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Theory of layer structure in ferroelectric liquid crystal devices in applied electric fields
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We propose a model for the free energy of a ferroelectric liquid crystal formed by cooling a sample from the
smecticA phase between parallel substrates. Under these circumstances the smectic layers may deform into
V-shaped structures known as chevrons. Application of a strong electric field causes the layers to return to a flat
shape, but this can occur in a number of ways. In the model presented here, it is a parameter related to the layer
compression modulus that is the principal factor in determining the nature of the field-induced transition from
chevrons to flat layers. When this parameter is large, the transition is sudden, but when it is small the chevron
first takes on a rounded form before flattening. At intermediate values the tip of the chevron first flattens, and
then this flat region gradually grows to encompass the entire layer.
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I. INTRODUCTION This phenomenon has been reported in detail for surface sta-
bilized ferroelectric liquid crystalSSFLQ devices, and in

When a ferroelectric liquid crystal in a device with planar such cases is known as high-field treatmjsit A slightly
anchoring is cooled from a smectc-(Sm-A) phase to a different transformation is observed in liquid crystals that
smecticC phase, a phenomenon known as “chevronning”exhibit both Smc* and SmE% . phases, although such sys-
generally occurs. This describes a transition from a geometiems have been studied by relatively few authpts,s).
in which the smectic layers lie in planes containing the subgmgajl-angle x-ray scattering experiments on devices have
strate normalthe so-called bookshelf geomeftp a state in - royided the most detailed information about both the initial
which each layer is transformed to a V-shaped strudtiife  |ver geometry within a device and its transformation to a

Th',? IS t??ﬁgrl].t tqdoccurt t:ecaluse IOf s_?rr?e colnstrrlaunt_s on th5’ookshelf structure as the applied electric field is gradually
motion ofIne liquid crystal molecules. The MOIECUIEs N CONy, o qgaq. In all of the systems that have been studied, the

o ey S e S o onee o Righest temperature i crysalprase i e S
P y b P : . and the experiments involve cooling through this phase to

unless defects are formed in the layer structure, the numb . . .
y e temperature of interest in order to achieve the best pos-

of layers remains constant. If the volume of liquid crystal ol q i all The shrink f the |
within the device is also constant, the volume of each Iaye?I e monodomain alignment. The shrinkage of the layer

must remain unchanged. This is a very restrictive conditiorfNickness as a consequence of the occurrence of molecular
on the layer shape. tilt at the SmA to Sm-C* transition always resulted in the

The application of an electric field to a ferroelectric liquid formation of a chevron structure that included a small book-

crystal tends to restore the bookshelf geoméfy5]. The  shelf component, presumably arising as a flattening of the
way in which this happens, however, appears to depend overtex of the chevron. The proportion of bookshelf structure
the type of phase and material involved. In this paper wen the device decreased as the temperature decreased, caus-
explore the mechanism by which this transition might occuring the layer structure in the S@3. phase to be almost
by studying the response of some model systems to an apurely chevron.
plied electric field. The transformation to a bookshelf structure occurs in dif-
After some remarks on the experimental observations anterent ways in the SnG*, SmCj., and intermediate
previous theoretical approaches we describe a model of thghases. In the Sr6* phase in some materiald,7], appli-
layer system in a ferroelectric liquid crystal, and list possiblecation of an electric field causes a gradual growth of the
contributions to the free energy. Minimization of this free bookshelf component within a layer at the expense of the
energy then yields the layer shape as a function of appliedhevron structure until finally a fully bookshelf geometry is
field and of the various parameters of the model. The resultachieved. No threshold is observed for this phenomenon, the
of this study suggest that it is one particular term in the freebookshelf component increasing as soon as a field is applied.
energy that is dominant in determining the way in which aln the antiferroelectric phase, the transformation to a book-

sharp chevron transforms to a flat layer. shelf structure occurs at a well-defined field with a sharp
transition. In these same materials, layer structure associated
Il EXPERIMENTAL DETAILS with the intermediate phaséalso known as ferrielectric or

