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Phase transitions in ferroelectric liquid crystals in a restricted 
geometry 

by T. POVSE, I. MUSEVIC, B. ZEKS and R. BLINC 
J. Stefan Institute, University of Ljubljana 39, 

61 11 1 Ljubljana, Slovenia 

Using a wedge type cell, we have studied the S,-SZ, S z - S ,  and S,-S, phase 
transition lines in the ferroelectric liquid crystals 4-(2-methylbutyl)phenyl 4-n-  
octylbiphenyl-4-carboxylate (CE-8) and 2-methylbutyl 4-(4-decyloxy- 
benzy1idene)aminocinnamate (DOBAMBC) as a function of cell thickness in the 
planar geometry. The phase diagram is similar to the one observed using an external 
magnetic field. A surface induced re-entrant-like phenomenon is also observed. The 
experimental results are compared with the predictions of a Landau model with 
surface anchoring and a qualitative agreement was found. The results show that 
whereas disclination lines are not important for the SA-SZ and S,-S, transition 
lines, these defects have to be taken into account when evaluating the S+Sc 
transition line. The form of the phase diagram has some important implications for 
the performance of surface stabilized ferroelectric liquid crystal cells used in electro- 
optic devices. 

1. Introduction 
The fascinating thermodynamical, optical and electro-optical properties of ferro- 

electric liquid crystals in restricted geometries represent an area of growing interest. 
Motivated by the discovery of fast switching [l] and a high potential for applications 
[2] in electro-optical devices, much research has been devoted to understanding and 
controlling the underlying physical mechanisms of surface induced ordering in 
ferroelectric liquid crystal phases in restricted geometries. The effects of the restricted 
geometry on the phase transitions SA-S& SA to the unwound S, and also S,*-S, have 
been reported previously [3-71, and were supported by the theoretical analysis [8, 91. 
In order to clarify the nature of these transitions, we now report theoretical, as well as 
experimental studies of phase stability and phase transitions for a ferroelectric liquid 
crystal, constrained in a planar cell with a variable thickness d.  In the theoretical section 
we derive the phase diagram (d, 7') of the ferroelectric liquid crystal in the planar 
geometry. The SA-S,* transition lines will be derived exactly within the Landau theory. 
The S,*-S, transition line will be evaluated first without taking the formation of 
disclination lines [1&13] into account. The results, which are believed to be accurate 
for small anchoring strengths will then be compared with the exact results obtained for 
infinite anchoring strengths, using the disclination model [lO-131. The experimental 
part describes the experimental details and the observed phase diagram for a 
ferroelectric liquid crystal CE-8. 

2. Theory 
Let us first investigate the effect of a restricted geometry on the SA-S,* and SA-S, 

transitions for the case that these transitions are of second order, and that the helical 
axis of the S,* phase is parallel to the bounding plates. The most interesting aspect of 
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1588 T. PovBe et al. 

this problem is the dependence of the S,-S,* transition temperature on the cell 
thickness d .  It is clear that for thick samples, the S, phase will transform with 
decreasing temperature into the helicoidal S,* phase, whereas for thin enough samples, 
this will bt: replaced by a transition into the homogeneous Sc phase. 

The geometry of the problem is illustrated in the inset to figure 1 (a). A ferroelectric 
S,* liquid crystal in the bookshelf geometry is confined in a sample cell of thickness 
d = 2L. The cell plates are at  x = - L and x = L, the helical axis is along the z direction 
and the system is homogeneous along the y direction. The surface anchoring energy will 
be taken into account in the simple form $C<:, i.e. we shall treat the case of planar non- 
polar anchoring. Here is out of the plane of projection of the tilt. 

Figure 1. I+) dependence of the SA-Sz phase transition line on the inverse of the normalized 
cell spacing and (b) dependence of the wave vector q of the helix along the I I  line for c = 0.5. 
In the inset, the geometry of the problem is shown. 
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FLC transitions in a restricted geometry 1589 

For the stability analysis of the S, phase, only the harmonic part of the non- 
equilibrium free energy density g is needed. It can be written in the one elastic constant 
approximation (K = K 33 = K 3) as 

Here a=cr(T-To). The S,-Sz transition for an unconfined bulk sample is 
T ,  = To +(l /a)K,q& where qo = A / K ,  is the wave vector of the undeformed helix. 

