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This study continues the development of the Landau—de Gennes theory of chevron structure in a surface-
stabilized SmE liquid crystal cell. In this paper we study in detail the consequences of varying the magnitude
of the planar surface anchoring. The strength of the anchoring is found to govern the order of the phases close
to the SmA-Sm-C phase transition. Depending on the strength of the anchoring, we find two possible
transition sequences(a) Sm-A—bookshelf SmE—nonplanar chevron;(b) Sm-A—planar chevron
—nonplanar chevror.S1063-651X98)15705-1

PACS numbe(s): 61.30.Cz, 61.30.Jf, 64.70.Md

[. INTRODUCTION Also of some interest is the temperature dependence of
the chevron structure close to the S\--Sm-C phase tran-

The chevron structure is a widespread feature in surfacsition. We have found in | that in the case of a free
stabilized ferroelectric Sn@ liquid crystal cells. It was first surface—no orientational anchoring of the director at the
observed in x-ray scattering wofl,2]. Afterwards it was surface and only strong positional anchoring of the smectic
also confirmed by optical experimerit8—8|. The chevron |ayers—the chevron structure is not formed immediately be-
structure can exist both in thin and thick sample texturegsow the SmA—-Sm-C bulk transition temperature. Rather,
[1,2,9. It is formed when a cell, filled with SA liquid  we found that the bookshelf S@-structure can exist in a
crystal, is cooled to the Si@-phase[1,2]. Usually, once the narrow temperature region between the &rstructure and
layers are formed in the S-phase, the surface positional the chevron Sn€ structure. However, this extremely weak
anchoring is frozen in and the layers do not move along theinchoring hypothesis is not realistic, and must be replaced
glass plate$10]. In this case the only way to maintain the by a finite anchoring condition. An important factor here is
periodicity of the SmA liquid crystal along the surface and that the bookshelf S structure is by far the most desir-
reduce the layer thickness in the Sirphase simultaneously able for electro-optical applications. It would therefore be
is to tilt the layers away from the normal to the bounding
plates. A schematic diagram showing the bookshelf Am- z
and chevron Sn& layer structures is given in Fig. 1.

This phenomenon has given rise to considerable theoreti-
cal interest. A number of different models of the layer and
director structures in Sr@ chevron cells have been pre- (a)
sented over the past ten yedtd —20. In particular, in Ref.

[21], which we shall refer to as |, we used a Landau—de
Gennes type mod¢R2] to study the chevron structure.

The model presented in | involves a free energy written in
covariant form, as first suggested by Lubensky and co- (p)
workers[23,24]. This model retains the conceptual simplic-
ity of the model of Clark and co-workefd.1,12, but it no
longer requires many of the simplifying computational as-
sumptions employed in other models of the chevron struc-
ture. It is also a very general and economical model, as it
retains all the relevant degrees of freedom and phase transi-
tions with a minimum number of parameters. In |, we inves-
tigated the director and the layer structure as a function of
the nematic and smectic elastic constants and of the strength
of the surface orientational anchoring. We were able to ob-
tain the spatial variation of the free energy density and cal-
culate the energy associated with the chevron wall. In this
way, bistability occurs without additional assumptions. It  FIG. 1. Bookshelf SmA structure(a) and two types(C; and
was also possible to study the temperature dependence of tlig) of the SmC chevron structuréb). The periodicity along the
chevron structure. surface is the same in both structures.
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useful to know how the strength and type of the surfacehreshold temperatures for the formation of the bookshelf,
orientational anchoring and the magnitude of the nematiglanar and nonplanar chevron structures. In Sec. IV we draw
and smectic elastic constants affect the temperature regiggome brief conclusions.

over which the bookshelf structure can exist.

In this paper we continue the study which we began in . Il. MODEL
Here we investigate the threshold conditions for the forma-
tion of the chevron and bookshelf SBstructure close to In the Landau-de Gennes model the free energy of the

the SmA—Sm-C phase transition as a function of the sur- S_mC liquid crystal cell is expresseq by thg local nematic
face orientational anchoring strength, which we define mordlirector n and the complex smectic density wavk(r)
precisely below. The usual S@-chevron structure, which = 7(1)exgié(r)}, where|n(r)| is the smectic order param-
we shall refer to as a nonplanar chevron, breaks theASm-&ter andg(r) is the phase factor determining the layer posi-
bookshelf structure in two ways. The cone angle tilt breakdion- The normal to the layer is defined by=V ¢/|V ¢|. We
the y-mirror symmetry(see Fig. 1 The layer buckling, by shallls_tudy the structure close to the Fm-Sm-C phasg_
contrast, breaks the-mirror symmetry. The two broken transition and far from the nematic-smectic phase transition.
symmetries are in principle independent. However, they ard that case it can be assumed that the smectic order param-
linked energetically, because the layer deformation at th&r IS constant and equal to its bulk valufr) = 7g . _
chevron tip favors some out-of-plane tilt. In addition, the 1 N€ elastic free energy is written as a sum of the nematic
surface anchoring biases the director toward an angle oth&@nd Smectic contribution. In a one constant approximation
than the preferred tilt. The onset of the chevron phase infor the_nematlc contribution, the free energy of the smectic
volves breaking both symmetries. However, they will not inPhase i921,24
general be broken at exactly the same temperature. This
gives rise to some fine structure in the phase diagram close to F=1 KJ [(V-n)2+(VXxn)2]d%r (1)
the SmA—-Sm-C phase boundary which depends sensitively
on the boundary conditions.

