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Surface-monolayer-induced bulk alignment of liquid crystals: From nematic to smecticA phase
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The Landau—de Gennes theory of surface-induced bulk alignment of nematic liquid crystals is extended to
the smecticA case where both orientational ordering and positional ordering are present. Assuming strong
surface anchoring, we find that in both nematic and smectic phases, the bulk pretilt angle is determined by the
liquid crystalline order of the first liquid-crystal monolayer at surface through a biaxial surface-bulk transition
layer. The smectic layer ordering tends to reduce the spatial variation of the director tilt in the transition layer,
making the bulk pretilt angle somewhat closer to the director tilt angle at the surface. Experimental measure-
ment shows results in semiquantitative agreement with th¢84063-651X99)12902-7

PACS numbd(s): 61.30.Cz, 61.30.Eb

I. INTRODUCTION surface-induced bulk alignment of-#-octyl-4- cyanobiphe-
nyl (8CB) on rubbed polys-alkyl-pyromellitic imide (P6)-

The study of surface-induced bulk alignment of liquid coated substrates. 8CB has a nematic-sme&titN-SmA)
crystals(LCs) is not only interesting from the basic physics transition[10]. We study how surface-induced bulk align-
point of view, but also important for the design of LC dis- ment varies as the temperature is varied across the transition,
play devices. With the accumulated experimental results, itrom the nematic to the Shphase. It is known that orien-
has become well known that proper surface treatment can dation of the surface monolayer at the substrate hardly de-
used to control bulk alignment, especially the bulk pretiltPends on temperatufé]. The study then enables us to de-
angle [1]. To understand the mechanism of such controlduce the sole effect of smectic ordering on LC bulk
various theoretical and experimental investigations hav&/ignment. In this case, the LC bulk is again aligned by the

been carried out for decades. Two distinct models have be€ rgici aLCs:u:?:cloﬁmirtr:r?si?o?:er?lgrznqllrewgu:ﬁeg?ertriigugg
proposed, one based on the short-range moIecuIe—moIecutI 9 gon.

interaction[2] and the other on long-range elastic interactionscrlptlon we adopt here is an extension of the early approach

due t : dulatidis]. The f 0 b lid used on nematics using the LdG formalism, which now in-
ue to surtace undu'atigie]. The former appears to be val corporates both nematic and smectic ordering. The calcula-
for polyimide or surfactant-coated substrafd$ In several

e , ; tion shows that in changing from the nematic to theASm
recent publications, it was found that the nematic LC bulkghase the bulk pretilt angle experiences a small but clear
allgn_ment is fully determined by the orientational ordering of ;,crease that is expected from the elastic energy argument.
the first LC monolayer adsorbed on the substfat]. Take  Thjs result is in good agreement with our measurement. The
the rubbed polyimide-coated substrate as an example. Agyjcylation also shows how the nematic and smectic order
approximate orientational distribution of the first LC mono- parameters vary spatially in the surface-bulk transition re-
layer on the substrate can be deduced from measurement g, | this respect, we note that the biaxial character of
surface optical second-harmonic generaiShG) [6]. The  iantational ordering of the surface LC monolayer and the
orientational ordering obtained has a strong biaxial characteg,itace-pulk transition region is of qualitative importance to
reflecting the presence of a short-range LC-surface interaGne getermination of the structure of the surface-bulk transi-
tion. Then through LC molecule-molecule correlation, gov-iion region, but was neglected in a recent publication by
erned by the Landau—de GenrneslG) theory[7,8], the ori- Skaej et al. [11].
entation and alignment of the surface LC monolayer yields
the homogeneous bulk LC alignment and the pretilt angle.
The latter has been found to agree with experini&ht
With the understanding of surface-induced bulk LC align-  The theoretical description of surface-induced bulk align-
ment on rubbed polymer surfaces being satisfactory in théenent for a homogeneously aligned nematic film with
nematic case, it is natural to attempt extending our investistrongly anchored boundary monolayers has been reported
gation to other mesophases, in particular to the various smeeisewherg5]. Here we will extend it to the SAphase. For
tic phases. Due to the coexistence of orientatignamati¢  completeness, we will first review briefly the nematic case.
and positional(smectig ordering, the smectic bulk alignment
is more complex than the nematic counterpart. A similar A. Nematic phase
situation has already been encountered in the investigation of ) o ]
the surface-induced wetting behavior of LCs with a direct Consider a semi-infinite LC sample in the half-space
isotropic-smecticA (I-SmA) transition[9]. =0 having aC,, ‘symmetry withxz pemg the mirror plane_.
Being the simplest of all smectic phases, Soonstitutes The local nematic ordering ang alignment can be described
the first object for our study. In this paper, we investigateby a traceless symmetric tensQ(z) given by

