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DEFORMED SURFACE - INDUCED SMECTIC

A - STRUCTURE
IN NEMATIC LIQUID CRYSTAL

L. V. Mirantsev
Institute for the Problems of Mechanical Engineering

Academy of Sciences of Russia, St. Petersburg,
199178, Russia

Abstract

In the present paper the smectic A - phase induced by the deforined substrate
surface 1n a nematic hiquid crystal 18 considered. The snrface microrelief is described
by onc - dimnensional harmonic function. In framework of Landau - de Gennes model
the dependences of the surface smectic order paraineter and the deptih of penetration
of the interfacial smectic siructure into the nematic bulk on the amplitude and the
period of the surface microrelief are obtained. 1t is shown that the deformation of the
substrate surface suppresses the interfacial smectic structure. It is also investigated
the effect of the interfacial smectic structnre on the depth of penctration of the
surface microrelief - induced deformation into the sample bulk. The posability of
experimental verification of Lhe results obtained is discussed.

i. INTRODUCTION

1t is known that the interfacial properties of liquid crystals { LC) are significantly
different from their bulk properties. For examnple, the boundary surfaces, such as
a solid subsiraie and a free surface, induce the smectic A { Sm A ) - simcture
in the interfacial region of nematic liquid crystal { NLC ). There are a number
of experimental [ 1- 5 ] and theoretical [ 6 - 9 ] papers devoted to the study of
the interfacial smectic structures in NLC. However, in these theoretical papers the
boundary sarface is assumned o be perfecily Hlat, whereas actunally the substrate
surface always possesses a certain microrelic!. Barbero and Durand have shown [10]
that when this microreliel, such as an undulation, is sufficiently sharp, it induces
too-large distortional contribution to the nematic free energy that, in turn, gives
rise to decrease of the nematic order parameter. It is well known that the elastic
constants of the smectic A - phase are much larger than those of the nematic phase
[11]. Therefore, one can expect a significant negative effect of the substrate surface
microrelief on the interfacial smectic A - structure. On the other hand, in present
theoretical papers on the penctration of the surface microrelief - induced deformation
into the LC bulk the LC sample is assumed {0 be in a pure nematic [ 12 ] or in pure
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smectic [ 11, 13 | phase. Consequently, in these papers the interfacial LC region
with properties different from those of the bulk phase is ignored.

We propose here a theoretical description of the Sm A -phase inducad by the
substrate surface with microrelief in NLC near the second order nematic { N ) - Sm
A phase transition point. For simplicity the microrelief is assumed to be described
by the one - dimensional harmonic function with the period of order of one micron.
In framework of Landau - de Gennes model the dependences of the surface smectic
order parameter and the depth of penetration of the interfacial smectic structure
into the nematic bulk on the amplitude and the period of the surface microrelief
are obtained. It is also investigated the effect of the interfacial smectic order on
the depth of penetration of the surface microrelief - induced deformation into the
sample bulk. In conclusion the possibihty of experimental verification of ihe resulis
obtained is briefly discussed.

2. BASIC EQUATIONS OF MODEL

Let us consider the nematic layer in contact with the solid subsirate surface
having a microrelief described by one - dimensional harmouic function, for example

Uo(z) = Uq cos((27/d)z), {1

where U and o are the amplitude and period of the surface microrelief, respectively.
The NLC layer is assmued to be homeotropically aligned { in the samiple bulk the
director 7 15 parallel 1o - - axis nonual to the substrate surface 3. Let us also assume
that our LO sample is 10 2 vianity of the second order N - Sin A phase transiiion {
the NLO temperature is shghtly above the transition point ) and the onentational
order in it 1s perfect { the orientational order parameter S5 = 1, 1.e. the long axes
of all molecules are parallel to the director 7). The latier assumplion is reasonable
enough because the most of LCs undergo the second order N - Smi A phase trausition
sufhciently far from the clearing point and the actual onenfational order in them is
very close to the perfeci one.

