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In order to better understand which features in dielectric spectra of anti-
ferroelectric liquid crystals (AFLCs) are due to the bulk director geome-
try, and which are due to surface-induced structures, we have performed
dielectric spectroscopy measurements with simultaneous texture moni-
toring on two SmC*-exhibiting AFL.C homologues (11- and 12F1M7), at
varying cell gap. Such AFLCs are strongly affected by surface action
even in fairly thick cells (d = 15xm), with heavy supercooling of the
SmC* phase as the most obvious result. We show that the supercooled
structure can be removed by AC-field treatment in the SmC,* phase, but
some domains may stay in a polar geometry, as reflected in both texture
and dielectric signature. On heating from the antiferroelectric SmCg*
subphase into SmC*, meta-stable non-helical domains may form at cell
gaps much larger than the helical pitch. These domains give rise to a low-
frequency dielectric absorption not seen in bulk SmC* samples.

Keywords antiferroelectric liquid crystals; dielectric spectroscopy;
texture studies; surface-induced supercooling; surface-stabilization

INTRODUCTION

Dielectric spectroscopy often plays a crucial role in phase characteriza-
tion of antiferroelectric liquid crystals (AFLCs). However, the spectra
must be interpreted keeping confinement effects in mind in order not to
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FIGURE 1. Chemical structure of the investigated homologous
(S)-nFIM7,n =11, 12.

attribute surface-induced phenomena to bulk phases [1-4]. In this work
we show how dielectric measurements may provide valuable information
not only on the phase studied, but also on the particular director geometry
which is present in the sample.

We have investigated the single-compounds (S)-11- and 12F1M7
(Figure 1), exhibiting the phase sequences listed in Table 1, using wedge-
shaped cells equipped with multiple electrodes, thus permitting measure-
ments at cell gaps between d = lpm and d = 40um. The two homologues
are qualitatively very similar, differing only in transition temperatures
and phase temperature ranges. As the ranges of the subphases are consid-
erably broader in 11FIM7, we will here give examples only from this
compound. Comparisons with other studies of the n = 12 homologue [5 -
71, can still be made on a qualitative level.

TABLE 1. Phase sequences, as obtained by dielectric spectroscopy mea-
surements in thick (d = 40pum) cells, and characteristic polarization and
tilt values of the investigated compounds nFIM7.

n | Phase sequence on heating!® | Saturated Ps(b )| Saturated tilt
(transition temperatures in °C) (nCm?) (degrees)

11 | SmCy*-70 - SmC* - 76 - SmCpg* - | 105 27
80.5 - SmC* - 89- SmA*

12} SmC,* - 795 - SmC.* - 83 - SmCg* | 100 27
- 85-8SmC* - 92 - SmA*

a: The subphase notation used in this paper is based on the recent recognition (8] thar
the phase just above SmC * in optically pure MHPOBC, originally denoted SmCg* by
the Fukuda group, is the four-layer periodicity antiferroelectric subphase also referred
to as “AF", SmC,z* or SmCrypy. Through the reattribution of the shorthand SmCg* to
this subphase, one solves the disturbing nomenclature problem which has been an in-
herent obstacle of AFLC research until now. This matter is pursued in reference [9].

b: The saturated polarization and tilt-angle values are approximations taken 65°C
below the transition between SmA* and SmC*. From Parghi et al. [10]

In Figure 2, the dielectric absorption spectra for 1 1FIM7 in a 36 ym
sample are presented. At such large cell gap, the different phases are eas-
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FIGURE 2. Dielectric absorption spectra of 11F1M7 at 36 um cell
gap on heating (a) and on cooling (b).

ily recognized in the heating spectrum, while on cooling, the SmC,*
phase almost does not develop due to the large supercooling of SmCg*.
We have earlier shown [11] that cell gap reduction drastically alters the
phase behavior of 11- and 12F1M7, with subphase suppression and su-
percooling of SmC* as most obvious consequences. Below d = 5 ym, the
SmC* response on cooling stays active until the onset of crystallization.
Such supercooling seems to be a common behavior of AFLCs exhibiting
the SmC* phase, which means that proper thin-cell studies of the other
mesophases of such compounds are possible only if the supercooled
structure has been adequately removed. As a method for such removal,
we have investigated the effect of addressing the sample in the SmC,*
phase with an AC electric field at an amplitude above the AF-F threshold.

