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Thickness dependent low frequency relaxations in ferroelectric
liquid crystals with di� erent temperature dependence of

the helix pitch

by V. NOVOTNAÂ , M. GLOGAROVAÂ *, A. M. BUBNOV and H. SVERENYAÂ K
Institute of Physics, Academy of Sciences of the Czech Republic, Na Slovance 2,

180 40 Prague 8, Czech Republic

(Received 31 January 1997; in ® nal form 28 April 1997; accepted 5 May 1997)

A low frequency relaxation mode 1 has been detected in ferroelectric phases of three materials.
The relaxation frequency and the dielectric strength of this mode depend strongly on the
sample thickness, but their temperature dependences are qualitatively di� erent in the materials
studied, re¯ ecting the behaviour of the helicoidal structure of these materials. This mode has
been attributed to a superposition of the Goldstone and thickness modes when the helicoidal
structure exists and to the thickness mode only, when the helix is unwound. In addition, with
one material, mode 2 has been detected at still lower frequencies, and this also exhibits a
strong sample thickness dependence. It was attributed to ¯ uctuations of the director ® eld
modi® ed by a non-homogeneous ionic charge distribution across the sample. As both modes 1
and 2 are strongly sample thickness dependent, they do not represent bulk properties of the
materials studied, but re¯ ect the structure in real samples, which is determined by surface
conditions.

1. Introduction The relaxation frequency fG and the dielectric strength
DeG of the Goldstone mode [1] depend on the helixIn the ferroelectric chiral smectic C (SmC*) phase two

low frequency modes exist, the soft and Goldstone pitch length p, being
modes, which are connected with the structural change

fG=4p2K/cp2 (1 a)at the SmA � SmC* phase transition. This change,
namely the tilting of molecules from the smectic layer DeG=e0k

2C2p2/8p2K (1 b)
normal, is described by a 2-dimensional parameter [1]

where K represents the elastic constants, c is the visco-j1=h sin wz, j2=h coswz, where h denotes the amplitude
sity, e0 is the dielectric constant of a vacuum, k is theand w the phase of the mean molecular tilt from the
high temperature dielectric susceptibility (temperaturelayer normal (z-axis). The soft mode represents the
independent), and C is the linear coupling constant¯ uctuations dh, and the Goldstone mode, existing due
between the tilt and polarization. When the couplingto the breaking of the continuous symmetry, represents
between the tilt and polarization is non-linear, which isthe phase ¯ uctuations dw. As the local optical axis is
the case far from the phase transition to the SmC*parallel to the mean molecular long axis (director), both
phase,modes can be detected in the electro-optical response.

The electro-optical response of the soft mode in the DeG#(1/8p2K) (pPs /hs)2 , (2)
SmA phase is known as the electroclinic e� ect [2]. Due

where Ps and hs are the spontaneous polarization andto a linear interaction of the order parameter with the
tilt angle [3].polarization, both modes can be seen in the dielectric

The situation in real ® nite samples is much moreresponse as well. These two modes describe completely
complicated, and besides the soft and Goldstone modes,the low frequency dynamics of the SmC* phase in ideal
other low frequency relaxation processes have beenin® nite samples. It is well known that in the SmC* phase
reported. In materials with a very high spontaneousthe soft mode can be detected only near the SmA � SmC*
polarization, Ps , two domain modes have been foundphase transition and when the Goldstone mode is
[4, 5], which have been attributed to a formation ofsuppressed by a d.c. biasing ® eld. Otherwise it is
surface and bulk ferroelectric domains. The domains areoverwhelmed by the Goldstone mode.
formed under the application of a d.c. electric ® eld in
order to compensate the high local dipole moments*Author for correspondence.
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512 V. NovotnaÂ et al.

