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Biaxial model of the surface anchoring of bent-core smectic liquid crystals
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In synclinically tilted smectic phases, bent-core liquid crystal molecules aligned with the director in the
plane of a cell boundary will, in general, have their molecitmw) planes parallel to the boundary, normal to
it, or at a well-defined intermediate orientation. A model describing the interaction of such beiibanama-
shaped molecules with planar surfaces that distinguishes energetically between molecules lying flat on the
surface and those oriented edge on is given by a biaxial modification of the uniaxial surface anchoring
expression used for chiral smectics of rod-shaped molecules. When combined with a field-induced straighten-
ing of the smectic layers, the model provides a mechanism for the transition from an analog to a bistable
director response observed electro-optically in the ferroelectric banana-shaped mRt&jiaiHOBOW.
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[. INTRODUCTION ~20 V/um) of one sign to this blue state leads to a small
increase in the birefringencghe domains become green,
The recent rediscovery of bent-cofleanana-shapediq- An~0.16) with no observable change in the tilt angle, while
uid crystals[1] has stimulated a major research effort aimedapplying the other sign of field causes the sample to switch
at understanding their structures and phase behavior. Withito the other side of the tilt cone. The original, low birefrin-
smectic layers, the liquid crystal ordering is dominated bygence, analog domains can be recovered by melting and re-
steric effects, with the molecules usually packing in a polarcooling the liquid crystal.
fashion. In tilted smectics this results in the formation of The “analog gold” to “bistable blue” transition of
chiral (antjferroelectric phases which reorient readily in ap- (R,S)-MHOBOW is thought to be associated with an irre-
plied electric fields. Indeed, many key insights into the fun-versible straightening of the smectic layg43. In this paper
damental structures of the banana-shaped phases have bggfipropose a phenomenological model to describe this trans-
gleaned from the microscopic textures and electro-optic reformation using a biaxial extension of a uniaxial anchoring
sponses of thin cells. _ energy model previously developed for rod-shaped chiral
For example, by studying the smec@ztike B2 textures  gmecticc (SmcC*) liquid crystals. In particular, the biaxial
[2] of the prototypical symmetric, achiral alkoxy banana-nqqel predicts a first order surface orientation transition be-
shaped NOBOW3] (see Fig. 1 it was recognized that a jween an analog state favored when the layers are signifi-

quntaneous 'symmet.ry breakl'ng led .to 'the formation 0cantly tilted and bistable states preferred when the layer tilt is
antiferroelectric domains of arbitrary chirality. The structuresmaII

of this SnCsP, phase was confirmed by electric field ex- ™"p o yiod panana phases are in general optically biaxial,

gﬁr:]rgggs c_l)_r;] efregzefnuiipe;sdyﬁn:'elmi V\Stehnfégfémgm:gﬁ; ith the directorn (which defines the smectic tilt cope
(R S)-MHOBOW (see Fig. 1, on the other hand, was de- along the direction of largest refractive index, given approxi-