Lt us assume that due 1o the mteraction beiween mesogenic molecules and the
substrate surface the latter induces the positionally ordered Sm A - structure with
the period equal to the molecular length 1. If the molecules within the first inter-
facial smectic layer are assumed to be hardly stacked on the substrate surface then
thns layer should be distorted 1n tact with the substrate sinusoidal relief and this
distortion due to the sinall smectic layer compressibility can be iransmitied to the
neighbouring layers. It is clear that the deformation of the interfacial sinectic struc-
ture should effect on it’s translational order, i.e. on the value of the smectic order
parameter. On the other hand, the depth of penetration of the surface microrehef
- induced deformation depends on the smectic layer compressibility which is deter-
mined in torn by the translational arder of the interfacial smectic structure. Thus,
to describe completely the LC region near the substrate surface with microrelief we
must determine simultaneously the interfacial smectic order parameter profile and
the penetration of the surface mncrorelief - induced deformation into the sample
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bulk.
In order to solve this problem we must know the expression for the {ree energy
density in the interfacial LC layer. This expression should contain two contributions.

The first contribution is the free energy density of the deformed nematic liquid
crystal [14]

fa = (K1 [2){(divA)? + (K2 /2)7 - roifi)® + (K3 J2)(7 x rota), {2)

where K 33 are the Frank splay, twist and bend elastic constants, respectively. If the
substrate surface wavy deformation is assumed to be weak enough ((27/d)U; € 1),
ihen the director components aze related to the one - dimensional wavy deformation
U(z, z) by the eguations

n, & —9U/[dz,n, = 0,n, = 1 (3)

Substituting these relations into equation {2) one can obtain

fn = (K [20(3*U[82%) + (K, /2)(8%U 8232)%, (4)

1t should be noticed that since the I.C nnder consideration is in the vicimty of
the second order N - Sm A phase transition, the bend elastic constant K, in equation
(4) is not similar to that in "pure” nematic phase. Near the second order N - Sm
A transition pomt the smectic short - order fluctnations occur in the pematic bulk
phase. These sinectic order fluctuations are not induced by the subsirate surface
and must be considered separately from the surface induced smectic strucinre. As
it will be seen below, they give rise to a renormalization of the elastic conntant A5

The second contribution is the free energy density of the surface - duced Sm
A - phase. If 7{z) is the smectic order parameter and U{z, z) is the shift of smectic
layers due to the substrate surface microreliefl ihen the surface - induced smectic A
- phase in the vicinity of the second order N - S A phase transition is described
by the density wave

plz, 2) = poll + a2} cos(2n(z — U(z, 2))/L}], (5)

where py i the average density of the liquid crystal molecules, and the frec energy
density of the Sm A - phase is given by the following Landau - de Gennes expression:

fsma = (A]2)0° + (C[4)s* + (L/2)(do [dz)’ + (Bo/2(OU/0z)",  (6)

where A = o(T — 13;), ¥ and C are the temperature independent constants, 7' 1s the
temperature of the system, Ty is the N - Sm A phase transition temperature, L and
B, are the elastic constants related to each other by the equation [15]

Bo = L{2x/1). (7)

1t should be noted that two gradient terms in equation (6) are due to the coordinate
dependence of the absolute value of the smectic order parameter o and the smectic
layer elastic deformation, respectively. Adding the expressions (4) and (6} one can
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obtain the following equation for the total free energy deusity of the LC layer near
the deformed substrate surface:

f=fn+ fsma = (K [2)(@?U]0z°)? + (Ks/2)(0°U [0z82)*+

(A)2)0” + (C/4)a* + (L/2)(do/dz)* + (Bo/2)(8U}82) . (8)

In order to determine the total free energy of the interfacial region we must
integrate the free energy density { 8 ) over the space above the substrate surface and
add to the result obtained the energy of direct interaction between the liquid crystal
molecules and the substrate. In previous papers on the surface - induced smectic A -
phase [7-9] this interaction was simulated by short - range orienting field which acts
directly only on the molecules contacting with the boundary surface. The energy of
such interaciion can be wniten as

G(z,9) = —Go(3/2cos’ ¥ — 1/2)6(z — Up(z)),

where ¢ is the angle between long axes of the LC molecules and the normal to the
houndary surface, (7, is the interaction constant, and 6(z — Uy(z)) s a well known
Dirac function. Since the onientational order in the system under consideration is
assumed to be perfect {cos ¥ — 1) this potential can be represented as

and the energy of interaciion per unit substrate square is equal to
[’_. = /{) (i(l)p(;'?, Z) dz = '"(;0,00 - (;gf»‘v_y’fo, ”n)
where 7 i1s the value of the smectic order parameter at the substraie surface and