Sm-C§,; and SmCY,,) also deforms at fields greater than a
When a sufficiently large electric field is applied to a de- distinct threshold, though in this case the chevron curves just
vice containing an antiferroelectric (SB8%¢), intermediate  above the transition, before a completely bookshelf geometry
(ferrielectrig, or ferroelectric (Sn*) liquid crystal, the isreached. The fact that the layers curve during the transition
chevron structure is transformed into a bookshelf geometryis deduced from observation of an x-ray Bragg peak at all
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TS M H HrrrsyT’s anglesé and ¢ were allowed to vary with position, thus
3 permitting a curved layer shape, but the cone anglee-
mained constant in space. They took into account the inter-
action between the spontaneous polarization and the internal
electric field, but did not discuss the influence of an external
electric field. At about the same time, Lin{d5] suggested a
model in which two parameters were introduced that mea-
sured the degree of departure from the “nematic” or uniaxial
approximation. In the limit in which the layer tilt anglé
was small in comparison with the cone anglewhich was
assumed to be a constant, this model gave the same results as
Nakagawa's model, and in the purely nematic limit it re-
duced to that of Clarlet al. This differed from the approach
of De Meyereet al. [16] who had allowed both and 6 to
vary, but fixed the cosine of the cone angle to be proportional
to the cosine of the tilt angle, putting cs »cosé with v
T being a constant less than unityo@c and co-workerg17]
proposed a model in which the three angles were indepen-
FIG. 1. The three angles that specify the orientation of the di-dent variables, and were not restricted to small values. They
rector. used a Landau-de Gennes free energy that contained three
smectic and one nematic elastic constants to study the chev-
rocking angles considered for fields slightly above the low-ron structure, and found conditions for bistability in the
field threshold. In one other material, however, it has beeghevron configuration. They also discussed the temperature
reported that the characteristics in the ferroelectric and ferridependence of the chevron shape and the threshold tempera-
electric phases were reversed, with &f-exhibiting curva-  ture for chevron formation. A later workl8] included the
ture and SmEE,, showing flattening5]. effect of a weak external electric field on the director posi-
It is worth noting that in all cases the change in thicknesgion on the cone, and studied the switching dynamics be-
of the layers, measured normal to the local layer surfacetjween the two possible stable director states, but did not
appears to be small, being limited to about one percent. Thitclude the effects of electric fields sufficiently strong to
at first seems to be inconsistent with the principle that thenodify the chevron shape or to destroy the chevrons alto-
volume of a layer should be conserved if the number ofgether.
layers and the volume of the device remain constant. How- In the work that follows we investigate the effects of
ever, the expected thickness variation of a layer is also smaltrong electric fields in modifying the shape of the chevron.
so this discrepancy may not be significant. Further, above theVe take a different approach from that used in many previ-
transition to a bookshelf structure, an in-plane chevron struceus studies in that we take the existence of smectic layers as
ture does not necessarily occur, though there is evidence ofgiven, and concentrate on the equilibrium layer configura-
broadening of the distribution of the layers in the plane of thetion. This differs from theories that start from an isotropic
device[4]. This latter point is in contrast to high-field treat- continuum and then observe the formation of smectic layers
ment in SSFLC devices, where the transformation of thethrough the variation of a density varialj¢r). While such
chevron to bookshelf structure always appears to occur taapproaches are closer to first principles than our work, they
gether with the formation of an in-plane chevr@he so- are equilibrium theories, and as such cannot easily take into

e ——r e ————

called striped textune account the barrier that hinders the passage of molecules
between layers. We find this barrier to be an essential feature
Ill. PRIOR THEORETICAL WORK in giving rise to a term in the effective free energy that at-
) ) ) ... tempts to conserve the volume of each individual smectic
Previous theoretical studies of the effect of electric fields;yer.
on the chevron structure in ferroelectric liquid crystals have
generally been based on the concept of minimization of some
type of free energy. This is expressed in terms of the afgle IV. MODEL
between substrate and layer normal, the arglbetween '
layer normal and directon, and the azimuthal anglé, as In attempting to model the behavior of a smectic liquid
illustrated in Fig. 1. crystal, the first question to answer is the choice of variables