The equilibrium form of the Sz order parameter components t1 and t2 is obtained 
by minimizing the free energy. The corresponding Euler-Lagrange equations for the 
bulk are 

whereas we have, for the surface part 

where 5; =dtl/dx, etc. We see that the surface energy and the bulk elastic energy 
compete: the first one seeks to maintain the molecules parallel to the plates of the cell, 
while the other seeks to maintain the helicoidal variation of tl and C2 parallel to the z 
axis. In the z direction we expect periodic sinusoidal solutions of the form 

Inserting (4 a) and 4 b) into (2 aH3 b) we get the equations for the amplitudes f ( x )  
and g ( x )  

af - 2Aqg - K 3 f "  + K3qzf= 0, (5 a) 

ag-2Aqf-K3g"+ K,q2g=0, (5  b) 

together with the boundary conditions 

K3f'(L) + Cf(L)=O, g'(L) = 0, (5  4 
g'( - L) = 0. (5  4 - K3f'(L) + C f (  - L) = 0, 

We are looking for the stability limit of the S, phase, T,  = T,(L) and the periodicity 
of the corresponding solutions in the z direction: q = q(L). The stability limit will be 
given by the highest temperature for which a non-zero solution for the director tilt, i.e. 
for C1 and t2, exists. The periodicity, i.e. the wave vector q, of this solution will show 
whether the S, phase transforms into a helicoidal S z  (q #O) or a homogeneous S ,  phase 
(4 = 0)- 
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1590 T. PovSe et al. 

Since the boundary conditions interfere with the most favourable helicoidal 
ordering in the S z  phase, we expect that for a finite L, the SA-Sz transition will take 
place at a lower temperature than in the bulk 

T,(L) < T,(L-+ 00). 

The boiindary conditions, on the other hand, do not interfere with a homogeneous 
tilt in they direction ( r2  #O, rl  =O), so that the SA-S, transition is expected to occur at 
T=To.  

We therefore expect that the SA-Sz transition temperature in a restricted geometry 
will be between the bulk transition temperatures SA-SE and SA-Sc 

To < T,(L) < T,(L+ GO). 

The above considerations can be put into a quantitative form as follows. 
The solutions of the system of differential equations ( 5 a  and b) will be linear 

combinations of elx terms with both real (A, = A) and imaginary (A- = ip) A values. The 
solutions will be of the form 

f ( x )  = A cash (AX) + B cos (PX), 

g(x) = - A cash ( A X )  + B cos (/AX). 

(6 4 
(6 b) 

Inserting expressions (6 a and b) into equations ( 5  a and b) we get a system of two 
homogeneous linear equations which has non-trivial solutions for A and B only if the 
corresponding determinant of the coefficients vanishes. This leads to 

and 
1 

p 2  =- [ - u(T - T,) -K3(q-  q J 2 ] .  
K3  

The boundary conditions (5c and d )  lead to an additional system of equations 
which has a non-trivial solution only if 

1 ,,,,,[, tanh(AL)-p tan(&) 

For a given anchoring strength C, we now look for that value of q which maximizes the 
transition temperature. Introducing 

P 2  R 2  
q,L=l,  1 = p 2 ,  7 = A 2 ,  

40 40 

we can put the above set of equations into a dimensionless form 
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FLC transitions in a restricted geometry 1591 

We now look for a given c for that value of x ,  for which t = t(xm) is a maximum. 
The results are presented in figure 1 (a)  and (b) for c = 0.5. We see that the stability limit 
of the S, phase T(L) varies from T, (i.e. t = 0) for L-, KI (i.e. 1/21-,0) to To (i.e. t = - 1) for 
1/21= 1/2lLP=2.1547. In the same interval, x =q/qo changes from 1 to 0. For 

whereas for 

Hence 1/21 = 2.1 547 defines, for c = 0.5, the critical point where the S,-S: and SA-Sc 
transition lines join. The variation of wave vector q along the SA-S: 1 transition line 
can be described by the power law 