In our first report on the nF1M7 homologues [11], we also studied
10F1M7 which does not exhibit the SmC* phase but instead SmC_*. We
then concluded that this compound is much less sensitive to surface in-
fluence than the other two homologues. Apparently, the presence of the
synclinic, synpolar SmC* phase in the phase sequence has an immense
impact on the behavior of AFLCs in thin cells, and the SmC* phase be-
havior is therefore of prime interest in the present work. It should be
pointed out that the SmC* phase in this case has a very short pitch
(p ~ 0.3um). Therefore, we do not expect any visible trace of the helical
structure in planar (bookshelf) samples in the absence of external fields.
If a weak electric field is applied, a tilting of the effective optic axis away
from the layer normal is to be expected. We encounter this linear electro-
optic effect, called the Deformed Helix Mode [12], in this study.
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FIGURE 3. Dielectric absorption spectra on heating of 11F1M7 for

1 pm cell gap; without prior electric field treatment (a) and after AC-
addressing at 50°C, corresponding to (bulk) SmC_* (b).

EXPERIMENTAL

The special cells used for this study are described in detail in reference
[11]. Planar alignment was assured by polyimide-coated substrates, one
of which was unidirectionally rubbed. Throughout the mesophase range,
the optical textures and dielectric response were monitored using a Sony
SSC-DC58AP video camera connected to a National Instruments PCI-
1411 framegrabber card, and an HP4192A dielectric bridge, respectively.
The cells were kept in a custom-built liquid-heated hot stage, the temper-
ature of which was regulated by a Julabo F25-HD circulator. The cell
could be moved within the hot stage such that the camera always regis-
tered the texture at the particular electrode area which was connected to
the bridge. For AC electric field treatment, a Hung Chang G305 function
generator and an FLC Electronics 10x-amplifier were used.

RESULTS AND DISCUSSION

Removing of Supercooled SmC* Structures

In very thin cells the AC-addressing method turned out to be quite effi-
cient. Figure 3 shows the dielectric absorption spectra for d =1 gm on
heating, with and without AC-addressing prior to the measurement.
While the left, unaddressed, spectrum reveals a SmC*-like response
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throughout the whole mesophase temperature range (i.e. also where the
bulk phase is SmC,*, SmC,* or SmCg*), the addressed spectrum clearly
shows that most of the supercooled polar structure was indeed removed
by addressing the sample. However, the phase sequence still differed
from the bulk case, as no sign of the subphases could be seen. The phase
taking their place was now SmC,*, so we can conclude that when the sub-
phases are suppressed by surface action, the phase replacing them can be
either SmC* or SmC,*, which one depending on the state of the sample
before entering the subphase temperature region.

The removal of polar structures was, however, not complete. In the
addressed 1 ym spectrum, a weak response centered around f=~ 1kHz —
approximately the same frequency as that of the SmC* phase absorption
at this cell gap —not typical of the SmC,* phase, was observed. This com-
ponent of the spectrum was present in all addressed samples up to
d = 24 ym, growing stronger with increasing cell gap up to 12 um, then
rapidly decreasing in importance. The SmC,* texture (the T = 50°C,
d = 12 ym case is shown in Figure 4a) was non-uniform and revealed the
presence of small domains where the optic axis was not pointing along
the layer normal. Apparently, the liquid crystal in these domains had not
relaxed to the anticlinic state after switching, but instead exhibited some
kind of polar, probably twisted structure. A director twist along the sub-
strate normal is always connected to a polarization splay, the fluctuations
in which would explain the dielectric absorption connected to the pres-
ence of these domains [1]. With decreasing cell gap, the twist energy in-
creases, rendering the twisted state less stable [13]. This explains the
more uniform SmC,* state at d = 1 ym. Both subphases were present at
d =12 pm and it is interesting to note that the antiferroelectric SmCg*
phase developed a structure which was more uniformly non-polar than
that of SmC,*. This can be deduced from the quite absorption-free spec-
trum between 76°C and 80°C, in combination with the corresponding
textures which show that the domains with optic axis tilting away from
the layer normal had almost completely disappeared (Figure 4b).