The early work of Clark and co-workef9,10] involved in terms of which the system can be described. Ideally, these
models in whiché was held at a fixed angle: 5, in each  should all be measurable quantities, but this is rarely pos-
part of the chevron, but in which the azimuthal angle sible. For example, it may be feasible to measure the orien-
varied with position whiled was constant; their system thus tation of the smectic layer normal relative to the substrate,
consisted of two flat planes meeting at an anglg. Sabater  but the distribution of orientations of the liquid crystal mol-
et al. [11] developed a more general model by building onecules may not be accessible to measurement.
earlier work by Nakagawa and co-workef$2—14. The We consider a cell of thicknedsin which a ferroelectric
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-(L2) | We now specialize to the case of a system in which the
positions of the layers at the surface of the substrates are not
altered by the transition from Si-to Sm-C* or the appli-
cation of a modest electric field. This implies that the system
does not exhibit any chevrons in the horizonyat plane.

The layer displacement in the direction, u(x), is then a
function only ofx. The variables in terms of which we de-
scribe the state of a layer are now the displaceméx} and

its derivative du/dx= —tané, the tilt angle #(x), and the

(a) azimuthal anglep(x). The fact that there is a single function

u for all smectic layers ensures that the layer volume is con-
served, and thus implicitly assumes no passage of molecules
between layers.

The model as described above has been derived from a
physical picture of the ferroelectric phase, and is not obvi-
ously applicable to antiferroelectric or ferrielectric phases.
One may, however, interpret the “layers” in the above model
as being composite layers consisting of two actual layers in
(L2) the antiferroelectric phase and three or four in the ferrielec-
vx tric phases. The physical justification for the model is then

(b) less compelling, but there may still be some validity as a
phenomenological model of these phases.

o

(L2) |

-(L2)

A /N

FIG. 2. (a) The bookshelf geometryb) The chevron geometry.

- . . V. CONTRIBUTIONS TO THE FREE ENERGY
liquid crystal is contained between surfacesat+L/2. We

assume that in the Sy-phase the smectic layers lie in the  We can divide the contributions to the free energy into
x-y plane, and thus have their normals in #hdirection. This  two broad categories. The first category contains no spatial
is the bookshelf geometry, as shown in Fi¢p)20n passing derivatives, but represents the stress induced when two or
into other smectic phases the layers in general distort. Wenore conflicting forces act on a molecule, and prevent it
take the position of the boundary between two given adjacerftom reaching the orientation that would minimize the en-
layers to be a well-defined quantity, and denote itify,y).  ergy of each contribution individually. The second category
The angles between the layer and they plane is then represents various forms of elastic energy, and all terms in it

given by tans= — du/édx, as in Fig. Zb). contain some sort of spatial derivative of at least one of the
To describe the internal structure of a smectic layer is /ariables. _
harder task. For rigid molecules the distributit(®, ¢, ¢) of In the first category we start with the energy cost for the