When they-mirror symmetry breaks at higher tempera- +f cl(n.-v—i 24 ¢ l(NnX V)2
tures than the-mirror symmetry, the first phase transition is el q0)¢1 I ¥
from SmA to a bookshelf Sn€ structure. The layers are not 2 121 43
buckled, but the director is uniformly twisted with respect to +DI(nx V)% d’r, @)

the planar easy ax.is. When the temperature is further reznere Eq.(1) is the nematic elastic free energy, and E).
duced, the conventional nonplanar chevron is recovered 3S the smectic elastic free energy. The constaiig the nem-
the z-mirrar iyn;]mbetrykals}p breaksl. Wher;] it is taanirror . atic elastic constant, angj, c, , andD are smectic elastic
?ymmdetrg/ |W ICh rseﬁAs Slrst_,ca [:r)]anar chevron sStructure g, nstants. The elastic constantis related to the de Gennes
ormed below the —SmL phase transition tempera- compressibility constar [21]. The parameteq, is related
ture. Again, at lower temperatures a nonplanar chevron 0Gy the layer thicknessl, in the SmA phase:qe=27/d,
cur\;%\} trict tudies to ol f hori . The elastic constartt;, measures the energy associated with
€ restrict our studies fo planar surface anchoring, Ir“Lilting the director away from the layer normal. It is tempera-

which the director is confined to the surface plane. We dpture dependentc, «(T—Tac) and Tac is the bulk phase

however, allow rotational freedom away from the easy axig, ansition temperature from the SAnphase to the Sn

in the surface plane. There are interesting phenomena ass&-]ase The term with the elastic constahtopposes the

gloatti((jjr\:\gitge?utlrwfgfne r?eurt(;Of'l_'[r)lI:r:rnrc?ltﬁlttI%nfSr;?aatiiot;\uitsweosgrnegending of the smectic layers. It also stabilizes an interme-
' 9 iate tilt of n with respect to the normal to the smectic layer

by the strength of the orientational surface anchoring in th(?n the SmE phase

surface plane. This is the important control parameter in our To describe surface stabilized cells, a surface term has to

femperature i lowered for all nite surface orentational an 30ded 1o the free ener@ The surface energy is mod-

: i . . eled by the following Rapini-Papoular terms:
choring. At rather weak surface orientational anchoring, the
first transition from the Sma phase is to the bookshelf Sm- A A
C phase. At stronger surface orientational anchoring, the or- Fs=— %st (n-z)%d%r+ %’V\Véf (n-x)%d?r, (3
der of the phases is reversed in the fine structure of the phase

boundary, and the first phase transition occurs from the Sm- - . - .
A to the planar chevron phase. wherez is the easy axis in the surface plaxeis the direc-

We may remark that symmetry breaking in thenirror tion perper_ldicular to the surface _plane, afg _andWS are
plane can lead to bistability of the optical axis, whereas symth€ anchoring strengths. We consider anchoring such that the
metry breaking in the-mirror plane cannot by itself have director always lies in the surface plane. In this casg,
this effect. This is a consequence of the interaction between-*- If, in addition, alsoWs—, the director always aligns
the director and the optical polarization. Thus the nonplanaalong the easy axia In the limit of no surface orientational
chevron and the bookshelf S@structures may be bistable. anchoring (Ws=0) the director is free to choose the most
The planar chevron structure is not useful for electro-opticafavorable position in the surface plane.
applications. This model can be modified to take into account more

The plan of this paper is as follows. In Sec. Il we intro- comprehensive surface treatments that favor finite pretilt.
duce the model. In Sec. Ill we analytically estimate theThis is of technological importance, because depending on
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It is also convenient to introduce the following dimen-
sionless parameters:

the reduced temperatureé=T/Tac—1, 5)
C.IC=agt|=(\/\,)%, (6)
D,=Dqg73L%K, D,=Dg373/K, 7
L X p=x/L, w=du/dx. (8
; " j\ A typical set of values of the dimensionless parameters is
d, / 2~

¢=10°, D;=4x10% D,=0.01, as=1. (9

5 The choice of these values is discussed in the Appendix. The

\ X bulk value of the molecular cone angle expressed in terms of
-L12 L2 the dimensionless parameters is’téig=C, /(2D;). The di-

) . . . mensionless fr nergy i fin
FIG. 2. (&) The coordinate system in which the numerical cal- ensionless free energy is defined as

culations were performedb) The coordinate system used to de- L F+F 12

scribe the chevron structure. G= P S_ f g(p)dp+ags(p=—3+gs(p=32),
—-12

the surface pretilt two alignment structur€s and C, [25] (10)

can occur(Fig. 1). They can both coexist in a cell, and are
separated by zigzag defe¢®6,27]. The effect of the surface
pretilt angle on the stability of th€, and C, states was
discussed in Refd.28,29. We shall not, however, address these quantities can be found in |
the problem of the stability of th€,; and C, states in the :

; In what follows we use the fact that close to the phase
present paper. With the surface treatment chosen here, the .. ; )
transition the variableg, 8, andw are small:a, 8,w<<1. In
two structures are degenerate.