The variation of 1 + t with 1 can be for 2-+ILp similarly described by 

l + t K  __-- . 
(2LP :1)2 

It can be shown that the above tri-critical point ( t  = - 1,1/21= 1/21Lp) is in fact a Lifshitz 
point (LP), where the second order S,-S,*, S,-S, and the first order SE-S, transition 
lines meet. The phase diagram of a ferroelectric liquid crystal in a planar cell is thus 
similar to the phase diagram of a ferroelectric liquid crystal with negative diamagnetic 
anisotropy in an external transverse magnetic field. 

The variation of the reduced Lifshitz cell thickness l/2lLp with the reduced 
anchoring strength c can be obtained analytically by expanding expression (10 b) as 
well as A’ and p’ in equation (10 a-c) around t = - 1 and x = 0. One finds 

1 Lp-4 -A{ -s.J[(3)’+12]]. 

From the above expression we see that for 

whereas for 

1 1  
c+m, - -0.5774. 

2 L  J3 
The critical value of the reduced cell thickness thus vanishes when c+O and the S: 

phase is stable for any non-zero cell thickness. For an infinitely large anchoring 
strength, on the other hand, the critical cell thickness is finite, and by varying the 
distance between the cell plates, a S:-Sc transition can be induced. The variation of the 
critical cell thickness lLP with the anchoring strength is illustrated in figure 2. 

The S z - S ,  unwinding transition can be, for the case of planar anchoring, treated 
analogously to the cholesteric-nematic transition [14]. For small tilt angles, we can, in 
the constant amplitude approximation, express the S: order parameters as 
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1592 T. Povie et al. 

Log le 

Figure 2. The relation between the critical thicknesses I ,  and lLp and the normalized anchoring 
energy c. 

The free energy density g(x,z) for a S z  liquid crystal in between parallel plates, see 
equation (1) can be now written as 

Dividing the above expression by 02, we see that g(x,z)/02 has the same form as the 
free energy density in the cholesteric case, provided that sin2 4 z 42. By analogy with 
the cholesteric-nematic transition, we may thus conclude that the free energy will have 
a minimum for a helicoidal ordering, i.e. a non-zero x 

x=q/qo#O, l>lc, (16 a) 

if the plate spacing is larger than a critical value, whereas below a critical plate 
spacing I ,  the minimum free energy will correspond to a homogeneous state, i.e. a zero 
value of x 

x=o, lC1,. (16 b) 
In the constant amplitude approximation (CAA), which is valid well below the S,- 

S z  or SA-& Mine, the transition will be of second order. The critical plate spacing is 
obtained from the self-consistent equation 1141 

A(2c1,) = 21,, 
where 

(17 b) 
tanh x k < 0.1 

x[l+x/ktanhx] k > l O  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
5
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



FLC transitions in a restricted geometry 1593 

and y =O-5772 stands for Euler’s constant. As before c = c/(2f(,,qo) and 1 = Lg,. For 
1-1, the helical pitch diverges logarithmically 

1-1, 

1, 
. OQ-<<l. x=q/qoCc -- ____ 

2, In (1 - I,), 
1 1  

The variation of the critical cell spacing 1, with the anchoring strength c is shown in 
figure 2. Whereas the ratio between 1, and l,, is constant for small anchoring strengths 
c, similarly to the ratio of the so called Lifshitz field and the critical magnetic field in the 
constant amplitude approximation in the case of a transverse magnetic field, this is not 
the case for large c values. Whereas iLP approaches a constant for c+ co, 1, continues to 
increase with increasing c. The reason for such a behaviour is the fact that there exist 
only two distinct homogeneous orientations of the director field at the bounding 
surface in the limit c-00 .  The creation of any domain wall of finite size, that would 
separate these two domains at the surface, would cost an infinite amount ofenergy, and 
is thus energetically unfavourable. As a result of the homogeneous director field at the 
surface, a homogeneous phase is stable throughout the sample in the CAA, regardless 
of the sample thickness. 