the three Eulerian angles would suffice, but for flexible mol-tilt angle 6 of a molecule to deviate from its preferred value
ecules having internal degrees of freedom the picture is moréy. In previous work this has sometimes been taken to vary
complicated. In order to develop a tractable model to formas (co¥¥—cosh,)? or some related polynomial expression in
the basis of computations we need to condense this compl# and 6, [19]. The difficulty here is that in order for such a
cated picture into a single quantity which we identify as thepotential to give a reasonable energy difference betwen
director. This might be the direction of the time-averaged=0 and 6= 6,, an enormous energy difference betwegn
orientation of the principal axis of inertia that corresponds to=0 and 6= 7/2 would be required. The reason for this is
the smallest moment of inertia of the molecule. The localthat when 8,=18°, for example, andd=0 then (co9¥
order is then partially described by the declination anjle —cosf)?=0.002. The energy at==/2 would thus be
and the azimuthal anglé. about 500 times greater than @&t 0. Because liquid crystal
This, however, is not sufficient to describe the interactionmolecules have large aspect ratios, it is to be expected that
of an electric field with the material. The transition from Sm- there is a significant energy barrier to rotation of even a few
Ato Sm-C* is accompanied by a loss of cylindrical symme- degrees. Once the rotation exceeds this value, there will be
try in the rotation of a molecule about its axis. A third quan- little further contribution to the energy, as the molecular axis
tity, related to the remaining Euler angle is required to is now not oriented at any small angle to the liquid crystal
describe the preferred orientation of the molecule, and adirector. We thus require a form for the potential that will
additional quantity is required to indicate the magnitude ofrise rapidly as a molecule is first rotated away from the di-
this asymmetry. In some previous work it has been assumeictor orientation, but will then flatten out, and not rise very
that the electric dipole moment resulting from this asymme-much more. The potentiat a exd —c(cosé—cosbp)?] satis-
try is proportional to sird, the sine of the tilt angle. We note fies this criterion, as it varies little once the exponent has
that the dipole strength will also be affected by the streiligth become significantly greater than unity. To make the poten-
of the applied electric field. In the present work we assumeial equal to—0.1a, for example, wherfy=14° and6=0
that the dipole moment is oriented perpendicularly to bothrequiresc to take on the surprisingly large value of 2600. In
the director and the layer normal. our calculations we setequal to 2000. We thus have for this
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contribution to the free energy rotation about the molecular axis, and so it has become com-
P mon to assume a polarization proportional to &in ferro-
_ lectrics in the absence of an applied figld]. Application
Fi=—a ex — c(cosf— coshy)?]dx electr . — o
! f—L/z H -l 0)°] of a field then increases the polarization by further hindering

rotation and by distorting the charge distribution in the mol-

with a andc being constants. ecules. The free energy then contains terms lined from

The next term arises from the stress caused by the conhe zero-field polarization and quadratic & from field-
straint that a layer must maintain constant volume. In thénduced polarization. In the present work we neglect the lin-
Sm-A phase, boths and ¢ vanish, and thusi= 6. As the  ear terms, which are most important in weak applied fields,
system enters the S@* phase,§ becomes nonzero, which and represent the electric-field contribution to the free energy
reduces the layer thickness. Chevron formation then ings
creases the effective length of the layer to compensate for the
reduced thickness. For a uniform chevron angl¢he length Li2
is increased by a factor of sé¢ while the thickness is cor- Fe= —j XE?cosécose dx,
respondingly reduced by a factor of c@dn the absence of 12
other forces, the director tilt anglé would take on some

equilibrium value'd. (For the case of slender rod-shaped
moleculfes we woyld havé= 6, but for moleculgs .havmg @ the substrates.
larger girth this will not be exactly trupAny deviation of¢ The last term in the first category of free-energy contribu-

from & will add a contribution to the free energy, as it will tions is due to the anchoring. Molecules located at the
tend to alter the volume of the layer by some amobt.  poundary tend to retain the orientation that they had in the
Restoring the volume to its constrained value will thus addsm-A phase, and so we include a term

an energy that will be proportional to the layer compression
modulusB and to (AV)2. For small deviationsAV will be
linear in (9—5) when 6 and'5 are constant across a layer.

) A complication that arises at this point is the f_act th_at they, account for this tendency to lie either parallel or antipar-
liquid crystal can flow within a layer whed varies with  gg| 1o thez axis. This expression is evaluated at each sur-
position. If # and 5 are more unequal in some region within face, wherex= = L/2.

a layer than in some other region, then material will flow to  The second category of terms starts with the usual elastic
equalize the pressure. The free-energy contribution will thugnergy due to spatial variations in the director orientation. In
not be proportional to an integral over the layer of thethe one-elastic-constant approximation, this is just
form BJ[AV(x)]%dx, but will instead be proportional to 1k(dn/dx)2 wheren is the director, which can be written as
(B/L)[SAV(x)dx]2. In our model we make the approxima-

tion thato= &, and assume thaV takes on the form n=(cosa sin # sin ¢ — sin 8 cosé) X+ sin 8 cosay

where y is a constant and the trigonometric factors are
present to extract only the polarization component normal to

Fs=—W(sindsinf sin ¢+ cosh coss)?