; . addition, B8 can be set to zero everywhere in the cell. The
The coordinate systems used for the calculation and fof o )

. A reason for this is the following. The order parameter for the
the presentation of the results are shown in Fig. 2. The . .

o . ! hevron structure isv#0, anda#0 is the order parameter
Sm-C liquid crystal is confined between the plates located aj :
- i or the SmE bookshelf phase. The angkis nonzero only
x=—L/2 andL/2, as shown in Fig. @). The layers are .
when bothw and « are nonzero, and so to discuss the phase

running in thez direction. In the coordinate system chosen X . ) o
: . X progression we can ignore it. This is the reason why we use
for numerical calculations the variables are the anglesd . ; )
a, B, andw as a set of variables for numerical calculations

B, and the displacement vectar We assume that they are .

. . . instead ofd, 8, and¢. The anglep can never be set to zero
all functions ofx only. The smectic density wave enforces .

o o . everywhere in the cell. It cannot even be assumed to be
the periodicity in thez direction, and is expressed as small

J(r)=ng expliglz+u()]}. The displacementu(x) de- With B(p)=0, a(p)<1, andw(p)<1, we can reliably

scribes departures from the planar layer configuration. Th%mploy a Taylor series expansion of the free energy densi-
periodicity enforced in the direction is established in the ties, where we include terms of up to the fourth ordewin

Sm-A phase and igjg=27/dg. . : ;
The chevron structure is usually described in the Ioca@?r:]jg;/é f-grlr?] bulk dimensionless free energy density takes a

coordinate system by the molecular cone anflx), the
layer tilt angles(x), and the director rotation about the cone 2, 1 4 2 4 2 2
¢(x) [Fig. 2b)]. In the Landau—de Gennes modg) the g=—Cat ;[T 4D ]a’=C Wi Dw 2D Wi
bulk value of .the molecular cone angl®; in the SmE +D2w§+% “5’ (12)
phase ¢, <0) is expressed as tatg=+/—C, /(2Dq02).

For computational purposes we write the nematic, smecwhere subscriptp denote derivatives with respect o The
tic, and surface free energy densities in the dimensionlessimensionless surface free energy dengityis
form. We use the dimensionless parameters

where F+ Fg)/Sis a free energy per unit of the surface, and
d(p) andgg(p) are the bulk and surface dimensionless free
energy densities, respectively. The complete expressions for

gs(p)=—3Ls(1—a’+ 3 a*). (12
C=L%\}, C,=L?%\?, and Lg=L/\g, (4

In addition, sinceWg—c, B is zero at both surfaces. We
wheren;=[K/(c,q373)1¥? and\, =[K/(|c,|g573)]¥? are  have chosers to be zero everywhere in the cell, so the
the correlation lengths, measuring the penetration of locallypoundary condition fop3 is automatically satisfied.
induced nematic bend or twist deformation into the smectic Next we shall construct the expressions for the variables
phase in the layer planex() and along the layer normal « andw. The order parametex+ 0 is associated with the
(M); As=K/Wyg is the surface extrapolation length. It is breaking of they-mirror symmetry. The variabler can be
worth noticing thatC,«c,, C, «|c, | and LsxWs. expressed as a Fourier series
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a<p>=k§o acodkmp), (13

where the fact thatv is symmetric around the chevron tip

ture at which they-mirror symmetry breaks, we examine the

boundary condition for. It is (see )

.79, 99

* e e =0. (14)

p=%x1/2
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w(p)=w;sin(mp). (21

The harmonic approximations fa#(p) and w(p) are ex-
pected to be valid only for second order phase transition at
which they- and z-mirror symmetries break, respectively,

"8hd the amplitudegy and/orw, are small. That means that,

in general, at temperatures at which a bookshelfGstruc-
ture deforms into a nonplanar chevron structure, the har-
monic approximation for(p) is not valid any more. Simi-
larly, at temperatures at which a planar chevron structure
deforms into a nonplanar one, the harmonic approximation
for w is not valid.

