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Frequency dependences of complex permittivity components have been studied in the
1073 to 10% Hz frequency range at temperatures of 310 to 370 K for a ferroelectric liquid
crystals (FELC) both in the pure state and doped with strongly and weakly dissociating
admixtures. Two dispersion regions have been revealed. The higher-frequency dispersion
region I has been shown to be observed is smectic phases only. The average relaxation time
is 0.7 ms and depends slightly on the impurity presence. The dispersion region II is
observed in all phases of planar-oriented FELC and its parameters are heavily impurity-de -
pending. The latter dispersion region has been shown to be due to local molecular orienta -
tion change in the near-electrode region having a thickness equal to the Debye shielding
length. The "blurred” relaxation time in smectic phases has been supposed to be caused by
the complex process of the molecular orientation change including both change in the
smectic tilt angle and a partial rotation about the helicoid axis.

B umrepsane uactor 1073-10° I'm u Temmeparyp 310-370 K wmcciefoBaHBI UaCTOTHBIE
3aBHCHUMOCTHA KOMIIOHEHT KOMILJIEKCHON IMAJEKTPUUYECKON MPOHUIAEMOCTH CErHETO3JIeKTPHU-
yeckoro skugkoro kpucramia (CIKK) xak B umcrom Buae, Tak U ¢ J00aBIeHMEM CHUJIBHO U
ciaabo gucconuupyomux npumeceii. Halimeno ase obmactu qucmepcuu. IlokasaHo, uro Gojee
BBICOKOYACTOTHAA 00jacTh aucnepcuu I HaGIIOgaeTCss TOJBKO B CMEKTHUYECKUX (hazax. Bpems
peslakcamum cocrasisgeT B cpeguem 0,7 mMc u ciaabo 3aBUCHUT OT HaIuuusa npumeceii. O6i1acTb
nucrepcun 11 mabaromaerca Bo Bcex (pasax muanHapHo opuenTupoBanuHoro CHKK. Ha ee mapa-
METPHI CYIIeCTBEHHO BIMsET Hajuuue npumeceii. Ilokasano, 4To gaHHas 00JIaCTh AUCIEPCUU
00yCJIOBJIeHa JIOKAJbHBIM M3MEHEHWEM ODPHEHTAIIMH MOJIEKYJ B IIPUIJIEKTPONHOM o6jacTw,
TOJIIIVHA KOTOPO# paBHA aeGaeBCKOM MJnHe dKpaHupoBaHus. CoesaHO IPEIIION0MKEHHNe, UTO
NPUUYMHONA " PasMBITOrO BPEMEHM DeJaKCAllu¥ B CMEKTHYECKUX (asax MOKeT OBITH CJIOMK-
HBIM MPOIECC M3MEHEHHUs OPUEHTAIlMM MOJIEKYJ, BKJIIUYAMIIUA KaK M3MeHeHUe CMeKTuue-
CKOro yrJjia HAaKJOHA, TAK W YAaCTHYHOE BpallleHWe BOKPYI OCU IeJIMKOHUIA.

© 2003 — Institute for Single Crystals

It was shown first in [1] for various di-
electric liquids and nematic liquid crystals
(LC) that the low-frequency dielectric spec -
troscopy can be used as an effective method
for investigation of the electrode/liquid
crystal interface. Further studies made it
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possible to define the processes resulting in
that the electric field in the sample becomes
inhomogeneous under certain frequencies.
Such processes include the charge exchange
at the electrode/liquid interface [2]; ionic
polarization of the sample [3, 4]; and the
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local changes of molecular orientation in
the near-electrode region [5, 6]. Under a
substantial influence of such phenomena,
the relaxation process parameters measured
at low frequencies can characterize mainly
the near-electrode properties of LC but not
bulk material ones.

It is known [7-12] that some specific
low-frequency dispersion regions may mani -
fest themselves in dielectric spectra of fer-
roelectric liquid crystals (FELC). These re-
gions are related both to changes of the
molecular tilt angle in the smectic layer
(soft mode) [8, 10] and to the molecule rota-
tion about the helicoid axis (Goldstone
mode) [11, 12]. Such modes may have a
relatively low frequency. Therefore, not
only a frequency overlap between the bulk
and surface relaxation processes may be
possible but also a presentation of the proc-
esses caused by surface phenomena as the
bulk ones. When considering the publica-
tions aimed at studies of such FELC dielec-
tric spectra, it can be concluded that the
main aim of essentially all those works was
to define what mode corresponds to a spe-
cific relaxation process. The possible ap-
pearance of dispersion regions due to near-
electrode processes was not taken into ac-
count in essence.