L/2 . . . ~
AVocf {1—exd — c(cosd—coss]2}dx. +(sinésin @ sin ¢+ cosé cosd)z.
L/2

. - The free-energy contribution is then
If we now compress the layer to restore its original volume,

we will add to the free energy a term proportional to\()?,

. . L/2
which we write as j.-s:J fodx
~L2
L2 2
Fo=b J {1—exd —c(cosé—cosh)?]}dx| . _

—L/2 with
The coefficientb will be related to the layer compression fo=LK[6"2(1—sir? 0 col &)+ &' 2 sir? 6+ 6'2
modulus B that has been measured by Takezoe and co- 3= 2K ™ P+
workers[20—-23. Frustration occurs wheé# 6, because the —2¢'8'sinfcosf cosgp—268"0'sing],
effect of F; is to maked equal tod,, while F, tends to make
¢ equal tod. where we have writted’ for 96/9x, 6" for 96/9x, and ¢’

The third term comes from the interaction of an appliedfor 5¢/9x. To this we add an elastic energy of bending of the
electric field E with the polarization of the sample. Each |ayer itself, which will be of the form

molecule carries both an intrinsic and an induced dipole mo-

ment. The measured polarization is a consequence of both 1 (L

the induced dipole moment and the hindered rotation about }‘4:—gf 5'2dx
its axis of a molecule carrying a permanent dipole moment. 271

The transition from Snkto Sm-C* is itself accompanied by

an asymmetry in the distribution of the angledescribing  with g being another constant.
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free energy of a ferroelectric liquid crystal in its chevron F/aL=vy _1/2{1—9XF[—C(COS5— cos6)?]}dX
geometry. All are approximations built on assumptions that

greatly oversimplify the complex structure of these materi- 1/2
als. Our hope is that some of the essential features of the real + f {—exd —c(cosf—0.957]
substance will be retained in this description. The problem v

We thus have identified six different contributions to the ( Jl/Z 2

being obviously beyond the reach of analytical solution, we +(1/320[ 6'2(2—sir? 0 cof ¢b) + ¢’ 2 sir? 0+ 0’2
now turn to a sample numerical calculation of the properties
that result from this form of the free energy. —2¢’' 8’ sinfcoshcosp—28"0' sing]

— (E/Eg)? cosé cos¢}dX—(1/200

VI. MINIMIZING THE FREE ENERGY . . .

X (sinsin @ sin¢+cosh cosd)>_,
Calculations were performed for a range of values of the

various parameters of the model. It quickly became apparent. 12

. . o = = = : now

that the crucial variable determining the nature of the flatteny\”th X=xIL, y=bL/a, andEo=(alx) Note that no

. o . i o', for example, meands/dX.
ing transition is the ratioy=bL/a that specifies the strength As expectlgd minimizing the free energy shows that ap-
of the force drivingéd to be equal tos relative to the force '

. ) plying a weak electric field (E/Ey)<1] does not signifi-
driving 6 to _be equgl tod,. _We accordingly present the e~ cantly change the tilt angle and the cone angle, but the azi-
sults of varyingy while holding the other parameters fixed at mythal angle becomes smaller as the electric field becomes
values prescribed as follows. larger, and at the chevron-bookshelf transition pafntis

(1) The value off, was taken from Ref[4], in which  aimost equal to zero throughout the cell. The parametisr
the steric tilt angle was found to be in the range 15°—18°proportional to the layer compression modulus. It measures
in the compounds studied. In the absence of an appliethe relative importance of the force tending to keepqual
field we expect the tilt angle to be equal to the chevronto 5, and thus preserve layer volume, with the term that
angle, and so we chos to be about 18°, making c@#  tends to keep equal tod,. Calculations were performed for
=0.95. values ofy ranging from 0.1 to 10. In the case of largethe

