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Effect of high spontaneous polarization on defect structures and orientational dynamics
of tilted chiral smectic freely suspended films
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The director structure around topological defects and#malls 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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[. INTRODUCTION Kg=hICqy sir? ¢ and Kg=h(K,, Sir? i coS i+ K a3 Sint 4),
whereh is the film thicknesg1]. If we assumeKs=Kz=K,
and introduce a 2D viscous damping coefficignthe equa-
etion of motion for ¢(r ,t) can be written as

A freely suspended film of smectic liquid crystal can be
thought of as a stack of two-dimension@D) fluid layers
where the average orientation of the long axis of the rodlik
moleculesh is either along the layer norma, as in the Jo K
smecticA phase, or tilted fronz by an angley, as shown in i —V2p=DV?p, 2
Fig. 1. In the tilted smectic phases, the projectiomainto Y
the film plane defines the 2B-director field,C(r), with azi-  \yhere we have used the relatid@tr, §)=X cose+Y sin ¢,
muthal orientationy(r) [1]. In the smecticC (SmC) phase, andD=K/y is a rotational diffusion constant. The equilib-
the molecular tilt is synclinic, uniform from layer to layer, rijum director field (when dp/at=0) is found by solving

giving a nonpolar structure with £ symmetry. When the | aplace’s equationy2¢=0. In particular, this equation de-
molecules are chiral, however, there is no mirror plane, the

symmetry being onl\C,, and a netchirality-induced spon-

taneous polarization is allowed perpendicular to the molecu- TFMHPgBﬁ:OO N
lar tilt plane [2]. Hence, chiral Sn& films (Sm-C*) are e} CeHis
ferroelectric, with a polarizatioridipole moment per unit X (64°C) SmC (110°C) SmA (125°C) Iso 0 -
area P(r) perpendicular tcS. Similarly, in the case of the c7 o CH, 3
chiral anticlinic smecticS, (Sm-C,") phase, where the mo- C7H1500/LH\02H5
lecular tilt direction alternates in adjacent layers, chirality al
results in antiferroelectric ordering of the polarizati@4], SmG (43°C) SmC (65°C) SmA (62°C) Iso
with the result that in films with odd layer numbir the net DOBAMBC o
spontaneous polarization is transve(Bg, normal to bothc c10H21o—©—CH=N—©—<:H=CH—(
andz), while in eyenN fllrps the polarization is ang|tud|nal BSOS C R A IEE) 155 0—>_\
(P, coplanar withc and z) [5,6]. In general, chirality also
allows helixing of the director along, although this effect is —— _,,—_7,,7'
negligible in thin films such as those studied here. //7/7/7"»//7/7/7' !

Thin freely suspended films of achiral Sthfilms are 7000077 ”/V\\\\\\\ 1 v
well described by a 2IXY model, with the elastic free en- 7700007 1 | ! 97077771 !
ergy expressed in terms of the orientation of thdirector 9007077 ] ] ! ANANY i [
field of the top layer as - =

synclinic anticlinic
Felastic= K—S(V -6)2+&(2- V x¢)?|dx. (1) i iqui
elastic= 5 > . FIG. 1. Structures and phase diagrams of the liquid crystals

TFMHPOBC, C7, and DOBAMBC, and molecular tilt arrangement

The two-dimensional splay and bend elastic constatys of Sm-C (synclinic) and SmE, (anticlinic) phases. The projection

and Kg are related to the bulk Frank elastic constants b)pf the diregtonﬁ onto t'hex-y.plane defines the director(}), which
has an azimuthal orientatios. In the SmE phase, the director

orientation is constant from layer to layer, while in the 8&xphase
there is alternating tiltP_ and Py denote longitudinal and trans-
*Present address: Department of Physics, Harvard Universityerse polarizations, the latter being identically zero in nonchiral
Cambridge, MA 02138. materials.
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(AF, odd N)