signed to have a ferroelectric ground state, and th€ Sa ma_ltely b_y the orientational average of the molecular bow-
structure has recently been confirmed with @@ texture string unit ve<_:tors. Th.BZ andB7 phgs_es appear to ha@g
[4]. Two different kinds of focal conic domain are observedSYMMetry, with the filt planecontainingn and the layer
in virgin MHOBOW cells, both of which appear goldésee  Normalz) perpendicular to the polarizatida The polariza-
Fig. (@] in cells of thicknessl=4 wm, corresponding to a tion is parallel tob and thus resembles an arrow fitted to the
birefringenceAn~0.07. They both exhibit a chiral analog Molecular bow[Fig. 2@]. As usual, thec director is the
response of the optic axis about the layer normal at lowProjection ofn onto the smectic layer plane.
fields, although with different electro-optic susceptibilities. ~ Tilted layering has been postulated in several bent-core
Above some applied field thresholdE~10 V/um), the  Systems. For example, Kla et al. have reported that me-
high susceptibility regions undergo a domain wall-mediatedchanical shearing gives uniform textures in soB cells,
first order transition to a bistable configuration with a bluebut with the layers uniformly tilted at an angérelative to
birefringence Co]orAn~0_14) and a |arge apparent Optica| the Cell'norma[5,6]'. Wlth t|lted |a)./e'rS,. the ferroelectric cou-
tilt angle [#=30°, Fig. Ab)]. Applying a large field E  Pling with an applied fieldE is minimized when the polar-
ization (which is confined to the layer plaheeorients to
align as well as possible with the fieftbward ¢=0, where
*Electronic address: jem@colorado.edu ¢ is the azimuth shown in Fig.(B)]. By analogy with well-
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}/ FIG. 1. (Color) Structures of
0 the bent-core liquid crystals
NOBOW and MHOBOW and po-
larized light microscope textures
in a 4 um cell of (R,S)-
MHOBOW. (a Golden focal
conic texture before application of
a field. (b) Bistable blue domains
growing from gold upon applica-
tion of a field E>E,
~10 V/pm. The horizontal di-
mension of each image is about
80 um.
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studied chevron S@* structures[7], it has been proposed COI’I_Q toa _bistable configuratiotwith the director stabilized
that when sufficiently large electric fields are applied to cellsat either side of the cone

of smectic banana-shaped molecuiesluding MHOBOW), Each banana-shaped molecule might be considered as
the layers tend to stand Ujg,6] in order to lower the ferro- comprising two rodlike halves, rigidly joined together, with
electric energy even more. each interacting separately with the surface. Since each half

is polar (because of the different chemical environments of
its ends this interaction has an instrinsic polar component.

Il. MODEL

In this picture, the effective anchoring depends on the tilts of
each half relative to the substrate. These can in turn be re-

If we ignore any variations of the director field across thelated to the molecular orientation, which is described in gen-
thickness of the cell, the molecular orientation and hence theral by two rotations, about axes along and perpendicular to

electro-optic response are largely determined by the surfaage director.

conditions. Banana-shaped molecules have polar biaxial Itis more convenient to imagine effectively lathelike mol-
symmetry and, as we will see, when initially tilted layers ecules imbued with a polarity arising from their true molecu-
stand up an anchoring model that includes biaxial anisotropyar bow shape. We assume that the director is confined to the
gives a discontinuous surface transition from an analog statéit cone, and consider both nonpolarematig [8] and polar
(with the director reorienting about the bottom of the tilt (chiral) [9] contributions to the anchoring energy of a banana

031706-2



BIAXIAL MODEL OF THE SURFACE ANCHORING . .. PHYSICAL REVIEW E 64 031706

N\ _1* (a) 7
@ e%\%" 0 ? /?
| L

°
Ys#0 Ys#0
b=0 b#0

(b) % - o

&L'!LA 44:0 =2 <0

FIG. 2. (a) Geometry of tilted polar smectic phases of bow- TS
shaped molecules. The directoiis represented by the line joining N
the ends of the molecule, and the projectiomadnto the smectic %a=0 =04 o

layer plane defines the director (—|). The spontaneous polariza-
tion P is along theC, symmetry axisb perpendicular to the tilt
plane.(b) Cell with tilted layers. The polarization azimuth is given
by ¢ and the layer tilt bys.

