direc-
tor now preferred by thesreversedd field. Eachp wall nec-
essarily generates polarization splay and will have a local-
ized charge density “pulse”dsx,td=d0gsx−ctd, whereg is a
dimensionless function, oriented parallel to they axis and
moving in thex direction. The above calculation formscd−1

for a sinusoidal CDW is readily generalized using Fourier
superposition to the case of an arbitrary charge density local-
ized to a linear wall. The inverse mobility of such a wall in
the presence of ions is given by

Mi
−1scd =

f

c
=

s1/2sFdd0
2E gsxd2dx

1 + sc/cFd2 ,

which exhibits the same general features as the simple sinu-
soidal case. Heref is the drag force per unit length on the
wall.

The key parameters controlling these charge relaxation
effects,tFsqd andcF, can be estimated simply from qualita-
tive observation of the relaxation of the shadow effect illus-
trated in Fig. 7. Typically we findtFsqd=2tB/qh,20 s
for q,100 cm−1 andh,100 Å. This value oftFsqd would
correspond to a bulk liquid crystal relaxation timetB
=qhtFsqd /2 of tB,1 ms, a value consistent with ion
concentrationsr,1012 ions/cm3, a reasonable value for
the samples used, which were not specifically deionized. In
this case,cF=1/qtF,10 mm/s. In the ring relaxation ex-
periments, the largest CDW velocity isc,10 mm/s right
at the center of the ring pattern and is smaller everywhere
else, putting the experiments in the low-c sc,cFd regime of
Eq. s5d.

Next we compare the magnitude of the ion-induced
drag on a moving reorientation wall relative to that due to
orientational viscosity. For a wall of widthj moving with
velocity c, the viscous energy dissipated per unit length is
ug,gsc/jd2j, yielding a damping force per unit lengthfg

,gc/j, and a viscous inverse mobilityMg
−1,g /j. In the

low-c regime, the ion inverse mobility is Mi
−1

=s1/2sFdedsxd2dx. For a moving wall of widthj in a film of
polarizationP, we haved, P/j, so thatedsxd2dx, P2/j and
Mi

−1, P2/2sF. Mg can be related toMi by noting that the
usual electro-optic switching time in an applied fieldE is
given byt,g /PE. For a field of magnitudeEP=P/h«, the
internal polarization screening field, this givestP,gh« /P2,
so thatP2,gh« /tP andMi

−1,gh« /tPjsF. With this result,
we obtain
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Mg

Mi
,

h«

tPsF
=

«

tPsB
=

tB

tP
,

or

Mg

Mi
,

tB

tP
.

For largeP materials such as TFMHPOBC,tP is typically
10–100 µs, which, with tB,1 ms, makes 10,Mg /Mi
,100, easily in the range to give the polarization-induced
mobility reduction manifest in the slowing down of ring re-
laxation in odd N films of TFMHPOBC relative to the
even N and low ee films. Numerical simulations by Stan-
narius and Langer, based on a somewhat different theoretical
approach, predict thatp wall velocities may be reduced by a
factor of as much as 3 or 4 in the presence of typical ion
concentrationsf21g.

VI. SUMMARY

When there is a net spontaneous polarization in tilted fluid
smectic films, polarization charge arising from spatial varia-
tions of the molecular orientation effectively increases the
orientational rigidity of the director field, acting to minimize
and spatially confine polarization splay. These effects can be
observed directly around topological defects and in the spa-
tial anisotropy of ring patterns in the director field. The re-
orientation dynamics of 2p walls is also strongly influenced
by the magnitude of the spontaneous polarization, there be-
ing, for example, a dramatic alternation between fast and
slow relaxation in even and oddN films. We have shown that
ionic impurities, attracted to regions with high polarization
space charge, increase the effective orientational viscosity of
the film, leading to a retardation in the orientational dynam-
ics of the director field.
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