FIG. 2. DRLM images of director patterns around disclinations
in tilted smectic films, along with sketches of the corresponding
c-director (F) and polarization(—) patterns. Thec directors are
drawn for the top layer only, whereas the polarization arrows rep-
resent the in-plane component of the polarizatkRin) averaged
over the entire film(a) Bend-types=+1 disclination in a SnG,*
film of TFMHPOBC with evenN. (b) Splay-types=+1 disclina-
tion in a SmME,* film of TFMHPOBC with oddN. (c) s=+1 dis-
clination pair in a SnE,* film of TFMHPOBC with evenN. (d)
s=+1 disclination pair in a Sn&* film of C7. While s=+1 discli-
nations always have cylindrical symmetryhite circles in(c) and
(d)], the field arounds=-1 disclinations[white boxes in(c) and
(d)] is distorted to reduce splay in the polarizatiat the expense
of increasing splaybend in ¢ when the polarization is transverse
(longitudina)]. When the polarization is very large, as in the ferro-
electric C7, the chargetsplayed regions around -1 defects be-
come very narrow, separated by large regions with uniform director
orientation. (e) and (f) Polarization space charge distributions
around -1 defects in films with low and high polarization, respec-
tively (superimposed on simulated defect textures as viewed using
DRLM).

<

scribes the static director field around disclinations or vorti-fects have been crucial in understanding the symmetry and
ces, singular points in the film about whichotates through phases of bulk nematics and smecfi¢s8] and they are de-

an integer number of revolutions. In cylindrical coordinates,scribed extensively in standard tex810].

the c-director field near a disclination at the origin is de- In the single elastic constant model, +1 disclinations of
scribed bye(r, ) =s6+ «, where the integes is the strength  both bend typda=x/2 or 37/2, see Fig. &)] and splay

of the disclination andv is an arbitrary angle. When freely type [«=0 or 7, see Fig. &)] have the same free energy
suspended films of tilted smectics are viewed through a poand would be expected to occur with equal frequency. In
larized light microscope using depolarized reflected light mi-practice, however, the elastic constants are not equal and we
croscopy(DRLM), a characteristischlierentexture of dark  find that +1 disclinations in a given film are consequently
and light brushes is observedee Figs. 2-4 The points either all of bend type or all of splay type, depending on
where these dark brushes converge are the disclinationghich elastic constant is smaller. Since disclinations of
Since the discovery of liquid crystals, such topological de-strengths=-1 [Figs. 2c) and 4d)] are required by their
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FIG. 4. Racemic TFMHPOBC film in the anticlinic S@x
phase. The photomicrographs show +1 defect déasand (b)] in
an oddN region(with no net average polarizatipand[(c) and(d)]
in an evenN region(with longitudinal polarization The -1 defect
structure is slightly distorted in both cases, minimizing polarization
FIG. 3. Chiral TEMHPOBC film in the SnG,* phase. (a) splay as discussed in the text. Decrossing the polarizer and analyzer
Brush patterns around +1 defects in even and bdcegions. A slightly [(b) and(d)] reveals that both +1 defects are of bend type.

layer step is indicated by the dashed lifi®. By slightly decrossing The scale in all images is the same.

the polarizer and analyzer, these defects are revealed to have diffgf;5,e vectorq, g, andq, are the components af parallel
ent structures: in the eveéd region, the dark brushes are parallel to 5, perpendicular to the tilt plane, agg is the component
the polarizer implying that the defect is of bend type. In the Bdd  51ong P, This leads to an increase in the effective elasticity
region, the brushes are perpendicular to the polarizer, implyings, certain modes, as confirmed in extensive dynamic light
c-director splay.(c) Pair of £1 defects in an eveN region.(d)  gcattering experiments on S@t-films and cells, where sig-
Distorted -1 defect in an odl region, with a director field as  pjficant quenching of bend mode director fluctuations has
sketched in Fig. @). been observed1,16,17. This effect also qualitatively ex-
plains the large difference in the magnitude of director fluc-

. . tuations observed in Si8* and SmC,* films [5].
topology to be surrounded by both splay and bend distor- In 1979, Pelcovits and Halperin described theoretically

tions, anisotropy of the elastic constants results in a changﬁ

. ) d X . ow space charge should affect static structures in tilted chi-
in the relative widths of the bend and splay regions, with theral films, although the ferroelectric LC materials available at

deformation corresponding to the smaller elasticity being&he time had extremely low polarization and were not par-

spatially compressed. ticularly pure[18]. While it had been demonstrated that po-

Purely elastic theories have been used with some success.__.. . )
. - larization splay results in an enhanced restoring force for
to describe, for example, the static structures of defects wit . . . ) - .
thermal orientational director fluctuations in filg|, it ap-

anisotropic elasticityf11], disclination diffusion in two di- peared that ionic impurities in liquid crystals effectively

mensions[12], defect pair annihilation[13], equilibrium screened out the space charge in static structures, canceling