(2) Because the results depend only on the relative enetayer tilt angle has to remain close # (which in turn is
gies of different layer shapes, the absolute energy valueslose to 6y), and so increasing the electric field does not
need not be stipulated, and so the value s left unspeci-  significantly changes. However when the electric field
fied. reaches a certain valué,goes to zero very rapidly, as shown

(3) The relative values of the two elastic constagts in Fig. 3@. Wheny=1 the two terms are comparable, and
which refers to bending of a smectic layer, akdwhich ~ applying a sufficiently high electric field forms a flat region
refers to the bending of the director within a layer, are hard=0) in the middle of the cell, while5 remains almost

to estimate. Because they are of the same order of magrfonstant elsewhere, as in Figib® Increasing the electric
tude, we took them to be equal. field makes the flat region larger and larger, and finally a

(4) The magnitude of the elastic constanwill be related ~ 000kshelf geometry is reached. Figure)3hows the transi-

to the energy densitg by a factor having the dimensions of 10N wheny is much smaller ¢=0.1). In this case layers
(lengthy, with this length of the order of the layer thickness. beg!n to tran_sform at lower electric fields. Although once
Because the layer thickness does not enter our model, wagain flat regions are formed, the layers are more rounded.
specify this factor in terms of the only relevant length, which
is the cell thicknes4&. Our choice ofk=al?/160 was thus
effectively a specification of the cell thickness as being large
in comparison to the layer thickness. We have presented a theory of the chevron-bookshelf
(5) Finally, the anchoring strengttv is related toa by transition in a ferroelectric Sr@&* liquid crystal when a

a factor having the dimension of a length. This lengthstrong electric field is applied. This model may be helpful in
was chosen to be sufficiently small to permit the directorunderstanding the different types of behavior experimentally
some motion at the cell wall by puttinge=La/400. It  observed when this transition occurs. The theory is based on
was found that increasing by a factor of 100 above this numerical minimization of a rather complicated free energy,
value did not appear to change our results in any noticeabl@hich contains various terms due to different interactions

VIl. DISCUSSION

way. including a term due to the fact that layer volume must re-
(6) As discussed in the preceding section, the value of main constant during the transition. The strength of this term

was fixed at 2000. in comparison with the othefshe parametey in the dimen-

In addition, it was assumed thdi(x) and ¢(x) are odd sionless free energyseems to be the crucial factor that de-

functions, whiled(x) is an even function and’(0)=0. termines the way in which the layer shape transforms. De-
The dimensionless free energy per unit length can be writpending on the value of this parameter, our model predicts

ten in terms of the appropriate dimensionless units as three different types of behavior as the transition is ap-
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phases. This suggests that our model, which was derived
from physical considerations of only a ferroelectric phase,
may have a wider applicability. A fairly sharp transition
(snap, corresponding to the case of largeén our model, has

— (EE)=0
----(EE)=3

? _____ Esgzjj been reported in the Si8%r phase by Gleeson and co-
N\ e (E/E) =49 workers[4,7] and by Barois and co-workef§]. They find a
5 distinct threshold field at which the transition from chevron
é to bookshelf occurs. That this happens only in the layge-
8 range in the model implies an energy cost to change layer
S volume that is large in comparison to the cost of moving the
8 tilt angle # from its preferred valuedy. This is consistent
with the fact that increased layer ordering is often observed
Distance across layer (x) —————= on the transition to the Si8% phase, where layers become
(a) better defined, less “interlaced,” and therefore presumably
harder to compred23].
If v is comparable to unity, the proposed model shows
—(@E)=0 gradual growth_ o_f a_fla_t region formed in the middle of the
. __(E/E°):3 cell (flatten. This is similar to what has been observed by the
= SN (E/E:)_4 Barois group in the intermediate ferrielectric phase of one
= pl A N— (EE)=5 material, where a continuous growth of the bookshelf com-
B ' cme (HE) =57 ponent was seen, with no sharp field thresH&ld Work on
LT/~ UL (EE)=58 several different materials by the Gleeson group produced
é evidence for this type of transformation in the ferroelectric
g SRR phase4].
?:i 3 The third type of behavior, which the model displays
a when vy is appreciably less than unity, is characterized by a