Spontaneous SmC* Helix Suppression at Large Cell Gaps

As the temperature was raised further, a most interesting observation was
made at the onset of the SmC* phase. The dielectric spectrum here exhib-
ited a prominent low-frequency (LF) absorption (f < 100Hz), easily visi-
ble between 81°C and 83°C in the spectrum of Figure 4, in addition to the
expected SmC* helix distortion mode. Such an absorption has previously
been taken as a sign of a new phase [5], but texture photos at temperatures
where it is active clearly show that this is not a correct interpretation. The
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FIGURE 4. Dielectric absorption spectrum on heating from ad-
dressed SmC_* at 12 ym cell gap, and sample textures at selected
points of the measurement: a) SmC,* (50°C), b) SmCg* (80°C), ¢)
SmC#* with non-helical stripes (82°C), d) helical SmC* (88°C).

(See Color Plate VIII)

texture in Figure 4¢ reveals a spatial coexistence of helical (optic axis
along the layer normal) and non-helical (optic axis tilted away from the
layer normal), apparently meta-stable, SmC* domains. We will return to
the issue of why one may expect to see surface-stabilization of this kind
at such thick cells (the helical pitch of the SmC* phase is approximately
0.3 um, i.e. some 40 times smaller than the cell gap) towards the end of
this paper. On continued heating, the non-helical domains turned dark
and the LF absorption quickly decreased in magnitude. At 86°C both the
texture and the spectrum were those of a normal short-pitch SmC* phase
(Figure 4d, where no trace of the helix can be seen due to its short pitch).

The situation was even clearer at 3 um cell gap (Figure 5). Also here
it was difficult to get a well-aligned SmC_* state after the AC-field treat-
ment. The texture revealed a large amount of bright defects and the ac-
companying LF absorption was active, even though it was not as strong
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Dielectric spectrum on heating from addressed SmC_*

FIGURE 5.
at 3 um cell gap, and sample textures at selected points of the mea-
surement: @) SmC,* (50°C), b) SmCg* (80°C), c) non-helical SmC*
(83°C), d) helical SmC* (88°C). (See Color Plate IX)

as in the 12 pm sample. This time there was no trace of any SmC,* phase
on heating, but at the temperature of the bulk inter-subphase transition,
the non-antiferroelectric domains disappeared, leaving a rather absorp-
tionless SmCpg* part of the spectrum and a much darker texture. At the
transition to SmC*, the whole electrode area texture turned bright (Figure
5c). In other words, nowhere in the addressed sample could the SmC* he-
lix form immediately after the phase transition, but instead the phase fully
adopted the non-helical meta-stable structure. The birefringence color of
the SmA* phase at this electrode is orange-pink, so the bright yellowish
texture in Figure 5c tells us that the effective birefringence was lower
than in SmA*. As a uniformly unwound SmC* state exhibits a birefrin-
gence larger than in SmA*, we can conclude that the spontaneously
formed non-helical SmC* state must have a non-uniform structure. The
decreased effective birefringence would be adequately explained e.g. by
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a twist along the substrate normal. When the bright texture was observed,
the dielectric spectrum exhibited an LF absorption similar to that de-
scribed previously for d = 12 gm, even though the absorption frequency
was higher at the small cell gap. This increase in frequency with decrease
in cell gap supports the idea that the meta-stable structure has a director
twist and a polarization splay [1]. The non-helical state remained for a
few degrees on heating, but at 2-3 K below the SmC*-A* transition, the
LF absorption disappeared and the spectrum changed to a more standard
SmC* spectrum, dominated by the helix distortion mode. At the same
time, the texture went back to a uniform dark one (Figure 5d).