which arise because the helix is suppressed [5]. The in these samples, the Goldstone mode and the thickness
mode are indistinguishable, probably because bothdielectric strength of the domain modes is much lower

than that of the Goldstone mode, the relaxation frequen- modes exhibit their relaxations in the same frequency
region.cies of the bulk and the surface domain modes being

around 1 and 10 kHz, respectively [5]. With ferroelectric (FE) liquid crystals exhibiting a
high Ps , a structure with the unwound helix can existA weak mode with a relaxation frequency of a few kHz

has been reported [6], and this has been related to a even in rather thick samples (~100 mm). In these mat-
erials the dechiralization lines, which inevitably accom-defect structure with di� erent directions of the helical

axis in poorly aligned planar samples. Another weak pany the helix, would have very high energy because
they possess a relatively high bound charge [12].relaxation has been recognized in the ferroelectric SmC*

phase; this has a high Ps around several kHz, but its Another reason for the unwinding of the spontaneous
helical twist exists with substances exhibiting a spontan-origin has not been identi® ed [7].

At frequencies <1 Hz, a very strong mode has been eous helical twist inversion at a certain temperature Ti

in the SmC* phase [14]. In these materials, the helixfound which has not been attributed to a vibration of
the molecular structure, but to the space charge accumu- pitch increases to in® nity when approaching Ti , which

ensures spontaneous helix unwinding over a broadlated on interfaces between the liquid crystal and the
polyimide layer that is coated on the glass surfaces to temperature range around Ti in samples of a ® nite thick-

ness. In this temperature range the Goldstone modeensure planar anchoring [8].
When planar samples, with the smectic layers perpen- does not exist and the thickness mode can be detected

separately [15].dicular to the sample plane (book shelf geometry), are
su� ciently thin, the helix is suppressed by surface inter- In the present paper we study the dielectric and

electro-optic dispersion in three FE liquid crystallineactions [9] and therefore the Goldstone mode does not
exist. In such samples, two types of structures can occur, materials of similar chemical composition, with di� erent

temperature dependence of the helix pitch in samples ofdepending on the anchoring on the sample surfaces. The
homogeneous structure arises when the molecules, as well di� erent thickness. This study contributes to an under-

standing of the behaviour of both the Goldstone andas the directions of the local Ps , are parallel on both
surfaces. Such a structure occurs in very thin samples the thickness modes. In addition, we study the origin of

a very low frequency mode, which we have found during(#1 mm) or in samples with only slightly polar surface
anchoring. The dielectric response of this structure has a preliminary study [15] in the material exhibiting the

helix twist inversion phenomenon [16]. This modebeen investigated in [10], where it was established that
both the relaxation frequency and dielectric strength of seems to be di� erent from any of the modes reported so

far by other authors and mentioned above.the response are thickness dependent as given by fr~1/d2

and De~d, respectively, d being the sample thickness.
When the surface anchoring is strongly polar, which is 2. Experimental
usually the case in chiral smectics, the molecular long The liquid crystal materials used were
axes at the opposite sample surfaces make an angle 2hs

and the Ps vectors are antiparallel. This con® guration
results in in-smectic-layer director twist± bend and the
Ps vector splays along the sample plane normal [11].
This structure has been called a twisted structure. A
contribution of the ¯ uctuations of the twisted structure

denoted as H6/9, which exhibits the phase sequence( t̀hickness mode’ [12]) to e is very high, comparable to
[16] Cr± 25ß C± SmC*± 124ß C± SmA± 128ß C± N*± 136ß C±the contribution of the Goldstone mode in helicoidal
BP± 137ß C± I and gives helix twist inversion, with thesamples. The dielectric strength as well as the relaxation
inversion temperature Ti=99ß C, together with two otherfrequency of the thickness mode are strongly dependent
substances of the general formulaon the sample thickness, approximately as Deth~d2 and

fth~1/d2 [12]. A thickness dependent dielectric strength
and relaxation frequency have also been reported in
[13], but without an interpretation connected to the
sample structure.