Gy is the interaction constant. Finally, the total free encrgy of the LU interfacial
fayer per unit substrate square can be represented as

o= /0 1) ds = s — Gopao, (11)

where f(z} is the frce cnergy density of the LC interfacial layer averaged over the
XY - plane. I we search the expression for I/{z, z) in the forn

U(z, z) = U(z) cos((2n/d)z),

(e, 2)|_ = Uscos((2n/d)e), (12)

then the expression for f(z) is the following:
F=(Af2)0® +(C/4)a* + (L/2)(do/dz)* + (Bo/4)a*(dU [dz)? + (K /4)(27/d)*U*

(K3 /4)(2n/d)* (AU [dz)*. (13)
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Substituting equation (13) into the expression (11) for the total free energy of the
interfacial layer and minimizing latter with respect to o(z) and U(z), we obtain the
following Euler - Lagrange equations:

Udo[d2®) - Aa - Co” - (Byf2)o(dU [d2) = 0, {14)

Byo(da[dz)(dU[dz)+(Bo[2)0* (U [d2*)+(K 3 /2)(2n /) (PU Jdz*)— (K. [2)(2x/d)*U = 0.
15)
These equations can be solved only numerically. However, let us attempt to(ob
tain the approximative analytical solution. We can use the following approach. Even
for perfectly fiat substrate the surface - induced smectic order should decay with
penetration into the nematic bulk at the distance of order of the longitudinal corre-
lation length ¢ = (L/A)"/? for smectic fluctuations [6]. According to experimental
data [16], at the temperature about 0.1 K higher than that of the sccond order N
- Sm A phase transition this correlation length is of order of 0.1 um. On the other
hand, if the period of the substrate surface wavy relief 4 is of order of 1 pm, then
the depth of penetration of the surface - induced deformation into the nematic bulk
should be of the same order. Therefore 1t is reasonable to sssume that o(z) must
decay rapidly in companson with U(z), or #{z) is a rapidly varying function and
U(z) is a slowly varying one. Then in equation (14) one can set dU/d» = dU/dzi__U
In this case we have no difficulty in integration of equation {14} and obtain o

7 ~ .(A.-_‘/,T, E }L,!
iz} = (afoy (ii . ) — 1 (16)
. ( 9 - (‘,—-.!V'.u. J
wherte
a=1/&+ (2 )Yl Jdz)?| (17)

!!a+C'og+\/r:L (18)
q = N 4
Ja+ Co?—\/u

c*=c/2L. (19)

1t should be noted ihat the solution (16) has been obtained under condition of
coniplete decay of the interfacial smectic siructure with penetration into the bulk
nematic phase ( ¢ — 0, do/dz — 0 at z — oc ). In order to calculate the value ao
we can use the following relation:

af

o [Dz) ~Gopo. (20)

=0

Taking into account that
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af _ g do
8(80/82)l-=0_ Lz

=0’
and

do

T o™ —aod + C*a}, (21)

one can obtain the expression for o]

a3 = ~(a/2C") + [(a/2C") + (Gogt /L*C). (22)
Now let us consider equation (15). Muliiplying it by dU/dz and assuming again

that o(z) is a rapidly decaying function in comparison with /(z), we can obtain the
following approximative equation:

d

dz
If the interfacial smectic structure and the substrate surface - induced LC defor-
mation are assumed to decay completely with penetration into the nematic bulk
(a(z) — 0, U(z) = 0, dU/dz — 0 at z — 00), then the integration of equation (23]
gives

(Boo*(dU/dz)*) + % (Ks(2r/d)*(dU/dz)*) — ;; (K.(2r/d)*U?) =0. (23)

Do V2
i = - YEEYPUE) (21
JBor{e) + Ks(2n/dy
Setting z = 0 and using the relation [ 11]
Bof Ko = 11,
we obtain
oo N ant( 2
o O M CL L) (25)

[o2(d/27)? + (K[ K1)

Substitution of this relation into equations {17) and (22} allows us to determine
numerically the interfacial smectic order paramefer og at given values of the param-
eters &, Uy, (Gopo/LC*) and K3/ K. The ratio of the elastic constants K1/K} in
the vicinity of the second order N - Sm A phase transition can be obtained by using
de Gennes’s equation {17]

Ky = K3 + (KaT/6)(x¢/1%), (26)

where K7 is the bend elastic constant in ”pure” nematic { without smectic fluc-
tuations )} and Kjp is the Bolzmann constant. If for simplicity we set KT ~ K,
then