The connection between lines along the layers and a low-frequency
absorption has been described by Bourny and co-workers for the case of
C8 and C10 tolane [3]. They developed a model according to which the
lines are explained by the pairwise merging of (invisible) nt-disclinations
at the surface, to form (visible) 2x-disclinations in bulk. This will lead to
a polarization splay within the layers, occurring at the height of the 2s-
disclinations which separate the helical bulk from the unwound surface
region. The movement up and down of the disclinations would then lead
to a polarization fluctuation explaining the absorption, which they there-
fore refer to as the “surface layer mode”. At first sight, this model may
seem to explain also our observations, but there are a few problems. First
of all, the presence of 2m disclinations would not explain the tilting of the
optic axis away from the layer normal. Second, the spacing of these lines
should, if our interpretation of the model is correct, be equal to the pitch
of the phase. But the SmC#* pitch in these materials has been measured to
be approximately 0.3 pm, while the distance between the defect lines in
our textures were on the order of 2-3 ym.

The bright, non-helical SmC#* structure, appeared spontaneously only
on heating. On cooling, we could see two types of behavior, depending
on cell gap. At d <5 ym the SmC* phase was (partially) supercooled
down to the onset of crystallization, and the texture then simply retained
the character of the helical SmC* phase, with the optic axis along the lay-
er normal. The dielectric spectrum at these cell gaps only exhibited one
absorption, which we attribute to the normal SmC* helix distortion mode.
At cell gaps between 5 ym and 12 ym, an LF absorption appeared in the
supercooled SmC* temperature range, even though it was much weaker
than the mode seen on heating. As there were no clear signs of surface-
stabilization, it is uncertain if the absorptions observed on cooling and
heating were of the same type. A possibility is that the cooling absorption
was the surface layer mode described by Bourny et al., as suggested by
the presence of a large amount of defect lines when the mode was active.
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b) Relaxed
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FIGURE 6. Dielectric absorption spectrum of 11FIM7 (d = 8.5 um,
T = 84°C<>SmC*) as a function of DC-voltage, and selected post-bias
textures, showing the three regimes of the SmC* helix. unwinding.
(See Color Plate X)

However, the defect lines started appearing several degrees above the
temperature at which the dielectric absorption could be seen, and they
were actually also present in the thinner cells, where no LF absorption
was seen, so it seems that the defect lines on their own cannot explain the
presence of the additional absorption.

In order to understand what gives rise to the meta-stable non-helical
SmC#* state, it is illuminating to study the case of electric field-induced
helix unwinding (Figure 6). We have recorded the dielectric response un-
der application of a DC-bias voltage at 84°C (SmC*) at 8.5 ym sample
thickness. The bias voltage V- was increased in steps of 0.3V from 0V
to +5V and after each measurement a negative compensatory voltage -
Vpe was applied for as long as the measurement had taken. At each step
the texture was photographed before and during application of the +Vp¢
voltage, as well as at zero field directly after removing the measuring
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bias, before application of the compensatory DC-voltage. The textures in
Figure 6 all show the sample after the measurement and after releasing
the positive DC-voltage. As is obvious from the spectrum and the tex-
tures, the unwinding process may be divided into three stages:

¢ 0V-0.9V DC. This is the elastic regime, in which the Deformed Helix
Mode electro-optic effect is active. With the DC-voltage applied, a
tilting away from the layer normal of the optic axis is observed. The
electric field produces small uniform unwound regions, separated by
soliton twist walls with an approximate spacing of the helical pitch p.