Il. THEORY
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I T+Z sin 2a (Z—Z)— T—’_Z COSZa-

whereS andP specify the nematic orientational order which surface LC monolayer deduced from the surface SHG mea-
is in general biaxial, andv is the tilt angle of the average surement withé and ¢ denoting the polar and azimuthal
orientational direction of the long molecular axis. The LdG angles oft, respectively. The nematic ordering changes from
free energy density associated with the nematic orderinghe surface valuesS,, Py, and oy to the bulk values
takes the forni8] Sy, P,=0, ande,, aszincreases from O across the surface-
bulk transition layer, which has a thickness of the order of
the LC correlation length. In the free energy expression Eq.
(3), the fifth term on the right-hand side describes coupling
of d,a with 4,S andd,P originating from thel, elastic term
+EC(Q?)2 @) in Eg. (2). It can be said that the variation af in the
9 e surface-bulk transition region is induced by the variations of
S and P in the same region. Assuming@) S,—S, and P,
whereA=a(T—T*), T* is the supercooling temperatua&, — P, are much smaller than unit{ij) SandP spatially vary
L,, L,, B, andC are phenomenological constants, summa<from the surface into the bulk with the same characteristic
tion over terms with different, j, andk subindices is im- |ength, i.e.,5(z)=Sy+ (S,— Sp) (1—e~ZN) and P(z) =P,
plied, and a comma in the subscript means derivative with+ (P, — Po)(l—e‘z’fN), and(iii) ag is very small €4° as
respect to the spatial coordinate that follows. In the presenneasurefi[5], we find thate,, deep in the nematic phase has

problem, Q;;=Q;;(2). Substitution of Eq(1) into Eq.(2)  an approximate analytical expression
yields

1 2 2,2 4
fNZE(LlQij,k+ L2Qij,jQik,k) + §AQU B §BQijQJkai

Ls
—ag - oo (S,—S+Py)|. (5
§L1+ %L2(1+3 S||"]2 a) ap= g 3(2L1+ I—Z)Sb(Sb SO+ O) ( )

-7:N:4

(,5)°

1 Both theory and experiment have found thaf is very
(9,P)%+ ZLZCOSZ @d,53,P close toag (they often differ by less thad®). While the
theory can predict how varies in the surface-bulk transition
layer, experimentally this is difficult to verify. It is, however,
(3S+P)?(9,a)? possible to measure how, varies with temperaturéwith
«aq fixed), especially as the LC bulk changes from nematic to
SmA. The results enable us to provide a further check on the
d,0(3,S— 3,P) theory.

1 1
+_ZL1+ gle cod a

1 1
+_ZL1+ §L2

1
+|gLa(35+P)sin 2a

1
2, T2
S+ 5P

+A 3

1
S+ —P2> -B(S*-sSP)+C

) 2 B. SmecticA phase

Below the N-SmA transition temperature, positional or-
©) dering of molecules corresponding to a layer structure is
present in the bulk. However, it is not clear how the layer
The local order parametéd(z) can be determined from Structure would appear at the surface. In one extreme, the
minimization of the total free energydz7y given the ;idsorptitiﬂ Gt-‘ner?y Olf the LC Tlolle?:ultesdon pglysmer i?hvepé
= . arge so that molecules are not likely to desorb. Since the
boundary vaIueQ_(O), €., SO:S(O);P(’: P(0), andayg mo%ecules should adsorb on the s}tljrface more or less ran-
=a(0), andknowing that atz—%, Q(z) approaches the yomly in position, the positional ordering vanishes at the
bulk value withS=S,,P,=0. The bulk pretilt anglex, also  gyrface and changes from zero to the bulk value across the
comes out from the calculation. In our studi€¥,0) can be surface-bulk transition layer. In the other extreme, the bulk

obtained from the definition layer may imprint the bulk positional ordering at the surface
via desorption and adsorption of LC molecules on the poly-