:ggtrusrteriggzg Iigc:glzr?&;%riﬁgesginildoﬁoamspli)ritglr-]e- its effects[19]. Nevertheless, the effects of impurities were
: P P noted in the original free film studies at Harvdid16], and

ous polarization, however, has a significant effect on the dy;, .~ . . .
' X . ; .~ “their influence on the slow dynamics of director fluctuations
namic fluctuations and static structures of the director field in

. X o ) ; were later confirmed in bulk light scattering experiments

films [1]. In particular, splay of the polarization gives rise to .

space charged(r)=—V -P, which makes an electrostatic [17]. lons have since been observed to affect the shape of
pace charg p ' layer dislocations in film$20], and computer simulations of

contribution to the free enerdy]

the dynamic response of chiral films suggest that ions change
1 vV .P(r') the shape and hence the velocity ®fwalls moving in re-
Fdipo|es=5f \v -P(r)J|_—,d2x’ d?x. (3)  sponse to applied electric fiel¢ia1].
r-r'l Although the predicted effects of polarization charge on
This may be expressed in a modal expansion of the total fre&1® texture of chiral films are expected to be screened to
energy as some extent in any mater!al thgt contains ionic impurities,
recent experiments, described in detail below, confirm that
_ Ks , Kg 5 20 the polarization can nevertheless strongly affect the static
Fo= |\ a5 ac 27Pgp | g X, (4 director field in some LC systems, for example, around dis-
clinations. We have also studied the relaxation of ring pat-
where ¢, is the amplitude of the-director fluctuation with  terns in the director field of chiral SiB,* films, where the
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magnitude of the polarization, correlated with smectic layerstructure was driven by a preference for minimizing the po-
numberN, produces a striking odd-even effect in their ap-larization chargé¢?24].

pearance and in their relaxation dynamics. Finally, we show Bend and splay type +1 defects may be distinguished
that the orientational dynamics of high polarization films areexperimentally by slightly decrossing the polarizer and
strongly influenced by the presence of ions. analyzer, reducing the four brushgsg. 3(@)] to two [Fig.

3(b)]: 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. 3b); brushes oriented perpen-

Films from N=2—-10 smectic layers of chiral and racemic dicular to the polarizer, on the other hand, impkgirector
TFMHPOBC[22] and of chiral C7[23], respectively, in the splay structure around the defect, as in the dddegion of
SM-C,*, Sm-C,, and SmE* phases, were drawn across a Fig- 3(b). _
4-mm-diam hole in a microscope glass coverslip. The chemi- Figures &c) and 3d) illustrate the effects of space charge
cal structures and phase transitions of the materials studie? —1 defects in chiral TFMHPOBC. The brushes of a -1
are shown in Fig. 1. The film thickness was determined bydefect in an everN film [Fig. 3(c)] are seen to be slightly
laser reflectivity and the textures were studied using DRLMNarrower than those of the +1 defect. In an ddéim, with
with slightly oblique incidence. To supplement the disclina-higher polarizatiori5], the brushes are much narrovj&ig.
tions that appeared spontaneously, additional topological de3(d)], indicating that the director field is highly distorted
fects could be generated by dragging the glass spread8gre, as in Fig. @- _
quickly but carefully sideways across the edge of a freshly Films of racemic TFMHPOBC in the Si@a phase have
made film. This disturbance would result in the appearanc@lso been investigated. Figure 4 shows +1 defect pairs in odd
of a number ofs==1 disclination pairs. These then diffused and evenN films in this phase, which have, respectivefy,
further onto the film, forming a disperse ensemble of weakly=0 and longitudinal polarizatio®_[25]. In both cases, +1

associated point defects that slowly coarsened through paflefects exhibit bend structure, while the -1 defects are
annihilation. weakly distorted, with brushes slightly narrower than those