FIG. 3. Biaxial director anchoringi@) Mechanical analogy of
liquid crystal anchoring using rods of different cross sections rest-
ing on a planar surface. For uniaxial moleculeg €0, left) rota-

. . L tions about the molecular long axis are degenerate, whereas biaxial
phase with uniform synclinic tilt (S@sP). At the bottom  mgjecules have four stable orientations separated by potential bar-

surface of the cell, for example, a biaxial liquid crystal ma-riers (y,0, middle, of which two minima may be energetically

terial has an areal energy density favored @ #0, right). Planar-aligned banana-shaped nematic mol-
ecules preferentially orient either flat on the cell substrate @) or
fs=— y1(cos’ ) — y, coss cos¢ edge on b>0), both states having the directarparallel to the

substrate. The molecules’ effective biaxial shapes are drawn super-
imposed on their steric cross sections for each déseéAnchoring

. in tilted smectics. In a cell with arbitrarily tilted layers, the uniaxial
where y, and y, are, respectively, the nonpolar and polar molecules shown at left prefer the planar stétee gray circles

surface energy anisotropieg, is the angle between the di- (gpresent the tips of the anchored moleculés the case of bent-
rectorn and the surface, angl, is the biaxial potentialy;  core molecules, the biaxial anchoring biases the director orientation
>0 favors director orientation parallel to the bOUnding plate%way from being parallel to the glass, in principle favoring the
(planar alignment while y;<0 favors the director perpen- monostablganalog configuration wherb<0 and the bistable con-
dicular to the plateghomeotropic alignmeht A positive  figuration ifb>0, although the relative stability of these two states
(negative value of y, favors P pointing out of (into) the  also depends on the layer tilt and applied field. The view is along
liquid crystal sample at the cell surfacel]. A positive y,  the plane of the glass surfadeorizontal bay toward the apexes of
favors equally the director orientations at the top, bottomthe tilt cones.

and sides of the tilt cone=n=/2, wheren e Z), while a

positive biaxial biasb lowers the energy of the two d

“pistable” states. The geometric prefactors ensure that the fe=— fo P-E=—PEdcos¢ cosé. 2
biaxial term vanishes if either the layer normal or the director

is perpendicular to the cell surfaces. The elevation afigle  We note that the component of the polarizat®mormal to

— 4 COSS cOSy(Cos 4p+ b cos 2p), (1)

given implicitly [11] by the bounding platesR cosé) appears both here and, implic-
_ . _ itly, in the polar anchoring term in Eq1). In the absence of
cog Y= cog 5cos O+ sir? —cos §sir? 0 sir? o) |ayer tilt (5: 0), Eq. (]_) reduces to
+ %sin 26sin 26'sin ¢, fs==7[Ccos2p+(1-C)]— y, cosé
— ¥4 COSY(cOS 4o+ b cos 2¢),

where# is the usual smecti€ tilt angle andé the layer tilt. . :

L . N whereC= (sir? 6)/2. If we ignore the constant term and set
The external field is applied normal to the pla_t&i(ESZ’ the biaxiality y,=0, this expression reduces to the familiar
with the component parallel to the layers beiBgossx.  unjaxial free energy density found in the literat(ige11,13.
The azimuthal orientation af on the tilt congsee Fig. 2)] We now return to the full anchoring potential for biaxial
is determined byp, the angle betweeR andx. The electro- molecules as embodied in E€l). For the sake of illustra-
static energy density of the cdiignoring dielectric and po- tion, we first consider a biaxial nematic phase, shown in Fig.
larization self-field contributionsis 3(a). We can use a mechanical analogy to compare uniaxial
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FIG. 5. Stability plot for uniformly aligned biaxial banana mol-
ecules in a cell with tilted layers in an applied field. Even in the
absence of field, bistability¢=0 or =) is favored for sufficiently
small layer tilt (—0). The parameters used afe-30°, y,=2,
v4=0.2, andb=0.1. Solid ovals symbolize stable orientations of
the molecules.