< (1 . mer surface. Then the positional ordering is at the bulk value

Q= j 5(3§§_|)f(0’ ¢)sin6dode, “) throughout the LC film. We shall consider both cases in the

following discussion. The real situation is probably some-
where( is the unit vector along the long LC molecular axis where between the two cases. The finite positional order in
and f(6,®) is the orientational distribution function of the the transition layer has an appreciable effect on the surface-
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induced bulk pretilt angle, which can be qualitatively under-ing can be viewed as that of an effective aligning fiehd .
stood as follows. The elastic distortion associated with a spaaccordingly, Feoup€an be, to the lowest order, written as
tially varying «(z) is of the splay-bend character. The
presence of positional ordering must hinder the spatial varia-
tion of a since the elastic distortion is inevitably accompa-
nied by the compression of the smectic layers and/or the
layer normal deviating from the directpt2,13. The former

is associated with change of the layer periodicity while the . .
latter describes smecti€ ordering, each corresponding to a whereCS andCy, are qu p0_5|t_|ve (iouplmg constz;mts deter-
kind of elastic distortion from the equilibrium Skordering mined byG. In the uniaxial limit (°=0), the ~ Cs7"S term

L represents interaction that mutually enhangeand  and
that costs energy. Consequently, the deviatiorpfrom « . T
. - contributes significantly to the character of tNéSmA tran-
must be reduced. One may expect that siage- aq is in-

duced by the spatially varying and P, it could also be sition [14]. The C, term represents the incremental free en-
affected by the slightly enhanced vall,Je $f in the SnA ergy density resulting from angular deviation of the director
y i gntly . . from the local layer norma(i.e., local smecticC ordering
phase. This is, however, relatively weak and less important. h : I i din th
First introduced by de Gennd42], the complex order 15]. For the experimental case discussed in the paper, we

- : P find thatS+ 3P is nearly a constant~«S,) throughout the
parameter describing the smectic layer ordering is transition layer. We therefore let the+ ;P factor be ab-
p(r)=7(r)exd —igou(r)].

sorbed intaC 5. We can also include higher-order terms such
as7°N;Q;;QkN.x and 7*(N;Q;;N ;). They can be put in
the form of the following groups of terms(i) angular-
independent coupling terms betwe8nP, and = order pa-

Csm(S—P)+ Ec 7 s+1P (B—a)?
278 2P 3 '

®

fcoup: -

Here 7 is the first harmonic in the density modulatigs(r)
=pot+ ¥(r)explqoN-r) +c.c., 2w/qy is the periodic layer
thickness of the undistorted bulk @nstructure with the unit rameters{ii) angular-dependent coupling terms proportional
vector N denoting its layer normal, and(r) describes the t0 (8~ a)?; and(iii) angular-dependent coupling terms pro-
local deviation from the undistorted bulk layer structure.portional to (83— a)" with evenn larger than 2. The effect of
With u(r) #0, the local layer normal is along the direction of (i) and theCs term in Eq.(8) on the LC bulk alignment at
N—Vu(r). In the first-order approximation; V  yu(r) de-  temperatures far away from the transition point is negligible.
notes a change of the layer normal direction andln @ more rigorous treatment, we can drop the angular-
— Vu(r) is associated with a change in the layer thicknessindependent coupling terms #i,,, by replacing in Eq. (7)

It is known that spatial variation of layer thickness is ener-by a renormalized =vo(T—Tyg), with Tys denoting the
getically highly unfavorabl¢13]. We shall therefore neglect nematic-Sm transition temperature. The angular-dependent
it in our calculation. Now the layer normal can be denoted bycoupling terms(ii) can be incorporated into thé, term in

a unit vectorN; = (cosp,0,sinB), whereg is the tilt angle of
N, away from thexy plane. Since the spatial variation 6f
along thez axis inevitably leads t& X N_# 0, indicating a
spatial variation of layer periodicity, which is forbidden in
our treatmentB(z) has to be equal t@,,, the bulk tilt angle

Eqg. (8). We can still express the term in the form of
Czm(B—@)? butCy is now a function ofS, P, andr. In the

approximation, we will letC; be a constant. The higher-
order angular coupling ternisi) can be neglected due to the
small value of| 3—a| (<0.01 rad). The simplified expres-

of the layer normal. In other words, there is no bending ofsion for the free energy density in E@) is now given by

the layers throughout the sample.
The free energy density can be written as
f:FN+fS+‘7COUp' (6)
Here Fy, still given by Eq.(3), is the contribution from

orientational orderingFs is the contribution from layer or-
dering, involving the order parameteronly, andF,, de-

1 1 1
—vr+ —wrt+ —Cﬁrz(ﬂ—a)z.