The director twist± bend accompanied with the splay
of the Ps vector exists also in normal thick samples, in Here X stands for H or Cl; the latter two substances

are denoted as 10AL or 10ALCL, respectively, with thewhich the helix is well developed. When studying either
dielectric or electro-optic response in the SmC* phase phase sequences [17] Cr± 35ß C± SmC*± 83ß C± SmA±
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513Thickness dependent relaxations in FLCs

141ß C± I for 10AL and Cr± 36ß C± SmC*± 71ß C± N*±
96ß C± I for 10ALCL.

The samples were ® lled into cells composed of glass
plates provided with ITO transparent electrodes and
polyimide layers unidirectionally rubbed, which ensures
planar (book shelf ) geometry. The sample thickness d
was de® ned by mylar sheetsÐ 6, 12, 25, 50, and 100 mm.
The sample alignment was improved by using an electric
® eld of 10 to 20 Hz, 40 kVcmÕ 1 applied for 10 to 60 min.
During measurements, the alignment was checked using
a polarizing microscope. No zig-zag defects were
observed in samples of any thickness. This ® nding
implies that the layer structure in the samples does not
exhibit chevrons, probably due to rather weak surface
anchoring. From the sample texture one can also discern
the spatial modulations in the sample. The texture is
decorated by dechiralization lines, the spacing of which
is equal to the helicoidal pitch. The twisted structure is
con® rmed by the rotation of the plane of polarized light
by 2hs on passing through the sample, where hs is the
tilt angle.

We measured the frequency dispersion of the complex
permittivity by using a Schlumberger 1260 impedance
analyser in the frequency range of 10 Hz to 1 MHz,
keeping the temperature of the sample stable within
Ô 0 1́K. The temperature could be gradually lowered in
steps of 1 5́ to 2 K, smaller steps being used just below
the phase transition Tc to the SmC* phase. With the
sample of 25 mm thickness, the electro-optic response
was measured in the frequency range of 10 Hz to 100 kHz
as the real and imaginary parts of the light transmitted
through the sample when an electric ® eld was applied.
The helix pitch was measured by di� raction studies
using He-Ne laser light. The results of the dielectric
study are not sensitive to disorientation in the sample
plane (fan shaped texture), because the permittivity
is isotropic in this plane. On the other hand, for the
electro-optic work, perfect alignment is necessary.

3. Experimental results

Frequency dependences of the imaginary part of the
permittivity (e²) for the 25 mm thick sample of H6/9 are
shown in ® gure 1 (a) for selected temperatures. They
exhibit two relaxation processes denoted mode 1 and
mode 2, which are clearly seen as two maxima in the

Figure 1. Frequency dispersion of the imaginary part of thee²( f ) dependences (see ® gure 1 (a)). Both these modes are
permittivity e² measured for 25 mm thick samples at thealso detectable in the frequency dispersion of the electro-
indicated temperatures (a) H6/9, (b) 10AL, (c) 10ALCL.optic response. The e²( f ) dependences measured for

10AL and for 10ALCL ( ® gures 1 (b) and 1 (c), respect- the Cole± Cole formula:
ively) show only one mode. Under an applied electric
bias ® eld mode 1 is suppressed. e* Õ e2

=
De1

1+ ( j f/f1)(1 Õ a1
)+

De2

1+ ( j f/f2 )(1 Õ a2
) (3)

The frequency dispersion data were analysed using
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514 V. NovotnaÂ et al.

where f1 , f2 , De1 , De2 , and a1 , a2 are the relaxation polarizers, as a rotation of the polarized light plane by
frequencies, dielectric strengths and distribution para- 2hs , where hs is the tilt angle. In the samples of 10AL

meters for modes 1 and 2. The relaxation frequencies f1 , and 10ALCL of d=6 mm, the helicoidal structure exists
f2 were determined by ® tting the imaginary part of because of its short pitch (see ® gure 6 (b) for 10AL).
equation (3); the dielectric strengths De1 , De2 , as well as Compound 10AL shows an increase of the pitch length in
parameters a1 , a2 were determined from the Cole± Cole a narrow temperature range just below the SmA± SmC*
plot e²(e ¾ ). For 10AL and 10ALCL, where only one phase transition temperature. On further cooling the
relaxation peak has been observed in e²( f ), only the ® rst pitch remains constant down to crystallization. The
term in equation (3) has been used. pitch of 10ALCL is signi® cantly shorter (about 0 6́ mm)