Therefore, the main purpose of this work
is to determine the overlap extent of bulk
low-frequency relaxation processes with
surface ones and how those can mutually
influence.

The study object was a mixture of 4-p-hexy-
loxyphenyl-4-p-octyloxybenzoate and 4-p-hexy-
loxyphenyl-4-p-decyloxybenzoate (62.3 and
31.2 % by mass, respectively) containing a
polar chiral admixture LUCH-15 (6.5 % by
mass). This FELC has the following phase
states and phase transition temperatures:

| 858 NH'349 SmA 345 SmCH 313 C.

Both pure FELC and that doped with
strongly and weakly dissociating impurities
were studied. The D; and D, dyes were used
as the weakly dissociating dopants. The
structure formulas of dyes are presented in
Fig. 1. The dye concentration in the FELC
was 1.1 to 1.2 % by mass. Tetrabutylam-
monium iodide (TI) (0.4 % by mass) was
used as the strongly dissociating dopant.
The polarization microscopy has shown that
neither weakly dissociating impurities nor
the strongly dissociating one (in the above
concentrations) influence essentially the
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Fig. 1. Structure of D; (1) and D, (2) dyes.

phase states and phase transition tempera -
tures.

The planar sample orientation was set by
rubbed polyimide. The samples used in the
study had the sandwich structure. The
FELC thickness, d, was set within limits of
20 to 60 pm. The measurements were made
mainly on the d = 20 pm samples. The po-
larization microscopy has shown that within
such sample thickness range, the perfect
homogeneous homeotropic or planar orienta -
tion are attained only for the chiral nematic
(N) phase. Smectic phases (SmA, SmC")
were not oriented in a strictly homogeneous
fashion.

As in [1], the capacity C and resistance R
in the 1073 to 10% Hz frequency range were
measured using oscilloscopic technique [13]
in the parallel substitution scheme. The tri-
angular measuring voltage pulse amplitude
Uy was varied within limits of 0.1 through
1 V. The measurements were made mainly at
Uy = 0.25 V. The temperature was stabilized
to within 0.2 K using a home-made thermo -
stat with low electromagnetic noise level.

From the measured C and R values, the
complex permittivity components € and €"
were determined using the known cell geo -
metric parameters. Fig. 2 presents the fre-
quency dependences of €' for the SmC’
phase of planar-oriented pure FELC (1),
FELC+1.1 % Dy (2), FELC+0.4 % TI (3) as
well as for homeotropically oriented pure
FELC (4) (measurements were made at tem -
peratures presented in Table 1). It is seen
that for all samples, there is an €' maximum
near f= 300 Hz (the dispersion region I).
Consideration of experimental €''(¢') depend-
ences (Cole-Cole diagrams) has shown that,
independent of the FELC orientation and
impurity presence, those can be approximated
by half-circles, that is, described mathemati -
cally basing on the Debye equation

€51 ~ €0l (1)

1= +
€ €
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Fig. 2. Frequency dependences of €' for planar-
oriented pure FELC (1), FELC+1.1 % D, (2),
FELC+0.4 % TI (3), and homeotropic-oriented
pure FELC (4). The measuring temperatures see
Table 1. The sample thickness d = 20 pm.

where €} is the complex permittivity; &y
and €,;, the permittivity values for f = o

and f = 0, respectively; 1y, the dielectric re-
laxation time. In Table 1, presented are the
T; values for FELC at different molecular
orientations and impurity concentrations. It
follows from the data obtained that there is
no substantial distinctions in t1; for differ-
ent samples (the differences do not exceed
25 % of the average value).

It is to note that the dispersion region I
is observed only in SmA and SmC” phases of
the FELC. It is just the temperature de-
pendence of T; near the SmMA-SmC” phase
transition [7—10] that is of most importance
for explanation of the formation mechanism
of the above-mentioned region. Fig. 3 shows
that dependence for the FELC+1.1 % Dq. It
follows from these data that 1; increases as
the temperature approaches the T value
characteristic for the transition mentioned.

Ty, MS
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Fig. 3. Temperature dependence of T, near
the SmC'—=SmA phase transition for planar-
oriented FELC+1.1 % D;. The sample thick-

ness d = 20 pym.

According to [7—10], this relaxation process
answers to the soft mode and is described as

= , (2)

where a is a factor. For the data presented
in Fig. 3, a = 2 kHz/K. This value is almost
one decimal order lower as compared to
those obtained for many others FELC [7-10]
that may be due to the very narrow range
of the SmA phase and to a strong effect of
the N'=SmA phase transition. It follows also
from the Fig. 3 that the 1, values for SmC”
and SmA phases are very close together.
The weak T;(T) dependence in the SmC’
phase allows to suppose that in that phase,
the relaxation process is due to the Gold-
stone mode.