* 0.9V - ~3.8V DC. Beginning of the plastic regime. Complete un-
winding begins in the sense that soliton walls start to be removed,
leaving uniform regions extending a distance along the layer normal
substantially larger than p. During the process, the region of twist is
pushed closer to the substrate with polarization opposite to the field
direction, and probably the final stage is the switching of the liquid
crystal closest to this surface, as suggested by the texture images.

¢ DC-voltage > ~3.8V. The sample is uniformly unwound, i.e. neither
helix nor soliton twist-walls exist any more.

The zero-field post-bias texture from each stage clearly shows that
the removal of soliton walls is a crucial step. Within the first stage, the
sample always relaxed back fully to the initial texture. In contrast, on
passing the threshold to the second stage, the relaxed texture was mark-
edly different from the initial one: the sets of layers which had been fully
switched to a non-helical state stayed in that state and thus showed up as
brighter stripes in the field-free texture. The corresponding dielectric
spectrum shows not only a decrease in the helix distortion mode suscep-
tibility, reflecting the fact that some layers could no longer contribute to
the mode, but at the threshold voltage a low-frequency component is vis-
ible. This is very similar to the dielectric signature of the Frederiks tran-
sition at which an SSAFLC sample starts to transform (the tilt-plane
moves out from being perpendicular to the field to finally align along the
field) before the directors will be switched to a synclinic geometry [14].
This similarity is not surprising, since the removal of a soliton twist wall
is — as in the case of the Frederiks transition — a fluctuation-induced step:
the electric field has no torque on the director inside the wall, where the
polarization points exactly opposite to the electric field, and the tightly
twisted regions surrounding it prefer untwisting in opposite senses. Thus
fluctuations will decide in which sense the wall will finally be untwisted.

Going to the last stage, finally, where the field was strong enough to
fully unwind the helix, the relaxed texture was completely different from
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the initial one: the optic axis is now everywhere tilted away from the layer
normal, producing a bright green texture, even after removal of the field.

It is clear that the SmC* helix in these compounds has large difficul-
ties to form once it has been unwound. The unwinding may be induced
by an electric field, as in the above example, or it may be due to the in-
fluence of surfaces. At the cell gaps investigated in this study, one can
hardly expect conventional surface-stabilization of the SmC* phase (SS-
FLC), as it exhibits a pitch in the order of 0.3 ym. But the SmCy* phase,
preceding SmC* on heating, has a much longer pitch and this may be ex-
pected to be spontaneously surface-stabilized even at relatively large cell
gaps. We therefore propose that the explanation to the non-helical SmC*
domains observed on heating is that the sample enters the SmC* phase
coming from a surface-stabilized SmCg* state. The phase transition can
certainly occur independently of the formation of the helix, so the sample
may be in the same helix-free state after that transition as after application
of a DC-field strong enough to unwind the helix. As the rewinding of the
helix is apparently connected to a high energy cost, this occurs only very
slowly, leading to meta-stable non-helical states at cell gaps far too large
to produce conventional SSFLC states.

CONCLUSIONS

With AFLCs exhibiting the SmC* phase, surface-induced effects are im-
portant at cell gaps up to d = 15 pm. The most important effect is a large
supercooling of SmC#*, but this supercooled structure can be (partially)
removed by application of an AC electric field in the SmC,* phase. While
the SmC,* phase is expelled at d < 10 ym, the SmCg* phase may exist
down to 3 pm cell gap, but it can be surface-stabilized (non-helical) at
d <25 pm. The formation of the short-pitch SmC* helix from an un-
wound state (via switching or by heating from surface-stabilized SmCy*)
costs much energy, and therefore partial surface-stabilization is possible
at cell gaps much larger than the helical pitch of the SmC* phase. An
anomalous SmC* response, which has previously been mistakenly inter-
preted as a sign of a new phase type, is connected to such non-helical
structures.
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