Although both +1 and -1 defects exhibit four-arm Of the +1 defects. The texture of the evliregions can be

brushes under crossed polarizEsee Fig. &)], they can be explained using the same arguments as for Grn4ilms,
distinguished because +1 defects h&esymmetry around ~ since they have the same polarizatjéit The C,, symmetry
their cores while -1 defects have orp, symmetry, with of odd N films of th_e a_ch|ral material dogs not allow_ a net
two orthogonal mirror planes bisecting ti®, axis. This ~ Spontaneous polarization. However, while the Iongnudmgl
means, for example, for the defects shown in Figs. 2 and Jolarizations at the two surfaces cancel on average, any in-
wherea=ma/2, with m an integer, that the dark brushes of stance of director splay in the fiIr_n leads to the creation of
+1 defects always lie along the polarizer axes, while the darRolarization charges of opposite sign at the two surfaces. The
brushes of -1 defects lie along the polarizer axes only if theSsociated increase in electrostatic free energy results in
mirror planes happen to be aligned with the crossed polarizdigher splay elasticity1].

ers or are oriented at 45° to them.

The odd-even effect in the spontaneous polarization of
Sm-C,* films makes antiferroelectrics a natural choice for
investigating the effect of polarization on defect structures. The effects of high polarization are also manifest in ring
For s=+1 disclinations, we find in every case that tbe patterns in thec-director field of SmE,* films, where there
director orients so as to reduce splay in the polarization. Thigs a striking odd-even effect in their appearance and relax-
means that for films of materials such as TFMHPOBC,ation dynamics correlated with smectic layer numNemnot
which show transversélongitudina) polarization, respec- only is there an obvious difference in the relative widths of
tively, in odd (even N films, there is a corresponding odd- the splay and bend parts of the rif@¥], but, as we will see
even effect in topological defect type=+1 disclinations in the next section, the relaxation times of the rings differ by
have only bend it whenN is even and only splay ifwhen  an order of magnitude in odd an even filfix§].

N is odd [see Figs. @) and 2b)]. While s=+1 defects Ring patterns form spontaneously in tilted chiral films
[white circles in Figs. &) and 2d)] are always cylindrically  subjected to a rotating field of appropriate strength and
symmetric(with constantde/d6), we find that the director frequency(see[26] and references therginThese patterns
field of s=-1 disclinations[white boxes in Figs. @) and consist either of sets of concentric, circular @alls or of a
2(d)] is distorted to minimize splay in the polarizati¢at the  single spiraling 2r wall that terminates at as=+1 point
expense of increasing bendplayed regions become very defect in the center of the pattern. When the field is removed,
broad, while bend regions are narrow. In high polarizationthe ring pattern relaxes, the film eventually returning to a
materials, such as TFMHPOBC, these distortions can bedniform schlierentexture [9]. In ring patterns in SnG,*
come extreme. Analogous observations are made with higfilms, the anisotropy of the widths of bend and splay walls
polarization liquid crystals in the Si§* phase. In the mate- reverses in even and odd films, an effect that can be ex-
rial C7, for example, —1 defects are highly distorted, as il-plained by polarization stiffening of the corresponding orien-
lustrated dramatically in Fig.(#). Demikhov described the tational rigidities.

sharp brush patterns associated with arrays of point defects As first pointed out by Ut@t al.[28], when thec-director

in C7 films as a “chessboard” texture and proposed that thefield forms a series of concentrie walls, regions of pure

Il. DEFECT STRUCTURES

Ill. RING PATTERN ANISOTROPY
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EvenNFilms: Pl ¢

FIG. 5. Ring pattern anisotropy in antiferroelectric filmig) 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(b) A 2 rotation of thec director in polar films generates polarization space charge. InK\ims (whereP, IIC), the space
charge is greatest where thalirector is splayed, while in odd films (whereP L €) the charge is concentrated where there-director
bend.(c) and(d) Reversal of bend and splay anisotropy in 8x1- TFMHPOBC films with odd and eveil. The anisotropy of the elastic
constants is determined by comparing the relative widths of the white rings along the two radial lines drawn &t)#4458venN films,

Ws>Wg implying Ks> Kg, while (d) in odd N films, Wg>Ws implying Kg>Ksg. (e) In (nearly racemic oddN films, with P=0, the wall
widths are approximately equal.