1
_ - 2
F=Fut 5C0,1)%+ 5 3 5

C)

IIl. NUMERICAL CALCULATION AND DISCUSSION

As in the nematic case, we can minimize the total free

scribes the coupling between orientational and positional orenergy[dzF to find the spatial variations & P, @, andr,

dering. Fg is of the form

1 1
=V 2+ —WT4,

1 2
Fe=5CAa,1%+ P+ 5

()

wherev =v(T—Txg), andC,, vy, andw are positive phe-

given the surface boundary valusg, Py, «q, andry, and
the known bulk valuess,, P,=0, andr,=+—v/w. Note
that in the bulkB= «ay,, which is to be calculated.

The solutions forS(z), P(z), «(z), and7(z) from mini-
mization of total free energy can be obtained numerically.
For convenience in calculation, we transform the free energy

nomenological constants. For the nematic-smectic couplinggnd free energy density into dimensionless form,
since the smectic layer ordering is described by the order

parameterr together with the unit vectoN, denoting the
layer normal, the leading term i, can be phenomeno-
logically expressed as- GTZNUQ”NLJ-, with G being a
positive coupling constant. The term is proportional-foas
expected becausg should be even irr. It is interesting to

j dZ(]:N‘l‘.FSN)
AB%C®

- f d(Fut Fo (10

note that the effect of layer structure on orientational orderwith fN andJ?SN expressed as
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TABLE I. Measured parameters characterizing the orientational TABLE Il. Sy, Py, and aq calculated from the measured pa-

distribution of the first LC monolayer. For case(dnrubbed sub-
stratg, 0=7.0° is assumed.

Rubbing strength 6, o d; d, ds
1 80° 7.0° 0.0 0.0 0.0
2 80° 7.0° 0.08 0.29 0.04
3 80° 7.0° 0.19 0.75 0.07
4 80° 7.0° 0.26 0.78 0.14
5 80° 7.0° 0.39 0.81 0.21

fN:[gfﬁ— EE2(1+3 sir? @) | (9S)?
471" 8

1
+|=L;+ sL,cog a

(9P L, cof adSIP
4 8 42

— 1| — —
+ Zhat ng}(aer P)?(da)?

da(3dS—dP)

0
+ §L2(3S+ P)sin 2a

. 1_\2
2., " p2
5 L

= 1\ — —
— 2, “p2| _(Q8_ 2
+ t+4)(s+3p) (SP—SP?)+

(11
and

F =56(67)2+ v+ 1W—7'4—|- 16?2(,8—602
SN 2 T 2 4 2 B ’
(12

where A=\L,C/B? is a length unit,(=2/A, 9=d,, L,
=1, Lo,=L,/L;, S=(C/B)S, P=(C/B)P, r=(CIB) r,
t=(T—T;)/4(T\y—T%) with T,,=T* +B?/4aC being the
isotropic-nematic transition temperatur€,=C_./L,, v
=vo(T-Ty/4a(Ty—T*), w=w/C, and C,
=Cpgl4a(T,y—T*). Through a finite-difference scheme, the
dimensionless free energ?y can be cast into the form of a
multivariable function to which a numerical minimization

program can be applied. In our calculation, we consider the
case of 8CB on rubbed polyimide. The material constants are

chosen as follows(i) T,y=40.5 K, Tys=33.5 K,a=0.055
J/lem, B=0.5 J/cni, and C=1.0 J/cr, vyielding T;y—T*
=1.14 K (values approximately suitable for 8CBL6]; (ii)
L,=1.6x10 ‘dyn and L,=3.7x10 ‘dyn [17] with A
=25 nm;(i_ii) v=—1 (att=—1.8 to be used for the smectic
cas¢ andw=1 based orvy=4a andw=C [18]. Accord-
ingly, 7,=B/CV/|v|/w=0.5 att=—1.5; (iv) C,=L,/4 and
C;=150[18]. As a dimensionless paramet€, may look
large, but it is estimated from two correlation lengths.and
&s. The former, &y, is associated with the nematic order
parameter and is usually derived from E8) or Eg.(11) to
be[19]

rametersd,, d, (in Table ), y, andé.