The system can avoid this situation by creating defects, i.e. twist disclination lines 
[10-13], which allow for the existence of a helicoidal phase between the bounding 
surfaces even in the limit of infinite anchoring strength. It can be shown [lo], that in the 
limit of infinite anchoring strengths, the critical thickness d ,  for the stability of the 
helicoidal phase is 

1 2a --_ - 
d ,  P ’ 

where a = J(K3/K1) is determined from the elastic constants K ,  and K ,  and p = 27t/q, is 
the period of the helix in the bulk sample. 

The expression for the critical thickness (see equation 17 a), as derived within the 
CAA, is valid in the limit of small anchoring strengths c, and in the absence of twist 
disclination lines. On the contrary, the stability limit of the S, phase (see equation 
(1Oa-c) is valid for an arbitrary anchoring strength c. 

The above form of the phase diagram may have important implications for the 
production of surface stabilized ferroelectric liquid displays. Such cells are usually 
produced by filling the cell at higher temperatures and cooling into the S, phase. If the 
cell thickness and the anchoring strengths c are such that 

1, 2 1 2 l,, 

the transition from the S, to the S, phase involves the intermediate S z  phase, thus 
creating additional defects. If, however, 

1 Q l,,, 

a direct transition from the S, to the S, phase takes place, thus avoiding the above 
mentioned difficulties. 

3. Experimental 
The experiment was performed using a wedge-type cell with a maximum thickness 

of 4.0pm, controlled by microspacers. The wedge angle was very low, with a typical 
value of 1.5 x lo-,. Before filling the cell with liquid crystal material, the local cell 
spacing was determined from the local interference pattern, as obtained from the 
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1594 T. Povle et al. 

spectrophotometer. The thickness profile thus obtained enabled us to determine the 
local cell thickness by simply measuring the position of the illuminated spot in the 
experiment. We were able to determine the local thickness of the cell within 0.1 pm 
accuracy. In the experiment, we have used optical techniques to determine the phase 
transition boundaries. The S,-S,* and SA-S, transitions were determined from the 
electroclinic response of the sample, whereas the critical thickness for the surface 
induced S z - S ,  transition was determined from the Bragg diffraction spots, character- 
istic of the modulated S z  phase. In each case, the probing beam was roughly focused, 
illuminating a 100 pm spot in the sample, so that the measurements are essentially local 
in the sense that the length of the wedge cell is much larger (typically 15 mm) then the 
probing area. 

When a small, periodic electric field is applied across the planar sample, one obtains 
in the S, phase an electro-optical response of the sample due to the coupling of the field 
to the soft mode. In the S,* phase, an additional contribution to the electro-optical 
response arises, due to the coupling of the phase of the order parameter to the external 
field. As a result, a change in the direction of the space averaged optical axis of the liquid 
crystal is induced, which is in the limit of small fields proportional to the probing field. 
The changes in the direction of the optical axis can be easily detected by an optical 
technique: described elsewhere [ 151. It should be stressed that this measuring method is 
essential1.y analogous to dielectric response measurements with the advantage of 
probing the local response of the sample. 

In  order to determine the thickness dependence of the S,-S,* and SA-S, phase 
transitiori temperatures correctly, special attention was paid to the temperature 
gradients in the measuring cell, as well as to the quality of the cells that were used in the 
experiment. The temperature gradients in the cell were determined by observing the 
distribution of the clearing point of the liquid-crystalline material. All the data were 
correspondingly corrected for the observed temperature gradients, resulting in an 
overall accuracy of k 0.1 K for the temperature. 

In the experiment, we have used a PIX-1400 (Hitachi) polyimide alignment layer, 
deposited1 by spin coating glass substrates. The alignment layer was left unrubbed, thus 
representing an isotropic surface with no privileged axis of alignment for the liquid- 
crystalline molecules. After the cell was filled with liquid crystal material and the 
temperature gradients were determined, the sample was aligned in a 6.3 T magnet, by 
slowly cooling (1 K hour-') from the isotropic phase into the S, phase. The overall 
alignment for the CE-8 material, as obtained in a 6.3 T magnet was very good and was 
significantly better than the alignment in a 2 T magnetic field. 