The 11 was studied also as a function of
the measuring voltage U,. It follows from
the Table 2 that the 1; value remains essen-
tially the same as U, varies from 0.1 to
10 V. This fact evidences that the measur-
ing signal is selected correctly, does not

Table 1. Dependence of parameters characterizing the low-frequency dispersion regions I and II
on the FELC molecular orientation and the presence of strongly and weakly dissociating imp uri-

ties therein

Sample No. | Orientation | T, K Ty, ms Ty, 8 a, w, Opc (T = 350 K),

muBV V#mB o1 onl
m
FELC planar 313.2 0.81 8.8 0.38 0.32 2.300°8
FELC homeotr. 313.5 0.59 2.811078
FELC+1.1 D, planar 313.4 0.61 2.9 0.30 0.54 1.5110°8
FELC+1.2 D, planar 313,9 0,63 2,5 0,32 0.60 4.000°8
414 Functional materials, 10, 3, 2003
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cause the system saturation and is high
enough to provide a good signal/noise ratio.
Even the highest voltages from the above
range were insufficient to suppress the
Goldstone mode and reveal the soft one in
SmC" against the Goldstone mode back-
ground. Therefore, the soft mode existence
in the SmC”" phase of the FELC studied is
still unclear and requires a further study.
Thus, the data obtained allow us to con-
clude that the dispersion region I in the
SmA phase answers to the soft mode while
in the SmC" phase, it is most likely the
Goldstone mode.

Unlike the dispersion region I, the II one
is observable in all phases of the planar
oriented FELC, including the isotropic one.
It follows from the Fig. 2 that there is no
such low-frequency dispersion region at the
homeotropic FELC orientation. The increase
of ¢ seen in Fig. 2 is caused by relaxation
process that is due to the tunneled charge
exchange at the FELC/electrode interface.
This relaxation kind is observable not only
in planar-oriented FELC but in any liquid at
all [1, 2] and is not related directly to the
molecular orientation. Thus, its considera-
tion is out of the frame of this work.

The Cole-Cole diagram analysis for the
dispersion region II shows that for I and N*
phases, those are of half-circular shape,
thus, are described also by the relationship
(1). For SmA and SmC’ phases, the Cole-
Cole diagrams are arc shaped. According to
[1], this answers to the Cole-Cole dispersion

€52 ~ w2 3)

0= 4% %L
52 s002 1+ (i(A)Tz)l_az’
where 04 is the Cole-Cole parameter.

Table 1 presents the parameters charac-
terizing the dispersion region II for both
pure FELC and for the material containing
various dopants. The conductivity op- data
for those substances in the N* phase are also
presented. The 04 value in SmC’ phase
cannot be compared, since, as is shown in
[14], it is due not only to presence of ions
but also to nonlinear electric properties of
smectic phases. It follows from experimen -
tal data that the relaxation time 1, (the
dispersion region II) depends on the impu-
rity concentration in a more strong manner
than 1; does. When comparing 1, with tp,
it is seen that these quantities are in ap-
proximately in inverse proportion to one an -
other.
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Table 2. The parameters characterizing the
low-frequency dispersion regions I and II
for the pure planar-oriented FELC on the
meast*lring signal voltage U,. T =342 K
(SmC)

Uy V T, ms Ty, S a,

0.10 0.74 0.41 0.38
0.25 0.74 0.41 0.38
0.50 0.75 0.40 0.37
1.00 1.02 0.38 0.32

Another substantial feature of the dis-
persion region II consists in high €" values
attaining 102 in maximum, Fig. 2. It is to
note that in the same frequency range, €' is
rather high, too. Since the high ¢" and ¢
values are observed in | and N* phases, this
cannot be related to spontaneous polariza -
tion. It was supposed [1] that this is due to
the fact that the field in the sample be-
comes inhomogeneous at such low frequen -
cies. The main fraction of the field is ap-
plied to the near-electrode layer of the sam -
ple. To determine the thickness of that
layer, W, let us assume (as in [1]) that the
near-electrode layer parameters are the
same at both electrodes and the permittivity
is the same in the near-electrode layer and
in the sample bulk. Then

€00 4
W = 2a-2L, (4)

€1

The W values for various samples are
presented also in Table 1. Those are seen to
be as small as several tenths of pum. It fol-
lows from the data obtained that, unlike T,
W is less dependent on the introduced im -
purity type.