Rubbing strength S, Po g vy S
3 0.48 0.38 1.6° 0.72 0.090
4 0.50 0.37 2.2° 0.72 0.090
5 0.51 0.36 3.2° 0.72 0.091

g_A\/ I+ 3L,
N L1-32)+ J1-32

The latter,£s, is associated with the surface-induced smectic
C ordering in the surface-bulk transition region. It is also

known as the penetration depth of the director bending dis-
tortion, defined in Ref[13]. The usual derivation gives

; [9(2L,+L,)S?
s 4Cy72

We now haveC related toéy and és as

c & (1-320)+3V1-32 9(2L,+L)S
e 6L, +L, 472 :

(13

Assumingés~ &y [20], we find C 5~ 150 fort=—1.8.

As an example, we present the spatial variations of order
parametersS, P, 7, and director tilta calculated using the
above theory with the boundary conditio=0.51, Py
=0.36, ap=3.2°, which correspond to the experimental
case of 8CB on a rubbed P6-coated substrate with the rub-
bing strength 5 listed in Tables | and Il. Two different
boundary conditions fot, i.e., 7o=0 andry= 7,, have been
considered. Figure 1 depicts the spatial variationS ahdP
in a nematic case dt=—1.5 (with §,=0.63 andC;=0),
and those ofS, P, and 7 in a SnA case att=—1.8 (with
$,=0.67[21], Cz=150, andry=0). As expected, the order
parameters vary monotonically from their surface values to
the bulk values across the surface-bulk transition region. In

0.7 —————— 7 ———T——
I 00 O © o |
0.6k 0000 O O |
Q L p
© 05f *o0-0---®
P ']
> i )
£ 04 T
© ron o s 1
o 03 O P (nematic)
Q. i 4 e S
o 0.2} 1
[0} L m P
© g .
=5 0.1+ : -- & - t(smectic) H
0.0 : EEE E B e
0 1 2 3 4 5

Z/A

FIG. 1. Spatial variations ddandP in the nematic phase and of
S, P, andr in the smectic phase withy=0. The material constants
used in the calculation are given in the text.
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L L L In the SmA case with the presence of the positional order,
1 aﬁ is determined by the competition of thgad,(S—P)
] term with the @,a)? term in Fy as well as the ¢,— )
term in Fsy. The elastic energy due to the short-range smec-
tic C ordering with7#0 anda# g is proportional toC,
and being positive, such an energy tends to reduce the varia-
tion of the director tilt in the transition layer. Therefore, the
ratio of £s/&y, and hence the value o4, governs the
magnitude off ys=(a;— ag)/(a) — ag), wherea) and ap
denote the bulk tilt angles deep in the nematic andASm
phases, respectively. Fgg/éy<1 (Cg—), rys—0, while
, . . . . for §s/éy>1 (Cs—0), rys— 1. The usual situation is that
0 1 2 3 4 5 én/és~1. So, more than one length scale, i&y,¢s, and
Z/A the smectic correlation length. associated with the varia-
tion of 7, are involved in determiningys. Under the same
FIG. 2. Spatial variations of tilt angle in the nematidcircles ~ assumptions used in deriving E(p) together with7,— 7,
and smectic(up triangles forr,=0 and down triangles for,  <7,, we find thata; has an approximate analytical expres-

3.2

oo &

3.1

3.0 vvwyw v

a (deg)
&

29

>
>
>
>
>

o]
O
(@]
(o]
()
O

2.8

=1,) phases. sion
. . . : B £s L, }
particular, we find that the effect of smectic orderingrasn ap=ag| 1— (Sp—Sp+Po) |,
the spatial variations o6 and P is rather weak. It is seen entés3(2Li+L2)S 14
from Fig. 1 that forrq=0, P(z) obtained for the two phases (14)
are nearly identical and so &(2) if it is normalized against  which simply givesr ys= &s/(én+ £s)-
S,. Numerical calculation also shows th&(z) and P(z)
undergo very little change ag varies from 0 tor,. Figure IV. EXPERIMENTAL VERIFICATION
2 depicts the spatial variation af. While in the nematic
casea also Changes monotonica”y fromo to ay, in each Experimentally, there is not yet any effective method one

smectic case it exhibits a shallow dip in the variation. This iscan use to measure spatial variation of molecular ordering
due to the competition between the nematjerd,(S— P) and alignment in the surface-bulk transition region. It is,

and the smectic— a)? terms which drive and hinder the however, possible to deduce an approximate orientational
variation of @, respectively. It is noted thdix,—ao| ob-  distribution for a surface LC monolayer adsorbed on a

tained for 7,=0 is larger than that fory=r,. This is be- rubbed polyimide-coated substrate from SHG measurement.
cause a zero, imposes less layering influence anin the ~ From the orientational distributior§,, Py, andag can be
transition region and therefore makeg closer to its nematic ~ Calculated. The LdG theory described in the preceding two
value. sections can be used to fil8{z), P(2), «(z), and7(2). In