()

f(9)

The dependence of the total free energy denséity)
=f.+2fg on director azimuth in the absence of applied field
varies with layer tilt as shown in Fig. 4 for both uniaxial and
¥irad) biaxial systems. With a large layer tilte., whenéd is com-
FIG. 4. Free energy density of a smedBocell f(¢) as a func-  Parable to the S@ cone angled) we see that the most stable

tion of layer tilt 8 for uniaxial (left) and biaxial(right) molecules. ~ State in either system is gt= /2, where the director is at
Highly tilted layers favor the monostablanalog state atp= /2

in both cases. As the tilt is reduced, however, the energy of the 1

bistable states eventually becomes smaller. In uniaxial systems PEd =0
[plots (a) to (d)] this transition is continuous, whereas in biaxial 27
systems[plots (e) to (h)] there is a critical tilt below which the =

bistable states are favored and the orientational transition is first -3

order. Withe=30°, y,=2, PE=0, vy,=0.2, andb=0.1, the tran- o
sition is at a layer tilté~16°. Solid(empty) circles or ovals sym- 4F

bolize stablg(unstablé orientations of the molecules.

and biaxial “molecules” resting on a planar surface: round
molecules have degenerate anchoring while those with ap-
proximately square or rectangular cross sections have dis-
tinct orientationally preferred states separated by energy bar-
riers. For nematics with y;,>0, where n orients
preferentially parallel to the surface/&0), banana-shaped
nematic molecules will align either flat or edge on to the
glass(depending on the sign of the biaxial bib.

Similarly, in the Sn€ phase, where the molecules are
geometrically confined to the tilt cone, the biaxialiy in-
troduces a fourfold anisotropy in the azimuthal anchoring
potential that distinguishes energetically, in the simplest
case, between planar-aligned molecules with thealirector
orientations perpendicular and parallel to the glass.

The general case of anchoring in a Sroell with tilted 400
layers and favoring planar anchoring of the director ( ' :
>0) is illustrated in Fig. &). In the absence of biaxiality 0 <|>(r1':1d) 2n

(v4=0) and ignoring the polar anchoring for now4=0),
the director orients preferentially parallel to the glags ( Fig, 6. Free energy density of the céll$) as a function of

=0), the minimum energy states being defined by the interappjied fieldE with fixed layers. With moderately tilted layers, the
sections of the tilt cone with the surface. Molecular biaxial-monostable(analog state atg= /2 is favored in the absence of

ity, however, in general prefers different azimuthal orienta-applied field. AsE is increased, one of the bistable statgs-(0),
tions, with the director either at the top or bottom of the tilt with the director at the side of the tilt cone, becomes more stable. In
cone, or near the sidéat the same positions favored by the this example #=30°, §=25°, y;=2, y,=0.2, andb=0.1. Solid
polar surface anisotropy,), as indicated in the figure. ovals denote the stable orientations of the molecules.
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FIG. 7. (Color) Reversible
birefringence  enhancement in
bistable blue states of RS)-
MHOBOW. (a) Ferroelectric do-
mains are blue An~0.14) when
E=0. (b) An applied field
(E=10 V/pm) temporarily
changes the birefringence color to
green An~0.16), without dis-
cernibly affecting the optic axis
orientation. The cell thickness is
d=4 um and the polarizer and
analyzer are oriented as shown.
The horizontal dimension is ap-
proximately 50 wm.

(a) (b)

the bottom of the tilt cone, corresponding to the analogdirector at the bottom of the tilt cone no longer minimizes
electro-optic state. In the biaxial cage=0 is metastable the free energy and the system finds itself instead in the
under these circumstances. As-0, the favored orientation bistable region(to the left of the diagonal stability line in
changes continuously to 0 er in the uniaxial systenleft), Fig. 5 for any applied field. During subsequent field rever-
whereas in the biaxial caggight) there is a threshold tilt sals the director does not linger at the bottom of the tilt cone
(86~ 16° in this examplebelow which states on the sides of but switches completely from one side to the other.