The temperature dependences of the ® tted f1 and De1 and for this reason it is not possible to measure it
for any of the sample thicknesses studied are shown in precisely by laser light di� raction. The dechiralization
® gures 2 (a) and 2 (b), 3 (a) and 3 (b), and 4 (a) and 4 (b), lines decorating the helicoidal texture cannot be seen
for H6/9, 10AL and 10ALCL, respectively. Pronounced because their spacing is below the resolution of the
thickness dependences of both quantities are seen over optical microscope. Under a low bias ® eld, the line
the whole temperature regions studied. The values of spacing is increased and the lines become visible in the
the parameters a1 are in the range 0 0́8 to 0 1́2 independ- microscope. When the line spacing is high enough under
ent of the sample thickness. The low values of a1 give the applied ® eld, a rotation of the polarized light plane
evidence for a nearly monodispersive character of by 2hs can be detected between the lines, which indicates
mode 1. At low temperatures, f1 could not be evaluated the existence of the twisted structure in these samples.
because a maximum in e²( f ) did not occur; this happened
especially for the samples with low relaxation frequen-

4. Discussion and conclusionscies. The reason was either a rather high value of the
In the dielectric response of H6/9 two modes (1 andionic conductivity in these samples, which exceeded the

2) have been found in the SmC* phase; these have alsoimaginary part of the permittivity at low frequencies or,
been detected in the frequency dispersion of the electro-with H6/9, a merging of both modes 1 and 2 for thick
optic e� ect. This fact establishes that both modes aresamples. In these cases De1 too was not evaluated.
director vibrations. In 10AL and 10ALCL, only mode 1Figure 5 shows the thickness dependences of f1 and
has been detected. The reason might be the low temper-De1 for H6/9 at a constant temperature. For 10AL
ature of the SmC* phase in these substances, whichand 10ALCL the dependences are qualitatively the
decreases the relaxation frequencies of both modes 1same. In all materials studied, the relaxation frequency
and 2. Then the very low frequency dispersion of mode 2f1 increases remarkably with diminishing cell thickness;
could be hidden in the conductivity contribution.the dielectric strength De1 , on the contrary, very steeply

Mode 1 is easily suppressed by a bias ® eld, which isdecreases. For mode 2, detected for H6/9 only, f2
a typical behaviour of the Goldstone mode, based onincreases and De2 decreases with decreasing sample
the existence of the helical structure. On the other hand,thickness, similarly to mode 1. The value of a2=0 4́ to
mode 1 exists even in the temperature range where the0 5́ shows a polydispersive character of mode 2.
helix is spontaneously unwound due to the helix twistThe temperature dependences of the helix pitch are
inversion phenomenon or in 6 mm thick samples of H6/9,shown in ® gures 6 (a) and 6 (b) for H6/9 and 10AL,
where the helix is unwound within the whole SmC*respectively. For H6/9, the pitch length increases with
phase due to surface interactions [9, 11]. Moreover, thedecreasing temperature down to about 114ß C. Below
relaxation frequency f1 , as well as the dielectric strengththis temperature the di� raction pattern disappears as
De1 , are strongly thickness dependent.the helicoidal structure becomes completely unwound in