Using.the expressions for the bulk and surface frge eNergy The correct ansatz fow close to the planar-nonplanar
densities(11) and(12) in the above boundary condition, We cheyron transition can easily be found directly from the free

obtain

(Fa,+Lsa)y=+12=0, (19

where a third order term it has been neglected. When there
is no surface orientational anchoring4=0), the first spa-

energy density11) in the case otx(p)=0. The free energy
density is
9= —C, W2+ D;w*+D,w?, (22)

and is minimal when the Euler-Lagrange equation

tial derivative ofa is zero at the surface, and near the tem-

perature at which thg-mirror symmetry is brokem(p) can
be approximated by (p)=eaq. In the limit of infinitely
strong surface orientational anchoring{~«) a=0 at
both surfaces. So the correct ansatz far is «a(p)

—C,w+2D;w*~D,w,,=0 (23

is satisfied together with the boundary conditiep)|,_ .1/,
=0 [see EQ.(19)]. The solution of this equation isv

= a,c0S@mp). In general, at finite surface orientational an- =wgtanh{/\,,) with the amplitudeny,=+/C, /(2D,) and the
choring neithera=0 nor a,=0 at the surface, and the spa- chevron width\,,=+2D,/C,. The boundary condition is
tial dependence ok needs to be approximated by two terms satisfied if\,,<<1, which is true at all temperatures except

in the Fourier series expansiont(p)= ag+ a1COS@mp).

close to the onset of the planar chevron.

However, we find that the calculations are a bit simpler if we The ansatz fow(p) close to the planar-nonplanar chev-
use the following ansatz fag, which is essentially the same ron transition is thus

as the one above:

a(p)=agCog kp). (16)

In the case of no orientational surface anchorikg;,0, and
in the limit of very strong anchorings= 7. The value ofx

c 2D,
W=W0tanr(p/)\w)v W(): 2_|31, )\W: ?

(29)

There is no simple ansatz to be found &dp) close to the

at finite anchoring is obtained from the boundary conditionpgokshelf Smc—nonplanar chevron transition. In general

(15):
K tan(k/2)— Lg=0. (17)

This equation has to be solved numerically for a givikn

To find the ansatz fow(p) we use a similar procedure.

The boundary condition fow is

d9
—} =0, (18
IW, p==*1/2
from which it follows that
(Wp)p:tl/2= 0. (19)

The symmetric chevron structure requires tais antisym-
metric around the chevron tip, and because of thatust be
zero at the chevron tip. The Fourier expansiomois thus

w(p)= go wisin(kmp), (20)

the temperature for this transition can be found numerically
by direct solution of the bulk Euler-Lagrange equationsdor
andw together with the boundary conditiofis5) and(19). It
turns out, however, that for the chosen surface treatment the
bookshelf SmE structure can exist only in such a narrow
temperature region that the harmonic approximationofds

still valid at the bookshelf Sné—nonplanar chevron transi-
tion.

Ill. STRUCTURES CLOSE TO THE SM- A-SM-C
PHASE TRANSITION

The structures close to the SA+Sm-C phase transition
are best presented by thg—|t| phase diagraniFig. 3). All
the transitions are second order. At stronger surface orienta-
tional anchoring thez mirror symmetry breaks first, and a
planar chevron structurdFig. 4) is formed below the
Sm-A-Sm-C phase transition temperatutg,,. This tem-
perature is independent of the strength of the surface orien-
tational anchoring. At lower temperatures genirror sym-
metry breaks as well, and a nonplanar chevron stru¢tige
5) is formed att<t-,. At rather weak surface orientational

and the term that dominates close to the temperature anchoring fs—o°) the y-mirror symmetry is broken at

which thez-mirror symmetry breaks is

higher temperatures than themirror symmetry, and a book-
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w0 2
E —= [t]
lt]] ¥
107 4 X
nonplanar
J \
107 3 planar \
chevron
] | t !plan
106‘5 """""""""""" bookshelf FIG. 5. Nonplanar chevron structure. At the chevron tip and at
] ' : \\ Sm-C the surfaces, the director lies in tge plane.
J \ 1 N\
. - ! \
1074 Sm-A " ! St A. Infinitely strong anchoring (Ag=0)
0 \ BS
A /L N AN
s 1. Sm-A-planar chevron
10% 1 \‘: \ . o .
104 e 02 o 0 4 45 s At this transition a(p)=0 and forw(p) the harmonic

A/ L approximation(21) is used. The bulk free energy, obtained
from Eqgs.(10) and(11), is then
FIG. 3. Phase diagram, showing the stability areas of the book-

shelf, planar chevron, and nonplanar chevron structuresa At __ 1 _ .2 2,3 4
<\ the thin full line presents the analytical estimatetgf, ob- G 2 (CL = D2)Wit5 Dawy. 29
tained with the harmonic approximation fer and w, and the . . . .
dashed line presents the analytical estimate obtained by the hal'€ €nergy is minimal when the conditiorG/ow,=0 is
monic approximation for and a solitonlike approximation fav.  Satisfied. In this way we obtain the expression for the ampli-
The thick full line shows the numerically obtained transition tem- tudews :
peraturetcy. At Ng> )\g, the numerically and analytically obtained
transition temperatures agree well. Parameter valfies10®, D, , 2 )
=4x10%, D,=0.01, anda,=1. W1=3—Dl(CL— mDy). (26)

shelf SmC structure(Fig. 6) is formed att<tgg. The latter ~The amplitude is real and different from zero @
deforms into a nonplanar chevron structure when tempera= m°D,. Otherwise the energy is minimal withv, =0
ture is further reduced and tteemirror symmetry breaks as (POOkshelf SmA structurg. It follows from Eq.(6) thatC, is
well. Thez- andy-mirror symmetries are broken at the same emperature dependent. The r_educed _temperature_ at which
temperaturet(=t,,) only at one specific surface extrapola- the planarbchevr_on hstructure is forméde., the z-mirror
tion Iength)\g. symmetry breaKsis thus