It is shown [6] that in nematic LC, W is
equal to the Debye screening length. To
check if this condition is fulfilled for FELC,
the ion concentrations were determined in
experiment. To that end, the charge carrier
mobility, M, was measured using the tech-
nique proposed in [15]. The transition cur-
rent maximum necessary to determine the
charge transfer time between the electrodes,
however, was observed neither in pure nor
doped FELC. Thus, we can suppose only
that W is equal to the Debye screening
length in FELC, too. This is confirmed in
part by the fact that the W value is higher
in the FELC studied than in nematics. If
the charge carrier mobility in FELC and
nematics is assumed to be the same, then,
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taking into account the lower conductivity
of FELC as compared to that of nematics,
the Debye shielding length in FELC must be
larger. Comparison of the W wvalues ob-
tained with data from [5, 6] evidences that
it is the case in fact.

It can be concluded from the data pre-
sented in Table 2 that parameters charac-
terizing the dispersion region II depend
slightly on U, too. Note that at high U,,
there is a distinction as compared to the
dispersion region I. While at Uy=1V, 14
increases (as compared to values obtained at
lower Ug), Ty decreases in this case.

All the above-mentioned specific features
of the dispersion region II allow to believe
that it is due to a local molecular orientation
change in the near-electrode layer having the
thickness equal to the Debye screening
length. It is of interest to discuss why this
relaxation process in smectic FELC phases
is described by the Cole-Cole dispersion,
that is, the relaxation time has no specific
value but is characterized by a certain dis-
tribution function.

It follows from the conclusion on the
mechanism of dispersion region II that the
found relaxation times characterize the dy -
namics of molecular orientation in the near-
electrode layer. Such dynamics is described
basing on the momentum balance for elastic
and viscous force. For nematic LC, the mo -
mentum balance equations has the form [16]

d?0 _ do (5)
22 de Y dt’

where Koo is the Frank elastic module; O,
the deviation angle of the molecules from
the director at zero electric field strength
(for planar molecular orientation, this angle
is in most cases the angle with the substrate
plane); y, the viscosity. When measuring
the frequency dependences of € and €", the
measuring signal voltages were much lower
than the threshold value for Fredericks ef -
fect. Therefore, change in © must be insig-
nificant. In this case, the Eq.(5) has an ana-
lytical solution consisting of a series of har-
monics with time constants

2
MU L — (6)
" TeK,9(2n + 1)2

where n is the harmonic order. At small ©
changes, the above relationships can be used

also for N* phase. That is why for that
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phase, a relaxation process with one single
relaxation time is observed.

In smectic phases, the momentum bal-
ance equation characterizes as a rule the
dynamics of the spontaneous polarization
vector [12]:

in20 do in20 d%¢ . (7
2 = 2 -
Ypsin“@ - = Kysin 2 PyEsing,

where Yy, is the rotation viscosity; ¢, azi-
muth angle of molecule rotation about the
helicoid axis; E, the electric field strength.
The relationship (7) describes the Goldstone
mode dynamics. But we have shown that the
bulk polarization processes are related
mainly to the soft mode. If the molecular
orientation dynamics would be defined by

the © angle only also in the near-electrode
layer, then the Debye dispersion should be
observed in smectic phases, too. The certain
distribution function of relaxation time
(Cole-Cole dispersion) present in the disper -
sion region II allows to suppose that the
predominating molecule deviation along the
© angle is accompanied by a slight rotation
about the helicoid axis. Therefore, when
considering the molecular orientation dy-
namics in the smectic near-electrode layer,
not only Eq.(5) but in part also the Eq.(7) is
to be taken into account. It is just the elec-
trode surface inhomogeneity that may be
among reasons for the mode mixing; its ef -
fect is described in detail in [17]. The possi -
bility to describe the complex process of mo -
lecular orientation change in the near-elec-
trode layer basing on a single relationship
will be discussed in a further work.

It follows from Fig. 2 that the dispersion
regions I and II are rather close to one an-
other on the frequency scale being essen -
tially overlapped for the FELC+0.4 % TI.
Therefore, it is of interest to consider rela-
tionships between the bulk and near-elec-
trode relaxation processes. This question
can be answered in part by analyzing the
maximum €" value for the dispersion region
I. The experimental data obtained evidence
that ¢”, ,, depends not only on molecular
orientation but also on the impurity pres-
ence. The dopants introduced did not effect
the phase transition temperatures, as men -
tioned above. Thus, the bulk FELC proper -
ties must remain unchanged in the presence
of such impurities. Therefore, the disper-
sion region I is to be supposed to corre-
spond not to bulk processes in the strict

Functional materials, 10, 3, 2003
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sense but to "extended” near-electrode ones.
This supposition combined with the Eq.(4)
results in the conclusion that the higher is
g value, the narrower is the region where

max
the molecular orientation changes. As is seen
in Fig. 2, the highest €', . = 16.4 was ob-

tained for the FELC+1.1 % D;. It follows
from Eq.(4) that the layer where the mo-
lecular orientation takes place predomi-
nantly is 4.5 pm. This is one order larger
than the layer where relaxation process
causing the dispersion region II takes place.