We can understand qualitatively haw, differs from , ~ Particular, the bulk pretilt anglex,=a(z—%) can be ob-
in response to the spatial variations of the order parametetgined and compared with the experimental value measured
in the surface-bulk transition region. The approximate anaby €llipsometry. _
lytical expression of EqQ.(5) shows ap— ag®ag(S,—So The SHG tech_mque f_or LC surface monolayer studies has
+Pg). This is because the spatial variatioy is induced —been described in detail elsewhef. Basically, the mea-
by 3,(S—P) through the coupling term betweeha and  Surement yields the six |_ndependent, .ngnvanlshmg elements
9,(S—P) in the free energy density in E¢3) and the cou- of the second-order nonlinear susgept!blhty tensor for.the LC
pling strength is proportional to sim2-2«. Note that monolayer. They aIIQW _the_determlnatlon of five coefficients
J3,(S—P)dz=S,— Sy+ P, anda— g is small. The sign of N an orientational distribution function of the forfB]
ap— ag must be negative, opposite to that §f— Sy+ P, (6— 8)°
since thed,ad,(S— P) term, in competition with 'gheg'(zoz)2 £(6,d)=N; ex;{ _ 0
term in the free energy, should always be negative in order to o2
lower the free energy. The magnitude |of,— aq|/ a esti-
mated from Eq(5) is on the order of 0.1, in agreement with +d; cos¢ys). (15
the numerical calculation. It is important to recognize that
the biaxial order parametd® is crucial in determining the
magnitude ofa,— . As seen from Table 11P;=0.3 as 1 1
compared withS,— S;~0.1, and hence the boundary layer So=7y— §+ Eydz, (163
biaxiality must be of qualitative importance. This conclusion
is supported by the experimental results for a number of 3 1
different rubbed polyimide-coated substrafg§ In a recent Po=3y— = — = d>, (16b)
report on the theoretical calculation of surface-induced nem- 2 2
atic bulk alignment, the importance of biaxiality in orienta-
tional ordering in the surface-bulk transition region was, - od, (169
however, neglectefL1]. 07 2y—1+ vyd,/3’

(1+d, cos¢p+d,cose

From Egs.(1) and(4), we obtain
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FIG. 3. Correlation between the orientational distributions of the  FIG. 4. Measured bulk pretilt angles of 8CB films on rubbed
8CB surface monolayer and the bulk pretilt angles of a smectic Ld6-coated substrates versus temperallt®mA transition occurs at

film on P6-coated substrates rubbed with five different rubbing33-5°. Solid, cross-centered, and open circles correspond to rubbing
strengths. strengths 3, 4, and 5 in Tables | and II.

with y=3(sir? 6) and 5= 1(sin 26), and their values can be Quantitative cqmparison between theory an_d experiment
calculated from the distribution function in Eql5). We IS always more difficult because_of uncerta|_nt¥ in the values
have studied 8CB on rubbed P6-coated substrates with diff the material parameters. We find that variatioreah the
ferent rubbing strengths. The absolute value of the rubbingurface-bulk transition region does not have a critical depen-
strength is not a well-defined quantitsee Ref[4c]). How- denceT on the values pf material parameters as long as they
ever, its effect on the orientational distribution of 8CB are within the appropriate range. The material parameters we
monolayers can be quantified by the parameters in distribdsed in the numerical calculation were somewhaF arbitrarily
tion function Eq.(15). The results are listed in Table | for chosenN We focus on thNe two quantitiesandy, defined as
{60,0,d1,d,,d3} and Table Il forSy, Py, 7o (for rubbing (@0~ @p)/ao and (ap— ay)/ay , respectively, reflecting’s
strengths 3, 4, and)5According to Eq(160), the surface tilt ~ Vvariation in the nematic phase and its change after entering
angleay is proportional tod, , the parameter characterizing the SnA phase. The predicted values af for rubbing
the forward-backward azimuthal asymmetry along the rubstrengths 3, 4, and 5 are 15%, 14%, and 14% as calculated
bing direction. Meanwhile, its dependence djp is rather ~ from Eqg.(5), or 14%, 13%, and 12% as obtained numeri-
weak with 6 and y being almost constant for different rub- cally. The experimental values affor rubbing strengths 3,
bing strengths. Asy,— aq is approximately proportional to 4. and 5 are 10%, 9%, and 17%. Considering the relatively
ap, a nearly linear relation between, andd, is expected. large uncertainties in the values a obtained from SHG
This was verified by measuring bott) and o (Fig. 3. measurement £0.1°) and in the values ofy, and aj