bend and pure splay form a spiral pattern, shown in Fig\. 5 IV. RING RELAXATION DYNAMICS: EXPERIMENT
The handedness of this spiral is dependent on the sign of
rotation of thec director. From Eqs(3) and (4), we have We studied the relaxation of concentric ring patterns in

seen that the polarization space charge enhances the effecti$e-C* DOBAMBC [30] and SmE,* TFMHPOBC films by
elasticity for the director deformation involving-P, corre- — analyzing the radial director profileg(r,t) obtained from
sponding to bend of thedirector in oddN films and splay in  digitized video. We assumed that the director field in ring
evenN films, as indicated in Fig. (6). patterns in both ferroelectric and antiferroelectric films could
The anisotropy in the ring widths is evident in the ring be described theoretically by a truncated series of harmonic
patterns in chiral TFMHPOBC films, illustrated in Fig. 5: functions solving Eq(2). The decay of the ring patterns over
for an evenN film (c) the splay rigidity is greater, while for time was analyzed to obtain the rotational diffusion constant
an oddN film (d) the bend rigidity is greater. This conclu- D [26].
sion is reached by comparing the widilg of a given The functional form proposed fap(r,t) was found to fit
white ring along the radial black line, a region of pure bend,the experimental director profiles very wéR6], although
with its width W5 along the white line, where there is pure the fits to solutions of Eq.2) for evenN films (which have
splay. The inversion in the appearance of the rings in image®w polarization were noticeably better than for odidifilms.
(c) and(d) indicates a reversal of the effective elastic aniso-In addition, the value fob obtained in Sme* DOBAMBC
tropy. To confirm that the spontaneous polarization does inwas about a factor of 10 lower than the value previously
fact play a role in producing this effed=3 layer films of  obtained by light scatteringl9].
racemic TFMHPOBC(doped with a tiny amount of chiral We also observed a significant and rather puzzling differ-
TFMHPOBC to facilitate ring windingwere studied. These ence between the relaxation rates of ring patterns in even and
films have almost no discernible anisotropy in ring width odd N antiferroelectric TFMHPOBC films, with odi films
along their radius, as can be seen in Fige)5Numerical  relaxing much more slowly than evéhfilms, as can be seen
simulations of the director field evolution in films with an- in Fig. 6. This effect, which seemed initially quite counter-
isotropic elasticity yield qualitatively similar textures intuitive, cannot be understood in terms of the simple theory
[27,29. The contrast between the anisotropy of chiral filmspresented so far. In the case @flirector fluctuations, the
and the lack of any anisotropy in the racemate is direct visualelatively large polarization of oddN films is argued to
evidence that the effective elasticity is modified by the sponstiffen the films, resulting in a greatly increased effective
taneous polarization. elasticity. In the light of our previous discussion, the effec-
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FIG. 6. Layer number dependence of the rotational diffusion o= ZENVVIAINAVZES ENEITAT

constantK/y in TFMHPOBC films in the SnE, phase. All
measurements were made about 5 °C below theCS&m-C, tran-
sition [26)].
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tive orientational diffusion constal for oddN films would P\\ ViTrpE
thus be expected to be much larger than for eMefilms.
This would cause odd films to relax faster, whereas the op-
posite was in fact observed. In addition, odidfilms of
weakly doped racemic TFMHPOBC have largalirector
fluctuations compared to chiral film@&ommensurate with
their low polarization, and ring patterns in these films relax
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in a time comparable tdow P) N=2 andN=4 films, withD FIG. 7. (Color onling 27 walls and their “phantoms” in a Sm-
much greater than in an enantiomerically pte3 film, as ¢, TEMHPOBC film. The DRLM photomicrographs, obtained
can be seen in Fig. 6. with decrossed polarizers in an applied electric field, show an area

These observations suggest that while E).does cap- with odd and everN layer number regions. The applied fiel
ture the essence of the director dynamics if we account fostabilizes 2r walls in thec-director field[marked with open circles
the increases in the effective elasticity manifest in E, (green onlingin (a) and(b) and with open rectanglégreen onling
important additional physics related to the role of the po-in (c)]. Polarization splay in the walls produces polarization space
larization in modifying the effective viscosity is being charge, attracting free charges of the opposite sign. When the sign
neglected. of the E field changes, the 2 walls split into pairs of7 walls.