The S, to the S, and S,* phase transition boundaries were determined from the 
observed increase in the electroclinic response of the sample when approaching the 
phase transition point from the S ,  phase. The electro-optical responses of the CE-8 cell 
to a small probing field with frequency v = 1550 s-', as determined for sample 
thicknesses 4.1 pm, 3.7pm, 2.7pm and 0.95 pm, are shown in figure 3 ( a H d ) ,  
respectively. In the case of large thickness (see figure 3 (a)), one can observe a rather 
large soft mode contribution to the electro-optical response of the sample near T,, 
whereas at lower temperatures, a contribution of the Goldstone mode, which is 
proportional to qc-2, is observed. The characteristic peak of the Goldstone mode 
originates from the maximum in the temperature dependence of the period of the helix 
in the bulk sample [16]. At smaller thicknesses, but still above the critical thickness, one 
can observe the shift in the position of the soft mode peak towards the peak of the 
Goldstone mode. This position of the peak of the Goldstone mode shifts only slightly 
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FLC transitions in a restricted geometry 1595 

(0.1 K) towards lower temperatures at smaller thicknesses. Near the critical thickness, 
the soft mode peak merges with the Goldstone mode peak, creating a shoulder-like 
response, as shown in fig. 3 (c). Finally, below the critical thickness, the temperature 
dependence of the electro-optical response is qualitatively different as shown in figure 
3 (d). From the temperature dependence of the amplitude, we identify [lS] the response 
shown in figure 3 (d) as a soft mode, whereas the Goldstone mode response is almost 
completely suppressed. Some residual response of the phase of the order parameter is 
still observed below T,, and we interpret this as originating from the non-uniformity of 

1 1a.u 
1 

0.5 

0.5 

1 

0.5 

Figure 3. The observed temperature dependence of the electro-optic response of CE-8 at 
different cell spacings: (a) d = 4.1 pm, (b)  d = 3.7 pm, (c) d = 2.7 pm, and ( d )  d = 0.95 pm. Solid 
lines are a guide for the eyes only. 
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1596 T. Pov6e et al. 

the director field within the smectic layers. One should note, that the electro-optical 
responses of the sample, as shown in figures 3 ( a H d )  are normalized to the maximum 
value shown in the figures. 

The critical thickness for the surface induced unwinding of the helical structure was 
determined by observing the local diffraction pattern of the roughly focused He-Ne 
laser and was defined as the thickness at which the Bragg diffracted peaks disappeared. 
We were able to determine the critical thickness for CE-8 up to temperatures close to 
the S, phase. In a temperature interval 0.3K near T,(L), the Bragg scattered light 
intensity was very low and centred at very high angles, due to the small pitch of CE-8, so 
that the critical thickness for helix unwinding could not be determined due to 
experimental limitations. 

The surface induced (d ,  T )  phase diagram of 4-(2-methylbutyl)phenyl 4'-n- 
octylbiphenyl-4-carboxylate (CE-8) as observed on PIX- 1400 polyimide coated 
surfaces, is shown in figure 4. One can observe a small (0.5 K) drop in the SA-S& 
transition temperature up to the inverse critical thickness of 05pm-' and then a 
thickness-independent phase transition line. This is in qualitative agreement with the 
predicted behaviour of the phase transition temperature along the A line and beyond 
the L1fshii.z point. It is however impossible at this stage of our experiments to confirm 
the existence and locate the position of the Lifshitz point in the (d ,  T )  phase diagram. 
Measurements of q, along the A line are thus of crucial importance. 

