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Method for determination of the helix elastic modulus (K,) in ferroelectric liquid
crystals (FLCs) from dielectric spectra is proposed. According to the method, temperature
dependencies of the dielectric strength of the Goldstone mode and the Goldstone frequency
as well as main ferroelectric parameters were measured for the induced FLC mixtures with
helical pitch (p,) known from the selective light reflection measurements. From these data,
the helix elastic modulus was calculated using an existing theoretical approach. It appears
that, near the SmA™—SmC" phase transition, there is remarkable dependence of the helix
elastic modulus on the helical pitch; more specifically, the stiffness of helix decreases with
po- However, at lower temperatures the K, dependence on p, tends to weaken. From these
results, it is concluded that, well away from the SmA'—SmC” phase transition, the K,
obtained for FLCs with known p, can be used as the constant for determination of p,
which cannot be determined from the selective light reflection. It is also shown that
mechanism of the dielectric relaxation in the studied FLC mixtures is not of Debye type
and there are several characteristic relaxation times in a FLC cell.

Keywords: ferroelectric liquid crystals, the Goldstone mode, helix elastic modulus,
helical pitch.

Monyas npy:HOCTI reaikoiza y CerHeTOeIeKTPHYHOMY PiIKOMY KpHCTAJNi 3i 3MiHEHMM
kpoxom cuipaai. K.ITonosa, B.Muxaiirernro, B.Cemunoaxcernro, O.Kpuesoueii, O.DPedoparo

3aIIpOIIOHOBAHO MeTOJ BU3HAYEHHS MOAYJA IpysHocTi cmipani (K,) y cermeroesexTpud-
uux piggux gpucranax (CPK) sa giemexTpuunumy cnekTpaMu. 3a Li€l0 MeTOLUKONI BUMIips-
HO TeMIIepaTypHi 3ajiesXHOCTi aMmuiTyzu aucnepcii mziemeKTpruHOl IPOHUKHOCTI Ta YacTOTH
TonpecroyniBebrkol Mopgu, OCHOBHI cerHeroefeKTpuuHi mapamerpu ausa ingygoBamux CIHKK
cymimreii iz kpoxom cmipami (py), Bimomum s BI/IMlpIOBaHb CEJIEKTUBHOIO BimoGparKkeHHs
cBitma. BusBieHo, mo mo6amsy (asoBoro mepexoxy SMA—SmC” cmocrepiraernea momiTHa
3aJIesKHICTL MOZYJA NPYsKHOCTI resikoima Bix Kpoky cmipani, 8oKpeMa, $KOpPCTKicTh cmipadi
3MEeHIIYEThCA 31 3MeHITeHHAM p,. OJHAK TpH HMMKYMX TeMIlepaTypax samexHicTs K, Bim p
Mae TeHJEHINI0 JO IMOMEHIIAHHS. 3 I[UX Pe3yJbTATiB MOYKHA 3POGUTU BUCHOBOK, IO LAJIEKO
Biz dasoBoro mepexoxy SMA-SmMC” smauenus K,, orpumane mma CIKK 3 sigomum p,
MOXHa BHKOPHMCTOBYBATH SK KOHCTAHTY AJIA BUSHAUEHHS P, SAKe He MOXe GyTH BU3HAYEHO
3 CeJIeKTUBHOTO BimoOpaskeHHsA cBiTia. TaKoyk HOKasaHo, IO MeXaHi3M [TieJeKTpuuYHOI pe-
naxcariii y CPK cywmimax, mo pociaimxeno, He ¢ mebaeBepkum Ta y CPK xowmipri icmye
JeKinTbKa XapakTepHUX daciB pesakcarrii.

ITpemmosen MeTonm onmpefeNeHUs MOAYJA yupyrocTu cnupanu (K,) B cerHeTOsIeKTpUYEC-
kux mugrux xpucramiax (CiKK) nmo gusnexrpuueckum cunexTpam. B coorBercTBMUM € 9THM
METOLOM H3MEpPeHBI TeMIlePATypPHBIe 3aBUCUMOCTU aMIIIUTYZBl AUCIEPCUN TUSJIEKTPUYIECKOH
TIPOHUITAEMOCTY 1 YacCTOTHI ['0JIICTOYHOBCKOII MOJBI, OCHOBHBIE CETHETO3JEKTPUUECKNe IIapa-
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meTpel ans wEAynupoaHHEIX CHHK cmeceii ¢ marom cnupanu (pg), M3BECTHBIM M3 H3Mepe-
HU CeJIEKTHUBHOTO OTPAXKEHUS cBeTa. Ilo STMM JAHHBIM PACCUUTAH MOZAYJL YIPYTOCTU CIIHU-
pain ¢ HCIONL3OBAHUEM CYIIeCTBYIOIIEH TeopeTuuecKoll Mogenu. O0Hapy:KeHO, UTO BOJIM3U
dasoBoro mepexoza SMA'—SMC” Habirogaercs saMeTHas B3aBUCHMOCTb MOZYJIA YIPYTOCTH
TeJIMKOUA OT Iara COMpall, 4 UMEHHO, KECTKOCTDb CHMPAJIN YMEHBIIIAeTCS ¢ YMEHBIIIeHUEeM
Po- Onmaxo mpu Gojlee HMSKHX TeMIePATypax 3aBUCHMOCTE K, oT p, uMeeT TeHAEHIHIO K
ocnabmenno. Ha ocHOBe sTUX pe3yJbTATOB MOYKHO CEJIATHL BBIBOJ, UTO BAAJIUN OT (Pa3soBOTO
mepexoga SMA—SMC” sHauernue K, moryuennoe gns CIKK ¢ U3BeCTHBIM D, MOMKHO HCIIOJb-
30BATH B KauecTBe KOHCTAHTHI [JIs OIpPeJeNIieHUs Dy, KOTOPOe He MOKeT GhITh OlpejesIeHo U3
CEeJIEKTUBHOTO OTPAKEHUA cBeTa. TaryKe MOKA3aHO, UTO MEXAHM3M IUSJIEKTPUUECKON peslak-
cariuu B uccaenyembrx cmecax CHK me aBisierca mebGaeBckum u B Auelike CIKK cyimectByer