When the helicoidal structure is unwound, mode 1the whole sample. Microscopic observation shows that
can be attributed to the thickness mode (¯ uctuations ofthe unwinding process is not regular with increasing
the director twist± bend along the sample plane normal)pitch, but when approaching full unwinding on
[12]. If the helicoidal structure is present in the sample,cooling, the helix becomes unwound in some parts of
the twist± bend deformation also exists, producing athe sample, the area of which then gradually increases.
space modulation along the sample plane normal, i.e. inThe thinner the sample, the higher temperatures where
the direction perpendicular to the helix axis. In suchunwinding appears. The 12 mm thick sample becomes
samples both the Goldstone and the thickness modesunwound even below 117ß C, and the sample of d=6 mm
contribute to the dielectric, as well as to the electro-is unwound over the whole temperature range of the
optic response. The coexistence of the Goldstone andSmC* phase, because its d#p [11]. In samples with
the thickness modes can be demonstrated through thethe helix unwound, there exists a modulation along

the sample plane normal, which is seen, using crossed temperature dependences of the dielectric strength of
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515Thickness dependent relaxations in FLCs

Figure 2. Temperature depend-
ences of (a) the relaxation fre-
quencies f1 and (b) the dielectric
strengths De1 of mode 1 for
H6/9 samples of di� erent thick-
ness. In the inset there is a
comparison of the measured
De1 with the Goldstone mode
contribution to the dielectric
constant DeG, calculated (in rel-
ative units) from equation (2)
using measured p(T ), Ps(T ),
and hs(T ) dependences and
arbitrary K, temperature inde-
pendent; the comparison is
done for the 25mm thick sample
and in the temperature range
where the helix exists.

mode 1 (see ® gures 2 (b), 3 (b), and 4 (b)), as will be winding temperature from above, De1 decreases steeply.
This fact agrees with the microscopic observations show-discussed below.

For H6/9, at temperatures where the helicoidal struc- ing that the sample area with the helicoidal structure,
which produces the Goldstone mode contribution,ture is present, both (Goldstone and thickness) modes

contribute to De1 , which results in high values of De1 decreases.
The 12 mm thick sample becomes completely unwound(except for the 6 mm thick sample, which is unwound in

the whole SmC* phase). When approaching an un- even below 117ß C, which is re¯ ected in the drop in De1
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516 V. NovotnaÂ et al.

Figure 3. Temperature dependences of (a) the relaxation Figure 4. Temperature dependences of (a) the relaxation
frequencies f1 and (b) the dielectric strengths De1 of mode 1 frequencies f1 and (b) the dielectric strengths De1 of mode 1
for 10AL samples of di� erent thickness. for 10ALCL samples of di� erent thickness.

below this temperature (see ® gure 2 (b)). On the low
temperature side of the SmC* phase, De1 arises from the
thickness mode only, because the sample remains
unwound down to the occurrence of crystallization. The
remarkable thickness dependence of De1 over the whole
temperature region is due to the strong thickness depend-
ence of the thickness mode [12], which is still present
for the whole SmC* phase region.

The temperature dependence of the relaxation fre-
quency f1 of H6/9 (see ® gure 2 (a)) exhibits an increase
on cooling below the SmA± SmC* phase transition,
which is more evident for thin samples; then there is a
constant part, followed by a slight decrease at low
temperatures. Let us point out that the strong increase
of f1 , as well as the decrease of De1 just below Tc, cannot

Figure 5. Thickness dependences of f1 and De1 determined
be explained by the temperature dependence of the for H6/9 at T=90ß C. The lines represent only a guide for
Goldstone mode contribution due to the pitch variation the eye.
(see equations (1 a) and (1 b)). For p increasing on cooling
below Tc (see ® gure 6 (a)), DeG should increase and
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517Thickness dependent relaxations in FLCs

contribution, similarly to H6/9. At lower temperatures,
De1 is nearly temperature independent for each thickness,
but f1 decreases with decreasing temperature, probably
due to the increase of viscosity.

We can expect that for 10ALCL, the helicoidal struc-
ture exists in all samples studied, similarly to 10AL,
because the inequality d&p is valid. Thus both the
Goldstone and thickness modes are present.