In the following subsections we estimate analytically the
transition temperatures between different structures. We
compare these results with numerically obtained transition
temperatures. By numerically obtained results we refer to the ) o )
results obtained by numerical solution of the differentialBY Using a similar procedure and setting(p)=0 and
Euler-Lagrange equatior(see ) obtained from the free en- @(p)=aq costmp), it can be shown ghat thg-mirror sym-
ergy density expression in which no simplifications wereMetry alone would break at|ss= 7/(2a0C;). Since D,
doneli.e., B(p) #0 and, in generaky, B, andw are notalot <L [S€€ EQ.9)], |t|pian<|t[es and the transition is S
smaller than 1 We shall first study two limiting cases: the —planar chevron not Sm-— bookshelf Sme.

case of infinitely strong anchoring.¢=0) and the case on It should be mentioned that in many circumstances the
C : ) planar chevron structure occurs already in the Sphase,
infinitely weak anchoring Xs—), and shall finally con-

. - . [33-3§. Since the change in the layer thickness is much
sider the case of finite anchoring. smaller in the SnmA phase than in the Si@- phase, this
effect can be ignored in the first approximation. So we have
not considered it here.

A A A

FIG. 4. Planar chevron structure. The director lies in g FIG. 6. Bookshelf Sn structure. The director is tilted in the
plane. This structure is not optically bistable. yz plane everywhere in the cell.

¢ _'772D2 2
| |p|an_ aOCH . ( 7)

r

—>
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2. Planar chevror—nonplanar chevron
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The z-mirror symmetry is broken when at finiie, the am-

To estimate the temperature at which the planar chevroRlitudew, becomes real. We find that the conditief=0 is

structure deforms into a nonplanar one, we use an@az

for w(p), and for a(p) we use the harmonic approximation
(16) with k=m. We calculate the free energy, minimize it

over «g, thus find the amplitudery, and finally we obtain
the condition foreg to be real:

112
C - %WZ—ZCLJ' cog(mp)tantf(p/\,,)dp>0.
—1/2
(28)

The chevron tip width\,, is temperature dependent.,

satisfied at temperatures lower thiggy, where

m2D,(1+4D,/C)

3
Ciao (34

|t|CH:

For a given set of paramete(9), this temperature is 2.6
X 107®, which is small enough that the harmonic approxi-
mation for a(p) is still valid at this transition point.

C. Finite anchoring

1. Sm-A—bookshelf Sm-C or planar chevron

=Aw(C,). The easiest way to estimate the critical tempera- . .
ture for the formation of the nonplanar chevron structure is  With the harmonic expressidi6) for « andw set to zero

to plot expression28) as a function ofC, , and estimate
(C,)C" at which expressioii28) is zero from the plot. The

the free energy of the bookshelf structure is obtained from
Eq. (10):

reduced temperature at which a nonplanar chevron is formed

is [t]cp=(C.) M (agC)).

B. Zero anchoring (A g— )
1. Sm-A—bookshelf Sm-C

At this transitionw(p)=0 and a(p) =, [see Eq.(16)
with k=0]. The free energy of the cell is

G=—C, a5+ % (C,+4Dy)ag, (29)
and is minimized if
2C
2 1L
%= 1ap," (30)

The amplituden is real if C, =0. So they-mirror symmetry
breaks already at the S—Sm-C bulk phase transition
temperaturet=0.

2. Bookshelf Sm-G-nonplanar chevron

It turns out that the bookshelf S@-structure can exist

C,+4D 172
G= Maéf cod(kp)dp
4 12

1 2 2 [1? 1,5
_E(ZCL+K )ag cog(kp)dp+ 5K ap
-12

1

— Lo+ Lsa5coS(k/2) 3

Lsagcod(kl2). (35

It can easily be found that the amplitudg, which mini-
mizes the above free ener®5), is real whent<tgg, where

2

|t|gs= 2aC;’ (36)
At infinitely small surface anchoringCs=0 and«=0) the
temperaturetgs=0, the result which we have already ob-
tained in Sec. Ill B 1. At finite surface orientational anchor-
ing the SmMA-Sm-C phase transition temperature is low-
ered from its bulk valué=0 totzgs<<0. The SmE bookshelf
structure is inhomogeneous sineép) = 9(p) = agCoS(kp).
The SmA-—planar chevron transition can oc<:ur|tav{rp,an

only in.such a narrow temperature region that the harmonic- 72D, /(a,C,). This temperature is independent of the sur-
approximation fora(p) = a, can be used also at the book- face orientational anchoring strength, and has already been

shelf SmE€—nonplanar chevron transition. Fau(p) we use
the harmonic approximatiof21). The following free energy
density is obtained:

G=—C aj+ (C,+4Dy)ag— 5 (C, — mDy)Wi+Dwiad
+ 2 Dywj. (31)

The energy is minimal when the amplitudeg andw, take
the values

2C, —2D,w?
2__
%0~ C 4D, (32)
and
2
wi=——(C, — m?D,—2D,a3). (33
3D,

found in Sec. Il A 1.