gradual transformation from a sharp chevron to a smooth
curve(bend. This has been seen in the ferroelectric phase in
one material by the Barois grouip]. A similar behavior was
observed in ferrielectric phases of different materials by the
Gleeson group, although there the rounding was formed over
a restricted range of field values, and thus could also have
been described as snap. The experimental results in this re-

Distance across layer (x)

(b)

—(EE)=0 gime are comparatively sparse, and so further measurements
----(EE)=1 would be desirable.
................. (EE)=14 We now attempt to give a physical picture of the mecha-
/. D — (EE)=16 nisms underlying these different modes of transition from the
L \ - (BE)=18 chevron to the bookshelf structure. Unfortunately, the full
"""" EE)=2 free-energy functional is too complex to permit a simple vi-

sualization, and so we illustrate the mechanism by consider-
ing a special case in whichhand 6 are held constant, and the
anchoring energy is omitted. We can then show the variation
of the free energyF( 4, 6,y,E) by drawing contour plots of
........... F(4,6) for variousy andE. These are shown in Fig. 4.

The first pair of plots, Fig. &), shows the free energy for
© large y before and after application of an_electric field. When

o v=10, the tendency of to equald is dominant, and there is

FIG. 3._ This figure shows hovy the chevron shape transforms; 510w valley in the free energy along the liie 5, with
?Cr;dyeit(;‘i '?L”:g?;t?;:;nsiﬁzt;gf;ﬁéd;%eﬁziigl’é:; I’; elr : d?:;acea minimum até= 6,. Application of an electric field creates
mentu has been exaggerated relative to the scale for the distancea hew minimum at small yalues @fand o. Because there is
across the layer in order to show more clearly the difference pedn ENergy penalty associated with values between these two
tween the “snap,” “flatten,” and “bend” types of transition. g?t?(l)?lniss’ ;Eairrgfgéaetéxggjes éftend not to occur. The tran-
proached. We refer to these as “snap,” “flatten,” and  The second pair of plots, Fig(, shows the free energy
“bend.” for intermediatey. When y=1, there is initially a deep

These three different modes of layer deformation haveminimum near 6= 6= 6,. Application of an electric field
indeed been experimentally observed in different Gin- creates a new broad minimum at small value$ eihd 6 and

Displacement of layer (u)

Distance across layer (x)
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a slightly deeper one ne@=0 andf#= 6,. Flattening of the In summary, our model appears capable of describing the

chevron tip occurs when part of the layer makes a transitiothree main types of layer deformation observed experimen-
from 6= 6, to 6=0 with 4 remaining initially close tod,. tally in the ferroelectric, antiferroelectric, and ferrielectric
This would normally be a sudden transition, but the fact thaphases. The theoretical basis for the model, however, lies in
6 can change frond, to zero at very little energy cost means only the ferroelectric phase, and so it must at the moment be
that the compressibility of the liquid crystal is high. This regarded principally as a phenomenological model until the
allows intralayer flow, which extends the range of appliedtheory of deformation of a multilayer system is better devel-
field over which the flattening transition occurs. oped.
The third pair of plots, Fig. &), shows the free energy for
small y. Wheny=0.1, there is again initially a minimum
near 0= 6= 6y, but now application of an electric field cre-
ates a long narrow valley extending frass 6, to =0 with This work was supported by the UK EPSRC under Grant
6 remaining constant ay. There is now little energy pen- No. GR/R46786/01, by the U.S. National Science Founda-
alty when § varies continuously within the layer, and the tion under Grant No. DMR-0072935, and by the donors of
layer curves smoothlybend. the Petroleum Research Fund.
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