The ellipsometry technique we used was adopted from{~0.1°), we deem that the agreement between theory and
Ref. [22]. LC cells of 7Qum thickness were prepared by experiment is fairly satisfactory. The predicted valuesyof
sandwiching an 8CB film between two equally but oppo-for rubbing strengths 3, 4, and 5 are 3%, 2%, and 2% as
sitely rubbed P6-coated substraté$he same substrates numerically obtained withro=0 and Cz;=150, while the
were used in the SHG measuremgithe optical uniaxis of experimental values of as obtained from Fig. 3 are 10%,
the bulk film is along the LC director, which is tilted from 11%, and 12%. It is therefore clear that the influence of
the surface and the rubbing direction by the angje By  layer ordering governed by a vanishing and a smectic
measuring the optical phase retardation of a laser beam trgorrelation lengthé ~ & is too weak to reproduce the ex-
versing the film as a function of the incidence angle, theperimental values of. Using o=, can yield better quan-
optical axis of the film and hence, can be determined. The titative agreement. The predicted values yofor rubbing
accuracy of ther, measurement is better than 0.1°. We havestrengths 3, 4, and 5 are 10%, 9%, and 9% as calculated
measuredy,, of the 8CB cells in both nematic and smectic from Eq. (14) with £5/&y=0.8, or 9%, 8%, and 7% as

phases, with emphasis aiy, as a function of temperature npymerically obtained witlC ;= 150. Therefore, with the nu-
around theN-SmA transition (Fig. 4) to see the effect of merical agreement being semiquantitative, not only is the
pOSitiona| Ol’del’ing Ony, . We notice in F|g 4 that for each Sign Ofy Correct' thaly is almost independent of,o is also
rubbing caseqy, exhibits a drop across the @ato-nematic  reproduced. The better agreement with= 7, indicates that
transition. The difference betweer} anda is clearly mea-  the smectic layer structure probably persists all the way from
surable. The experimental data in Fig. 4 together with thahe bulk to the surfacg23]. This agrees with most of the
values ofag (having uncertainty on the order of 0.1°) ob- established results on surface smectic ordef@8j. The de-
tained from SHG measurement show th@t< ap<aq with  viation of the predicted/ from the measured one certainly
the difference being small, and the smectic ordering effect oman be reduced by adjusting the material parameters within
ap only sets in forT<Tys. They are in agreement with our the appropriate range. Of course, there are also approxima-
theoretical understanding. tions in the model that could render quantitative calculations
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not so meaningful. First, the LdG theory with truncated se-dicted and the measured bulk pretilt angle variation across
ries expansion in order parameters may not be a goothe nematic-smectic transition has been obtained, suggesting
approximation since the order parameters are fairly largethat our understanding of the mechanism responsible for
Second, biaxiality has been neglected in the coupling besurface-induced bulk alignment is semiquantitatively correct.
tween orientational and positional ordering. A more rigorousAccording to this mechanism, the boundary layer is charac-
model would be helpful in obtaining a better understandingerized by spatially varying unaxial/biaxial order parameters
of surface-induced bulk alignment, particularly for the vari- and in the Sm phase by a short-range smed@icordering

ous smectic phases. with the layer normal deviating from the average molecular
orientation in addition. This may only be directly verified by
V. CONCLUDING REMARKS x-ray reflection[24].

We have shown that the bulk LC alignment in nematic
and S phases can be predicted from the liquid crystalline
order of the surface monolayer. The prediction is based on an
extended Landau—de Gennes theory which incorporates an Tiezheng Qian would like to thank Professor Ping Sheng
appropriate coupling between the positional and the orientafor helpful discussions. This work was supported by NSF
tional ordering. Satisfactory agreement between the preGrant No. DMR-9704384.
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