If toian>tes(Ls), thez-mirror symmetry breaks first when
the SmA phase is cooled down to the Sthphase, and a
planar chevron structure is formed.tfs>t,,, the y-mirror
symmetry breaks first, and a bookshelf @&mstructure is
formed. Both symmetries are broken at the same temperature
at that strength of the surface orientational anchoriﬁ&)(
wheretgg(£Q) = tpjan:

ke—2m?D,=0. (37)
The parametek, is related toﬁg by the boundary condition
(17). So it follows from the above expressi@f7) that the
value of/jg depends only on the value &f,.

2. Bookshelf Sm-G-+nonplanar chevron

With the use of the harmonic expressiof2d) and (16)
for the variablesae andw and the expressions for the bulk



57 STRUCTURAL TRANSITIONS IN SURFACE. ..

5657

(11) and surface(12) free energy densities we obtain the tively free motion of the molecules along the alignment di-

following free energy fron{10):

G=A1a§+A2ag+A3W§+A4W‘1‘+ A5&’§W%. (38)
The factorsA; (i=1,...,5) are
Aj=—3(2C, + k)1 1+ 3 k?>+ Lc0Z(kI2), (39
Ar=13 (C+4Dy)l,— 5 Lscos(k/2), (40)
As=—3(C, —7°Dy), (41
A4:g Dlv (42)
A5:2D1|3, (43)
with
12
|1=f cos(kp)dp, (44
-1/2
12
|2=J cos'(xp)dp, (45)
-1/2
1/2
|3=f siré(p)cog(kp)dp. (46)
-1/2

The amplitudesry andw, that minimize the free enerdd)
are

1
5 [— A —Asw?]

=3p, (47

and

—Az—Asaj

oA, (49)

wi=
The reduced temperatufdy is found by requiring that the
amplitudew, is real(i.e., w5=0) at finite ay. At the transi-
tion pointwi=0 anda3=—A,;/(2A,) (that is the value of
ag in the bookshelf structuyeFrom Eq.(48), we thus obtain
that the amplitudev, is real if — A3+ AsA;/(2A,)>0. Fac-

rection. In Ref.[37], it was shown that in a ferroelectric
liquid crystal cell with antiparallel surface tilt cooling into
the SmE phase did not produce the expected chevron struc-
ture. A tilted bookshelf structure was formed instead.

3. Planar chevron—~nonplanar chevron

Now we use ansatz24) for w(p) and ansatz16) for
a(p). The free energy of the cell is then

G=Bla%+ Bzag+Gp|an, (49)

whereG,, is the free energy of a planar chevron structure
and the factor8, andB, are

1/2

B,=A,+C, Jlllz cog(kp)tantt(p/\,)dp,  (50)

BZZAz. (51)

We minimize the free energy and obtain the amplituge

-B
2_ 1
ap= 282 . (52)
This amplitude is real when
B,<0, (53

from where the planar chevron—nonplanar chevron transition
temperature follows.

In Fig. 3 we compare the temperatyté-,, obtained in
this way with the one obtained numerically. The tempera-
tures agree well at very strong surface orientational anchor-
ings, where the temperature of the nonplanar chevron forma-
tion is low enough that the approximation,<1 [and thus
the ansatz(24) for w(p)] is valid. However, close to the
surface orientational anchoring strengti, the planar-
nonplanar chevron transition temperature is so high that the
conditionA,,<<1 is not satisfied.

At anchorings close ta’2 we use the harmonic ansatz
(22) for w(p). The temperaturét|cy can be found from
expressions(47) and (48) which were obtained in Sec.

I C 2. Now we seek the condition3=0 at finitew,. The
reduced temperature|t|cy is found by setting w2

=—A3;/(2A,) (the value in a planar chevrpmand putting
this in Eq. (47), where we requirex3=0. We obtain the

tors A; and A; depend linearly on the reduced temperaturecondition —A; +AsA3/(2A,) =0, from which|t|c is deter-

[t|, and from the above expressittic, can be determined.

mined. It can be seen from Fig. 3 that this approximation

The results agree well with the numerically obtained transi-gives good agreement with the numerical result at the an-

tion temperatures.

chorings close taC2.