These move away from each other, eventually joining with neigh-
boring 7~ walls to form new 2r walls centered between the original
V. RING RELAXATION DYNAMICS: EFFECT set, as sketched i). Free charge attracted to the originat @alls
OF ELECTRICAL CHARGE is not redistributed instantaneously upon field reversal, resulting in
“phantom” walls. These ghost images of the former @valls

We have seen that odd films of enantiomerically pure [marked with dots in(@) and (b) and with bars in(c)] disappear
TFMHPOBC (enantiomeric excess, eeyFlave much slower slowly, well after the mairc-director reorientation has been com-
ring relaxation dynamics than evéhfilms and, therefore, in  pleted. This effect is clearly evident in the obidregion, which has
terms of the simple theory, have smaller valuesDofThe  high polarization, while in the eveN area it is not visible.
fact that in oddN films there is a net transverse polarization
Pt that is large relative to the longitudinal polarizatiBpin ~ enough to segregate the ionic impurities on the films which,
evenN films, suggests that this difference, like the defectin turn, produce electric fields significant enough to be ob-
structures discussed above, may also be a polarization spaservable in the-director patterns. Thus, as is shown in Fig.
charge effect. This supposition is qualitatively confirmed by7, stabilizing a 2r wall with an applied field and then sweep-
the observation that in TFMHPOBC films of reduced eeing it away by reversing the field leaves a transient “shadow”
(ee~0.02, D for oddN films is essentially the same as for in an otherwise almost uniforr-director field, this ghost
chiral films with evenN. image being produced by ions attracted by the polarization

In this section, we develop a model for the retardation ofcharge densitys and partially screening it. Once the polar-
orientation dynamics by polarization space charge, showinggation field is rendered nearly uniform by electric field re-
that screening of polarization charge by ions can have a drarersal, the ions drift away and the shadow disappears over a
matic effect on the dynamics afdirector structures with period of a few minutes.
nonzero splay oP that move on the film, the coupled motion  Analysis of such effects begins with consideration of the
of ions increasing the dissipation associated with locadynamics of the relaxation of surface charge density due to
change ofP(r). ions in the film planep(r,t), which we obtain via Fourier

A key observation motivating this approach is that in oddtransformation of the time-dependent amplituggis) of ion
N, enantiomerically pure films, the space charge due to dieharge density waveg€DWSs) of wave vector. For a three-
vergence ofP(r) produces in-plane electric fields large dimensional medium of bulk electrical conductivitys and
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dielectric constant, an initial volume charge density decays i (P 82120
exponentially in time toward electrostatic equilibrium, with a ul(e) = o —q—l T (clco)? (5)
relaxation time[31] F

e The drag thus increases strongly with polarization charge
— density and exhibits behavior akin to shear-thinning, decreas-
78 ing with increasing velocity foc> cg.

which does not depend on wave vector. To obtain the equiva- This result is readily generalized to a localized reorienta-
lent expression for a thin filnfi.e., with gh<1), we use a tion of thec director with an associated polarization charge
static CDW p(r ,t)=pq expigx with wavefronts parallel to density. Consider, for example, ardwall stabilized by an
they axis. The areal charge densityp@ ,t)h and the electric  in-plane electric field and subject to a rapid field reversal: the

B =

field produced by this chardd -E(r ,t)=p(r ,t)/&o] is 27 wall splits into two7r walls, which move from the center
h of the 27 wall, leaving behind the orientation of tleedirec-
_P9 ; ; ; tor now preferred by théreversed field. Each# wall nec-
E(xy) = -1y expligx - +X(=1expligx - . : s .
(y) 280{y Rligx = alyl) + x(= Dexpliax - gly)} essarily generates polarization splay and will have a local-

ized charge density “pulsed(x,t)=8,g(x—ct), whereg is a

From charge continuity, dimensionless function, oriented parallel to theaxis and

ap _ V.= d £ moving in thex direction. The above calculation far(c)™*
ot YT ax(‘TB X for a sinusoidal CDW is readily generalized using Fourier
o superposition to the case of an arbitrary charge density local-
yielding ized to a linear wall. The inverse mobility of such a wall in
(28¢/n) I EJdt = — qogE,. the presence of ions is given by
Defining o =0gh and 7=(q) by JE,/dt=-E,/ 7=(q), we find
) (1/20%) 8 J g(x)2dx
€p -1
==, M) =-= ,
gatl qor i © c 1 +(clcg)?

In summary, charge density waves in thin films also decayyhich exhibits the same general features as the simple sinu-
exponentially, but with a wave-vector-dependent relaxationygigal case. Heré is the drag force per unit length on the
time. wall.