Thus, two dispersion regions, I and II,
have been revealed in dielectric spectra of
FELC consisting of a mixture of 4-p-hexy-
loxyphenyl-4-p-octyloxybenzoate and 4-p-
hexyloxyphenyl-4-p-decyloxybenzoate (62.3
and 31.2 % by mass, respectively) contain -
ing a polar chiral admixture LUCH-15
(6.5 % by mass). The higher-frequency dis-
persion region I has been shown to be due
to the soft mode in SmA phase and to the
Goldstone one in SmC’. The dispersion pa-
rameters in this region are essentially inde -
pendent of the dopant presence and molecu -
lar orientation.

The dispersion region II is due to local
change of molecular orientation in the near-
electrode layer of a thickness equal to the
Debye screening length. The reasons for de-
pendence of parameters characterizing this
dispersion region on the dopant presence
have been elucidated. This relaxation proc-
ess in isotropic and chiral nematic phases is
described by the Debye equation while in
smectic ones, by the Cole-Cole equation. The
"blurred” relaxation time in smectic phases
may be caused by complex character of the
orientation change involving a rotation of
molecules about the helicoid axis in addi-
tion to their deviation in the plane of that
axis. The dependence of maximum ¢ value
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(in the dispersion region I) on the dopant
concentration is supposed to be due to a
partial localization of the process in the
near-electrode layer. The estimated thick-
ness of that layer has been shown to excess
by one order the Debye screening length.

Authors acknowledge Prof.L.A.Kutulya
and Dr.V.V.Vashchenko for assistance in
FELC preparation.
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HizpKko4yacTOTHA AieJIeKTPHYHA CIHEKTPOCKOIid
CEeTHETOCJIEKTPUUYHUX PIAKUX KPHUCTAJIB:
IPHEJEKTPOAHI Ta 00’¢MHI mpoumecH

O.B.Kosanvuyx, O.D.lleeuwyx, J.A.Haiixo, M.M.Iliénenko

B mmrepsanxi wacror 1073-10° I'm ta remmeparyp 310-370 K gocmigsxenmi uacroTmi sa-
JIEKHOCTiI KOMIIOHEHT KOMILJIEKCHOI [ieJIeKTPUYHOI HIPOHUKHOCTI CETrHETOEJEKTPUYHOTO
pinkoro xkpucrany (CPK) ak B umcTomMy BHUJi, Tak i 3 HAABHICTIO CHUJIBHO U cJIa00 JUCOIiIO0-
yux AOMIIIoOK. 3HaiimeHo aBi obaacti gucmepcui. Ilokasamo, 110 6GiJBIIT BUCOKOYACTOTHA
obsnacte pucnepcii I cmocrepiraerbea Tinmpku B cMeKTHUHHUX (pasax. Hac i pesmakcamii ckia-
nae B cepegabomy 0,7 Mc Ta ciaabo 3anexkuTh Big HagBHOCTI momimiok. O6sacth mucmepcii IT
cnocrepiraerbca y Bceix dasax mianapHo opientoBamoro CPK. Ha ii mapamerpu cyTTeBO
BILIMBAE HasgBHICTH AoMmimiok. IIokasaHo, 4To maHa o0JiacTh AUCHEpPCii 3yMOBJIeHAa JIOKAJIbHOIO
3MiHOI0 OpieHTAaIil MOJIEKYyJ B IPUEJIEeKTPOAHIiN obsacTti, TOBImIMHA AKOI piBHaA mebaeBCKiit
IOBXKHUHI €KpaHyBaHHA. 3PO0JEHO NPUIIYIEHHs, I[0 IPUYMHOI ' PO3MHUTOr0  dUacy pesak-
canii B cMeKTHUHHUX (hasax MOKe OyTU CKJIANHUI IIpoIlec 3MiHUM opieHTanii MoJsiekysa, AKWi
BKJIIOUAE fAK 3MiHY CMEKTHYHOIO KyTa HaXWJIy, TaK i yacToBe 00epTaHHS HABKOJIO oOci
reJrikoiga.
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