K3/ Ky ~ 1+ (KgT/6)(ne/I2K,). (27)
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Finally, we can determine z - dependence of the substrate surface - induced LC
deformation. Substituting the expression (16) for o(z) into equation (24), we obtain
after integration

U(z) = Ugexp{—(I) + )], (28)

where

T l QQ(Kg/KI)ilz-qQ] + 2(]2([(3/[{1)82\/5' + D

h= P
SN T S (] AT T oy B
hm T i U/ K)ISQy + AR K)o D

7 d\fa(Ka/Ky) AK /K )P5Qy + 2(Ka/K) + 07 ’
5Q: = [f*(Ks/ K1)e™Y™ + De™/* + Ko K112, (33)
§Qz = [(Ks/ Ki)e™* + D™/ + (Ko K}, (32)
SQJ = [(k'g/kl) +D+ (]2(_[(3/[(1)]1/2, (.f})
D = 2q[2a/CT)d/221)" = (Ks/ K1) (34)

3. RESPLTS OF NUMERICAL CALCULATION AND DISCUSSION

The relations obtained In previous section of the present paper allow us to de-
ternmune both the deformed surface - induced smectic order parameier profile and
the dependence of the amplitude of the liquid crystal wavy deformation {/(z} on
the distance from the substrate. The smectic order parameter profiles obtained for
various values of the amplitude Uy of the substrate surface microrehef { the period
d of the wavy microrelief 1s fixed ) are shown in Figure 1. These profiles have been
obtained at the following values of the parameters involved:

(T—To)/To =104 T, ~ 300 K; £ = 0.16pm; K ~ K, = 107 dyn; { = 3. 1077
aw [ dats To 2 OB from el [16] ), G/ A 2230 (18], 2 = Gopo/LC* = 0.1

The value of last parameter g is sufficiently arbitrary because we have no detail
information on the interaction between LC molecules and the substrate surface. It
should be noted, however, that the value of the surface smectic order parameter o,
= 0.559 obtained at this value of ¢ in case of the perfectly flat surface is recasonable
enough. It is clearly seen that the substrate surface deformation gives rise o sup-
pression of the interfacial smectic A - structure. Both, the magnitude of the smectic
order parameter and the depth of penetration of the smectic order into the nematic
bulk decrease with increasing microrelief amphtude Uy. In other words, as sharper
is the subsirate surface microrelief, the stronger is the deformation of the interfacial
smectic layers which ,in turn, gives rise to the suppression of the interfacial smectic
A - structure.
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Now let us discuss the effect of the interfacial smectic A - structure on the
penetration of the surface microrelief - induced deformation inio the sample bulk.
The dependence of amplitude of the wavy deformation on the distance from the
subetrate is shown in Figure 2. The curve 1 corresponds to the pure nematic sample
(¢ = 0, i.e. the interfacial smectic A - structure is absent ) and the curve 2
correaponds to existence of the interfacial smeciic A - phase ( ¢ = 0.2, 0y = 0.62
). Tt is seen that occurrence of the smectic A - structure near the subsirate surface
promotes to the penetration of the surface - induced deformation into the nematic
bulk. This result is obviously demonstrated by Figure 3 according to which the
depth I* of penetration of the surface - induced deformation into the nematic bulk (
I* is the distance from the substrate at which the amplitude of deformation U(z) is
e -times smaller than that at the substrate surface ) is proportional to the surface
smectic order parameter cy.

We have also investigated the dependence of the depth of penetration of ihe
substrate surface - induced deformation into the sample bulk on both amplitude
Uy and period  of the substrate surface microreliel. The dependence of the depth
of penetration [* of the surface - induced deformaiion into the sample bulk on the
amplitude Uy is shown in Figure 4. When the interfacial smectic A - structure is
absent the depth !* is independent of the amplitude Uy ( curve 1 for pure nematic
phase ). It should be noted that this resuli is also valid for the penetration of
the surface - induced deformation into a pure smectic A sample [ 11,13]. However,
the existence of the substrate surface - induced smectic A - phase gives nse o a
significant dependence of the depth of penetration " on the amplitude Uy { curve 2
). 1t is seen that for very small amplitude of the substrate surface microrclief the
depth of penetration of the surface - induced deformation into the sample bulk ts
about 1.6 - 1.7 timnes larger than Lhat in a pure nematic phase. As the amplitude of
the subsirate surface nncrorelief is increased the depth of penetration [* decreases
because of the suppression of the interfacial smectic structure and for Uy > 8.02um
this depth coiucides with that in pure NLC.