From the phase diagram in Fig. 3, we estimate that the The maximum reduced temperature region in which a pla-
maximum reduced temperature region in which the equilib-nar chevron can exist can be deduced from the phase dia-
rium bookshelf S structure can exist is at zero surface gram in Fig. 3. At very strong surface anchorings0) the

anchoring and is approximately X3107°. With Tac

reduced temperature region is of the order of 10With

~300 K, this gives a temperature region of the order ofT,c~300 K this gives a temperature region of the order of
102 K. Things can be different if one boundary allows rela- 10" K.
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The temperature regions of the planar chevron and the IV. CONCLUSIONS
bookshelf SmE structure are very narrow. The mean field
free energies do not include fluctuations which may affecﬁ
the stability of phases which only exist within a narrow tem-

perature window. As a result, the phase topology IC)rEdICtelgmple Rapini-Papoular surface anchoring term has been

by the mean field theory may be unreliable. Here we chec used. The model can be generalized to consider a more com-
this possibility using estimates of energy determined from ) g

equipartition. Specifically, we have compared the amplitudef Ie)f dset oftalsstun:ﬁnogrsr.CWehfmd ttf;]at Upg.?f coollngtthet,s m-
of the relevant order parameter fluctuations with the orde iquid crystal o the > phase three ciiierent structures

1parameter amplitudes, (in the bookshelf phaseand w, can occur, depending on the strength of the surface orienta-

(1 he s Chtami e bn obianed s e 1973 20T and e alo among e paier contae
mean field theory. p : g

' . two schemes are possible. If the surface anchoring is strong
We first discuss the bookshelf SBhphase. We calculate enough the SmA-Sm-C phase transition temperature is

(A a?) assuming only nematic fluctuations; the smectic layer,
will distort with the director, and deviations of the director lowered fromTac 10 Tpan. At T<Tyiay @ planar chevron

from the smectic normal can be neglected. Then dgr structure is formed. This structure is stable uftiéTcy.

~1/L the amplitude of the fluctuations can be estimated a%elow Te, @ nonplanar chevron structure is formed. When
[38] e surface orientational anchoring is weak enough, the

Sm-A—Sm-C phase transition is lowered 5. Below this
temperature a bookshelf S@-structure is formed. When
(Aa®)~kgT/(LK)~107%, temperature is further reduced a bistable chevron structure is
formed belowTy. The critical strength of the surface ori-
where the value§'~390 K, L=2pm, .and K~10 * J(m entational anch%i:ing that divides the%wo possible schemes is
were used. We consider the mean field valueagfat its  aiher low. So in most realistic cases we probably have the
largest value, which is most favorable to the mean fieldyansition from SmA to a planar chevron structure and then
theory. This occurs at the bookshelf SPa-nonplanar chev- 4 5 nonplanar chevron structure. The temperature range in
ron transition in the limit of zero surface anchoring. In this \ hich the planar chevron structure is stable is at most
situation 1071 K for typical materials. The temperature range in
which the equilibrium bookshelf structure exists at very
a5~107°, weak surface anchoring is of the order of K. The sta-
bility region of the bookshelf structure is very narrow, so this
as follows from Eq.(30) if we take forC, =0.26, i.e., the phase might disappear due to fluctuations in the nematic di-
value at the bookshelf Si@—nonplanar chevron transition rector. As a result of the narrow temperature range in which
(see Fig. 3 and for other parameters we use the values givemhe planar chevron structure can exist, we conclude that in
in Eq. (9). We may conclude that sind@ a?)/a3>1 in the  most experimental cases only a nonplanar chevron structure
putative bookshelf Sn& phase, this phase may well not be needs to be considered.
stable.
We now discuss the planar chevron. The fluctuations of
the layer displacement are given [88]

We have used the Landau—de Gennes model to study ana-
ytically the conditions for the formation of the symmetric
8hevron in a surface stabilized Sthdiquid crystal cell. A
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where B is the de Gennes layer compressibility constant
which is related ta\, by the relation\ ;= VK/B. Adopting
an analogous procedure to that adopted above, we consider
the mean field amplitudes; where it is largest. This occurs
at the planar-nonplanar chevron transition in the limit of in-  Typical values of the parameters entering the model are
finite surface anchoring. At this point in the phase diagraml~2 ym anddy~\;~3 nm[38,39. The values ot , ¢,
w; is given by Eq.(24). At the planar-nonplanar chevron and D have been measured close to tie Sm-A—Sm-C
transitionC, ~ 107 (see Fig. 3 and using the value®) for  multicritical point[40]. From those measurements|of |/c;

APPENDIX: THE CHOICE OF THE MATERIAL
CONSTANTS

other parameters, we can estimate at different |t|, we estimate thaty,~o(1). Far from the
Sm-A-Sm-C phase transition temperature, we use McMill-
wi~10"3. an’s [41] estimate thagy|t| is of the order of the ratio be-

tween the molecular diameter and the molecular length, and

we takeag|t|~0.1. The parameted, is calculated using the
Thus, by contrast with the bookshelf Sthphase, the planar values forag|t| and\, and assuming a value for the bulk
chevron phase does seem stable with respect to fluctuation®olecular cone angle. For the materials showing the
at least in the limit of sufficiently strong surface orientationalN—Sm-A—-Sm-C phase transitiondg~20° far from the
anchorings. This result is sensible because planar chevrddm-A—Sm-C phase transition temperatur®, is obtained
structure has been observed in nchevron celld33,34]. from D, by noting thatD,=D,/(L?qg3).