the tilt cone (corresponding to the usual optically bistable An alternative possible explanation for the observed tran-
states of surface stabilized ferroelectric liquid crysfdlg])  sition from analog to bistable electro-optic switching behav-
are energetically preferred. A nonzero biaxial biaseems
physically likely in banana phases given the anisotropic 35 r

cross section of the molecules, although it is not necessary to S BT
include this in the theory to obtain a first order orientational S a3t J
transition. o 29t
The relative stability of the monostable and bistable states E o7 b
also depends, in general, on the applied field and the polar < 05 | (a)

anchoring, whose energy terms, as we pointed out earlier,
have the same functional dependence on layer orientation
and can in some cases be lumped together. By combining
Egs.(1) and(2) and including both cell surfacéassumed to

be identical, so that the polar anchoring terms caneet
obtain the stability diagram of Fig. 5, from which we see that
for a given applied field there is a well-defined maximum

34 b

Vrms (deg)
3

layer tilt above which the monostable state is energetically 0T (b)

favored. We thus propose that when MHOBOW cells are . . : . .

exposed only to small external fields, the layers remain sig- 0.17 [ . . - -

nificantly tilted and the field modulates the director around

its monostable orientation at the bottom of the tilt cone. Once 0.16 }

the layer tilt has been reduced, however, the bistable states c

are preferred. The essential effect of the biaxiality is thus to <

create an energy barrier between the analog and bistable di- 0151

rector orientations that is not present in uniaxial chiral smec-

tics (Where_ th_ls transition is continuous _ 0.14 — 1'0 2'0 3'0 4'0 5'0
The variation of the total free energy densftf«p) with E (V/um)

applied field is illustrated for the case of fixed layers in Fig.

6. We see that a sufficiently large field always favors one of F|G. 8. Birefringence enhancement with field) Thermal fluc-
the bistable states. However, high electric fields not onlytuationse,s of the director on the tilt cone are partially quenched
drive the director to the sides of the tilt cone: they simulta-by an applied electric field(b) This in turn reduces the average
neously cause the smectic layers to stand up. When the layretilt ¢, of the optic axis and lead&) to an increase in the
ers have been driven sufficiently vertical, the state with theoverall birefringenceAn.
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ior is that large applied field&>E;, could, in principle parable to the molecular length, and assumikg- (5
without affecting the layers, drive the director all the way to x 10™7)sir? ¢ erg/cm with #=30° gives an rms fluctuation
the side of the tilt cone, where it could get trapped in agmplitude in the absence of fielth,m~35° [Fig. 8@)]. The
metastable state upon removal of the field. This seems to hgpplied field reduces the magnitude of these fluctuations,
unlikely in our ceIIs, thOUgh, because there seems to be N@hich in turn decreases the rms prewtof the Optic axis

field treatment that allows the bistable blue state ever to refFig. gb)]. The effective birefringence then varies approxi-
vert to analog gold electro-optics. In addition, since themately as

threshold field for switching between the bistable blue states

is considerably smaller tha,,,, it seems probable that the AN(g)=ng(h)—n

transition from analog gold to bistable blue is accompanied € ©

by a significant structural change, with a straightening of the NN,

layers being the most likely modification. = 5 5 —Ng
Finally, we address the field-induced increase in the opti- \n cos g+ nZ sin’

cal birefringence of the bistable blue state illustrated in Fig.

7. The transition from blue to green is continuous and reversThis index anisotropy is a sensitive function of tfeatu-
ible and occurs with no change in the apparent tilt angle. Weated refractive indices, parameters that are essentially un-
propose that the applied electric field couples to the sponteknown for most banana-shaped molecules. Takigg 1.73
neous polarization to partially quench the thermal fluctua-and n,=1.50, we find[see Fig. &)] that a field of about
tions in the molecular orientation, which in turn increases the20 V/um applied to an FLC with the polarization of
effective birefringence of the cell. For a field favoring  (R,S)-MHOBOW (P=315 nC/cm) increases the effective
=0, the mean square amplitude of the azimuthal fluctuationbirefringence by an amount in qualitative agreement with

of the director on the tilt cone is given 4] experiment.
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