_ The dielectric constant of the medium surrounding the  The key parameters controlling these charge relaxation
film (air in this casgis taken here to be equal t®, the  effects, 7-(q) andcy, can be estimated simply from qualita-
permittivity of free spacegs is the effective bulk conductiv-  tjye ohservation of the relaxation of the shadow effect illus-
ity of the liquid crystal, andor=o3h is the effective 2D  {4ied in Fig. 7. Typically we findr(q)=27/qh~20 s
sheet conductivity of the film. Note that in the film, tog! for g~ 100 cni® andh~ 100 A. This value ofr=(q) would
dependence makes the relaxation relatively slower at Iongefforrespond to a bulk quuid' crystal reIaxaFtion time

Ienlg\;lthtscales. ider the effect of this relaxation to elect =ghm=(q)/2 of 7z~1ms, a value consistent with ion
ext we consider the efiect ot this relaxation 1o e1ectro- ., ntrationsp~ 1012 ions/cn?, a reasonable value for

Zgl'fm?ﬂ;'“t:ﬁ;tm \?vre] thﬁayeotlc;n %fofgr?zrgg(;g trng{L;(nr p:;ame,th.e samples used, which were not Spepifically deipnized. In
’ this case,cc=1/qm=~ 10 um/s. In the ring relaxation ex-

periments, the largest CDW velocity 5~10 um/s right

€t the center of the ring pattern and is smaller everywhere

density wavep(r,t)=p, €xpi(qx-ot) of steady-state ampli-  g|5e nutting the experiments in the lawe< cr) regime of

tude p,, which we find to be Eq. (5).
- &g - &y - 8, Next we compare the magnitude of the ion-induced
Pq= 1-iwm(q) = 1-ic(2e//ogh) = 1-i(clep)” drag on a moving reorientation wall relative to that due to

orientational viscosity. For a wall of widtl§ moving with
Here c=w/q is the traveling velocity of the polarization velocity ¢, the viscous energy dissipated per unit length is
CDW and cr=0¢/2¢, has dimensions of velocity. In the u,~ y(cl &%, yielding a damping force per unit length,
limit of slow motion (c<cg), we havep,=-6, and the po- ~ /¢, and a viscous inverse mobilitM;l~ vl € In the
larization charge will be completely screened by ions. How-jow-c regime, the ion inverse mobility is Mi‘1
ever, the screening becomes less completeimsreases. For  =(1/20¢) [ 8(x)?dx. For a moving wall of widtr¢ in a film of
c/ce small but nonzero, the incomplete screening puts theyolarizationP, we haves~ P/¢, so thatf 6(x)*dx~ P?/ £ and
ion CDW slightly out of phase with the polarization CDW, Mm;*~P2/2¢¢. M,, can be related td/; by noting that the
generating an electric fieldE(r) of amplitude E;  ysual electro-optic switching time in an applied fietdis
= +(pg/280)(c/Cr). This in turn acts on the polarization given by 7~ y/PE. For a field of magnitud&p=P/he, the
charge to produce an average drag force/a{édr)) internal polarization screening field, this gives~ yhe/P?,
=(a(rE(r))=NR(5Ey*/2). The inverse mobility of the so thatP?~ yhe/ 7 and Mi'l~ vhe ! rpéor. With this result,
CDW is then we obtain
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he e 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
or 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-
M, E_ tial anisotropy of ring patterns in the director field. The re-
Mi 7 orientation dynamics of 2 walls is also strongly influenced
by the magnitude of the spontaneous polarization, there be-
) ) _ ing, for example, a dramatic alternation between fast and
For largeP materials such as TFMHPOBG: is typically g\ relaxation in even and oddfilms. We have shown that
10-100 ps, which, with 75~1 ms, makes 1&M,/M;  ionic impurities, attracted to regions with high polarization
<100, easily in the range to give the polarization-inducedspace charge, increase the effective orientational viscosity of

mobility reduction manifest in the slowing down of ring re- the film, leading to a retardation in the orientational dynam-
laxation in oddN films of TFMHPOBC relative to the jcs of the director field.

evenN and low ee films. Numerical simulations by Stan-
narius and Langer, based on a somewhat different theoretical ACKNOWLEDGMENTS
approach, predict that wall velocities may be reduced by a  We wish to thank L. Radzihovsky and R. B. Meyer for
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