57 STRUCTURAL TRANSITIONS IN SURFACE. .. 5659

[1] T. P. Rieker, N. A. Clark, G. S. Smith, D. S. Parmer, E. B. [20] M. Brunet and L. Lejek, Lig. Cryst.19, 1 (1995.

Sirota, and C. R. Safinya, Phys. Rev. L&, 2658(1987). [21] N. Vaupotig S. Kralj, M. Copic, and T. J. Sluckin, Phys. Rev.
[2] Y. Ouchi, J. Lee, H. Takes, A. Faked, K. Condo, T. Kitamura, E 54, 1 (1996.
and A. Mukoh, Jpn. J. Appl. Phy&7, L725(1988. [22] P. G. de Gennes, Solid State Commaf, 753 (1972.
[3] J. E. Maclennan, M. A. Handshy, and N. A. Clark, Lig. Cryst. [23] J. Chen and T. C. Lubensky, Phys. Revl1A 1202(1976.
7, 787 (1990. [24] T. C. Lubensky and S. R. Renn, Phys. Rev41A 4392(1990.
[4] P. C. Willis, N. A. Clark, and C. R. Safinya, Ligq. Cryst1, [25] J. Kanbe, H. Inoue, A. Mizutome, Y. Hanyuu, K. Katagiri, and
581(1992. S. Yoshihara, Ferroelectridsl4, 3 (1991).
[5] S. J. Elston, Lig. Cryst9, 769 (199J. [26] M. A. Handshy and N. A. Clark, Ferroelectri&®, 69 (1984.

[6] S. J. Elston and J. R. Sambles, Ferroelecttitd 325(1991). [27] N. A. Clark and T. P. Rieker, Phys. Rev. 3V, 1053(1988.
[7] C. Lavers and J. R. Sambles, Ferroelect(it8 339 (199J). [28] D. C. Ulrich and S. J. Elston, Ferroelectritg8 177 (1996.
[8] S. J. Elston and J. R. Sambles, Mol. Cryst. Liq. Crg260, 167 [29] J. C. Jones, Ferroelectridg8 155 (1996.

(1991). [30] S. Kralj and S. Zimer, Phys. Rev. B4, 1610(1996.
[9] M. Brunet and Ph. Martinot-Lagarde, J. Phys. @] 1687  [31] J. Xue, Proc. SPI2892 10 (1996.
(1996. [32] P. Watson, P. J. Bos, and J. RiRhys. Rev. E56, R3769
[10] M. Cagnon and G. Durand, Phys. Rev. L&), 2742(1993. (1997.
[11] N. A. Clark, T. P. Rieker, and J. E. Maclennan, Ferroelectrics[33] Y. Takanishi, Y. Ouchi, H. Takezoe, and A. Fukuda, Jpn. J.
85, 79 (1988. Appl. Phys.28, L487 (1989.
[12] J. E. Maclennan, M. A. Handshy, and N. A. Clark, Lig. Cryst. [34] Y. Ouchi, Y. Takanishi, H. Takezoe, and A. Fukuda, Jpn. J.
7, 787(1990. Appl. Phys.28, 2547(1989.
[13] M. Nakagawa and T. Akahane, J. Phys. Soc. J8).1516  [35] L. Limat and J. Prost, Lig. Cryst.3, 101 (1993.
(1986. [36] S. Kralj and T. J. Sluckin, Phys. Rev.4B, 3244(1994.
[14] M. Nakagawa, Display41, 67 (1990. [37] L. Z. Ruan, J. R. Sambles, and J. Seaver, Lig. Cr&%t.909
[15] J. Sabater, J. M. S. Pena, and J. M. ©td. Appl. Phys77, (1996.
3023(1995. [38] P. G. de Gennes and J. Proshe Physics of Liquid Crystals
[16] A. De Meyere, H. Pauwels, and E. De Ley, Lig. Cry$t, (Clarendon, Oxford, 1993
1269(1993. [39] M. S. Turner, M. Maaloum, D. Ausseérrd.-F. Joanny, and M.
[17] A. De Meyere and I. Dahl, Lig. CrystL7, 379 (1994. Kunz, J. Phys. 14, 689(1994.
[18] L. Limat, J. Phys. 1I5, 803 (1995. [40] L. J. Martinez-Miranda, A. R. Kortan, and R. J. Birgeneau,
[19] L. Le Bourhis and L. Dupont, Mol. Cryst. Liq. Crys275 155 Phys. Rev. Lett56, 2264 (1986.

(1996. [41] W. L. McMillan, Phys. Rev. A7, 1673(1973.