Finally, let us discuss briefly the possibility of an experimental verification of
the results obtained. The experimental study of the Freedericksz transition in thin
nematic cells performed by Rosenblatt [4] revealed the anomalous growth of the
Freedernicksz critical field in the vicinity of the second order N - Sm A phase transi-
tion. This growth was attributed to the effect of the surface - induced smectic A -
structure. The point is that the penetration of such a structure into the sammple bulk
gives nse to decrease of the effective thickness of the nematic layer sensitive fo the
external magnetic field that results, in turn, in growth of the Freedericksz critical
field. One can measure the Freedenicksz critical field 1o a vicinity of the second order
N - Sm A transition for iwo thin nematic cells of the same thickness. If the first
cell has the substrates with perfectly flat surfaces and in second cell the substrate
surfaces possess a sinusoidal microrelief with period 4 and amplitude U, sufficient for
suppression of the surface - induced smectic structure, then the Freedericksz critical
field for first cell should be larger than that for second one. Numerical estimation
based on the Rosenblatt’s experimental data for 8 CB [4] and our theoretical results
shows that at the temperature about 0.2 K higher than the secoud order N - Sm A
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transition point and cell thickness of order of ~ 2.5um the Freedenickse cntical
field for the cell with perfectly flat substirates can be about 10 % higher than that
for cell with substrates having the microrelief with the amplitude U, = 0.02u:m and
the pertod d =~ 0.5um. We suppose that such experimental verification could be
rather interesting.

4 CONCLUSION

In the present paper the theoretical description of the Sm A -phase induced
by the substrate surface with microrelief in NLC near the second order N - Sm A
phase transition point is proposed. For simplicity the microrelief is assumed to be
described by the one - dimensional harmonic function. In framework of Landau -
de Gennes model the dependence of the surface smectic order parameter and the
depth of penetration of the interfacial smectic structure into the nematic bulk on
amplitude and period of the surface microrelief are obtained. It is shown that the
subsirate surface deformation gives rise to the suppression of the interfacial smectic
A - phase. Both, the magnitude of the sniectic order parameter and the depth of
penetration of the smectic order into the nematic bulk decrcase with increasing mi-
crorelief amphitude [/;, When the substrate snrface microrelief is sufficiently sharp,
the interfacial smectic structure is completely suppressed.

The effect of the inierfacial sraeciic order on ihe depth of penetration of the
surface microrelief - induced deformation into the sample bulk is also investigated.
1 is shown that occurrence of the smectic A - structure near the substrate surface
promotes to the penetration of the surface - induced deformation into the nematic
bulk. ‘I'he dependence of the depth of peunetration on amplitude and period of the
substrate surface microrelief is revealed. {t is found that the presence of the surface
- induesd smectic A order gives rise to dependence of this depth en the amplitude
of the substrate snrface microrelief, which is absent in case of pure nematic phase
[12].

Finally, it is proposed to use the experinental study of the Freedericksz transition
in thin nematic cells for verification of the results obtained.
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Figure 1. The interfacial smectic order parameter profiles for various amplitudes
of the substrate surface microrelief. d = 0.5um. 1- Up =0; 2- Up = 0.01um,; 3 -

Uy = 0.015um; 4 - Uy = 0.02un.
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Figure 2. The dependence of amplitude of the wavy LC deformation on the
distance from the substrate surface. Uy = 0.01um, d = 0.5um. 1 - the interfacial
Sm A - structure is absent { g = 0 ); 2 - the interfacial Sm A - phase exists (
ap = 0.62 ).
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Figure 3. The dependence of the depth of penetration of the substrate sur-
face microrelief - induced deformation into LC bulk on the interfacial smectic order
parameter, {/o = 0.01pm, d = 0.5um.
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Figure 4. The dependence of the depth of peneiration of the subsirate surface
microrelief - induced deformation into LC bulk on the amplitude of the microrelief.
d = 0.5um. 1 - the interfacial Sm A - phase is absent { g = 0 ); 2 - the interfacial
Sm A - phase exists { g = 0.1).