The dielectric propertiesof 10ALCL di� er signi® cantly
from those determined for H6/9 and 10AL, namely
below Tc , where both f1 and De1 exhibit opposite temper-
ature dependences (see ® gures 4 (a) and 4 (b)) compared
with H6/9 and 10AL. Unfortunately, the e� ect of the
pitch behaviour on these quantities cannot be studied
as the temperature dependence of the helix pitch length
could not be measured because of its extremely lowFigure 6. Temperature dependences of the helix pitch for
value. Besides, a plausible theoretical description of(a) H6/9, 25mm thick sample and (b) 10AL, 50mm thick

sample. dielectric properties in the vicinity of the N*± SmC*
phase transition is still not available.

In the determination of De1 , a systematic error canfG decrease, which is exactly contrary to the De1 (T ) and
f1(T ) dependences experimentally found (cf. ® gures 2 (a) arise for samples which exhibit a very low relaxation

frequency f1 , because the permittivity is stronglyand 2 (b)). The non-linear interaction between Ps and hs ,
which can modify the temperature dependence of DeG exceeded by the ionic conductivity contribution at low

frequencies. This might be the reason why the values of(see equation (2)), cannot reverse the situation as this
interaction is expected to be weak near Tc . The situation De1 are found to be higher than expected for the 100 mm

thick sample of 10AL and for the 25, 50 and 100 mmis demonstrated in the inset of ® gure 2 (b), where the
temperature dependence of DeG calculated from equation thick samples of 10ALCL. The ® tting procedure does

not a� ect signi® cantly the temperature dependences.(2) is compared to the measured De1 . The temperature
dependences of De1 found just below Tc could be Generally, one can conclude that in helicoidal samples,

mode 1 can be interpreted neither as the Goldstoneexplained qualitatively by a gradual extinction of the
Goldstone mode because of the helix unwinding on mode, nor the pure thickness mode, but as a superposi-

tion of both modes. In twisted samples, i.e. in thecooling. As for f1 , its increase on cooling just below Tc

is probably driven by the temperature dependence of temperature region where the helix is unwound due to
helix twist inversion, or in 6 mm thick samples of H6/9,the thickness mode, which is seen on the f1 (T ) curve for

the 6 mm thick sample, where only the thickness mode mode 1 represents just the thickness mode. Experiment
shows that in both helicoidal and twisted samples, thecontributes to the dielectric response. The low temper-

ature decrease of f1 might be caused by an increase in mode 1 relaxation frequency varies by a factor of 5 to
10 (for di� erent materials) when the sample thickness isviscosity.

For 10AL, only mode 1 has been detected. This changed from 6 to 100 mm. With all three compounds
studied, the observed thickness dependences of De1 andmaterial does not exhibit the helix twist inversion phe-

nomenon, so that the helix is present over the whole f1 behave qualitatively as Deth~d2 and fth~1/d2 , which
can be estimated for the thickness mode [12]. In heli-temperature range of the SmC* phase, which is true

even for the 6 mm thick sample. Both the thickness and coidal samples the temperature dependences of De1 and
f1 below Tc di� er from those expected for the GoldstoneGoldstone modes are present and in¯ uence the dielectric

properties. Just below Tc , f1 increases and De1 decreases mode and thus they must re¯ ect mostly the thickness
mode behaviour. In fact these dependences are qualitat-on cooling. Due to the pitch variations observed in this

temperature region (see ® gure 6 (b)), both quantities cor- ively similar to those in the 6 mm thick sample of H6/9,
where only the thickness mode is present.responding to the Goldstone mode would exhibit exactly

opposite temperature dependences (cf. equations (1a) Mode 1 follows the Cole± Cole formula (equation (3))
with a1~0 1́. This relatively low value is quite under-and (1b)). Similarly to H6/9, the non-linear interaction

between Ps and hs cannot signi® cantly a� ect DeG values standable in the case of unwound samples, where this
mode represents only the thickness mode. In helicoidalnear Tc . The observed temperature dependences in the

narrow temperature range below Tc are probably caused samples, where mode 1 is a superposition of two modes,
such a low value of a can occur only when the relaxationby the temperature dependence of the thickness mode
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