The S;! to S, phase transition line for the surface induced unwinding of CE-8 shows 
a slight temperature dependence. The critical thickness equals 2 pm at T,  - T = 5 K and 
increases slightly on approaching the S, phase. This is consistent with the observed 
temperature dependence of the period of the helix [16] in CE-8, which equals po  
= 1.2 pm iit T,  - T = 5 K and increases slightly on approaching the S, phase. Very near 
the S, phase, a non-monotonous behaviour of the critical thickness as a function of the 

Figure 4. Phase diagram of CE-8 on a PIX-1400 polyimide coated surface. 
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temperature is observed. A similar behaviour, although on a slightly different 
temperature scale was observed in the high-resolution measurements of Seppen [ 171 
when determining the Lifshitz point in a ( H ,  7') phase diagram for a mixture of chiral 
and racemic DOBAMBC. It is not clear what the physical origin of this effect is. 

From the normalized critical thickness (see equation (9 b)), the period of the helix in 
bulk CE-8 (1.2pm), the critical thickness (2 pm) and the magnitude of K ,  (3 x N), 
we obtain an estimate of the normalized critical plate spacing Ic= 5. This corresponds, 
according to figure 2, to C > 3*1OP3 J m-2. It should be stressed that this large value of 
the normalized critical thickness 1, indicates that we are in a regime of strong 
anchoring, which is observed as a saturation of the curve l&) near the value of 
log(c)wO in figure 2. This means, that the analysis based on the assumption of a 
continuous director field is not appropriate, and one has to consider a structure 
mediated by the appearance of twist disclination lines. As there is no theoretical 
prediction for the dependence of the critical thickness on the anchoring strength C at 
intermediate values, we shall compare the predicted critical thickness (see equation 
(19)) for very strong anchoring to the experimentally observed value. An estimation for 
a can be obtained from the light scattering data for CE-8 [16,18] as u x0-3, resulting in 
the expected inverse critical thickness l/d, x 0-5 pm- ', which is close to the experiment- 
ally observed value. This agreement supports the assumption that we are in the regime 
of very strong anchoring of CE-8 on the polyimide surface and is consistent with the 
topology of the cells, as observed under the polarizing microscope. Although the pitch 
of CE-8 is too small to resolve the fine details of the structure under the microscope, one 
can observe, at large thickness of the sample, an arrangement of lines, resembling the 
structure, reported for rather large pitch chiral smectics [l 11. In the region, where the 
helix starts unwinding, the density of the observed lines decreases whereas the distance 
between the lines remains practically unchanged. This is similar to the effect of an 
electric field on the chiral smectic structure in thin cells [l 11. It further supports the 
existence of disclination lines in thin CE-8 cells, which is characteristic for the case of 
strong anchoring. 

The temperature dependence of the critical thickness in DOBAMBC is similar to 
the one shown in figure 4 and reflects a slight temperature dependence of the bulk 
helical pitch in this material. The observed critical thickness for DOBAMBC on the 
PIX-1400 coated surface is 3.2pm at T, - T = 5 K, which is close to the value reported 
previously [6 ] .  This is somewhat larger critical thickness than the one observed for CE- 
8, but one should keep in mind that DOBAMBC has a larger pitch of 1.7pm at this 
temperature. 

4. Conclusions 
The observed phase diagram of a ferroelectric liquid crystal in a restricted planar 

geometry is similar to the (H, T )  phase diagram of a ferroelectric liquid crystal in 
a transverse magnetic field and is in qualitative agreement with theory. Whereas the 
SA-Sz phase boundary shows a slight decrease upon decreasing the cell spacing, the 
SA-Sc transition line is spacing independent, within an experimental accuracy of 
&O-1 K. The magnitude of the observed temperature drop of the SA-SE phase 
boundary with decreasing cell thickness is of the order of magnitude expected from the 
chiral terms in the free energy expansion. The question about the existence of the 
Lifshitz point in the (d, T )  phase diagram is still open and may be elucidated by the 
experimental determination of the period of the helical structure along the A line. Since 
the experiments indicate that the surface anchoring of CE-8 is rather strong, we can 
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1598 FLC transitions in a restricted geometry 

estimate that the Lifshitz point would appear at 21,,= ,/3 (see equation (13 b)), limit 
c--lm). Taking a=O.3, the inverse Lifshitz thickness of the cell is estimated as 

1 27t CI _- -- ---%0*91 pm-l, 
dLP P 21LP 

which is twice as small as the critical thickness well below T,.  
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