HECKOJIbKO XapaKTepPHBbIX BPeMeH peJlaKCallll.

Ferroelectric liquid crystals (FLCs) are
considered as promising materials for vari-
ous display and photonic applications be-
cause of their inherently fast (in us range)
electrooptical response [1-4]. One concept
of the practical use of FLC materials is
based on deformed helix FLC (DHFLC) [5].
The characteristic relaxation time of pertur-
bations of the helix structure (t,,) in the
DHF effect in the case of small helix defor-
mation (well below critical field) is de-
scribed by the equation (1):

oo Yo M
off ™ 21K ,sin20

where Y, is rotational viscosity, K, is helix
elastic modulus, and 0 is tilt angle [6]. Ad-
ditionally, to secure the high optical con-
trast for the DHFLC cell it is important to
avoid the Bragg diffraction due to the FLC
helix [7]. According to [8], the critical pitch
below which no diffraction appears in the
visible range is = 240 nm, for the normal

light incidence, and =130 nm for the
oblique incidence.

Knowledge of all terms from the equa-
tion (1) is important from both fundamental
and practical point of view. Actually, T,

and 6 can be measured [8], Y, can be esti-
mated by different approaches [8, 9], and p
can be calculated from selective light reflec-
tion (A,,,,) data [8, 10, 11]. However, when
Po is well below 130 nm it cannot be either
measured or estimated from 2A,,, measure-
ments reliably. Thus, in order to calculate
Po using equation (1), knowledge of the
helix elastic modulus (K}) is needed. At the
same time K, was only estimated in [12]
indirectly from dependences of electrically-
controlled birefringence on applied electric
field for a FLC material with the helical
pitch of single value (330 nm). Further, it
was assumed that K, is almost independent
of helical pitch [13]. However, experimental
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studies on K, as function of p, were not
conducted.

From the other hand, due to change in
symmetry of the SmC phase when it be-
comes ferroelectric SmC’, dispersion occurs
in the dielectric spectrum of a FLC that is
referred as the Goldstone mode [14]. There
is a theory which gives a relationship be-
tween the Goldstone mode (GM) and FLC
parameters [15, 16]. According to the the-
ory, FLC parameters are related to the di-
electric spectrum by the following equation:

_ Kunj (2)
G~ gndy,’

where 7Y, is viscosity given by:

_ P (3)
T = 4ne,02Aef

where Aeg is the dielectric strength of the
GM which is known from the dispersion am-
plitudes of real part of complex dielectric
permittivity, and f; is the Goldstone fre-
quency which can also be estimated from
the dielectric spectra. And thus, K; can be
obtained from dielectric studies on the
Goldstone mode provided that all other pa-
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Fig. 1. Chemical structures and phase transi-
tion temperatures of the FLC components.
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Fig. 2. Typical dependences of real (¢/, O, O) and imaginary (¢”, M, ®) parts of dielectric permit-
tivity on frequency (f) at different temperatures for the mixtures of (a) 5.0, (b) 9.7, (c) 12.6, (d)
14.8, (e) 17.8, (f) 23.9 mol. % R-FOTDA-6 in BPP.

rameters (py, Pg, 0) are known. To this end,
for an induced SmC" material obtained by
dopping non-chiral SmC host with a chiral
component (CC) [17], py values can be varied
simply by changing concentration of a CC.
Thus, aims of this work are (i) to eluci-
date type of the dependence of the helix
elastic modulus on helical pitch from dielec-
tric spectral data on the Goldstone mode
using FLC mixtures with known helical
pitch, and (ii) to judge on correctness of
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using the helix elastic modulus for estima-
tions of helical pitch values that cannot be
reliably measured or estimated from the se-
lective light reflection.

2. Experimental

As induced FLCs with varying helical
pitch, we wused binary mixture BPP of
biphenylpyrimidines as a wide-range non-
chiral LC host and non-mesogenic high-
twisting compound R-FOTDA-6 as the CC at
different concentrations (from 5.0 to
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23.9 mol. %)) in the BPP with (Fig. 1) [8].
The phase transition temperatures and heli-
cal pitch values of the FLCs were measured
as described in [8].

Electro-optical measurements were made
using commercially available LC2-5.0 cells
(INSTEC, thickness of 5 um, an electrode
area of 25 mm2, planar boundary conditions)
and using cells self-fabricated by known tech-
nique [18]. The Pg values of SmC" mixtures
were measured using the polarization reversal
current method [19, 20]. The 6 measurements
were performed according to the known
method [21]. Dielectric studies were done
with the use a E7-20 immittance meter
("MNIPI” Public Joint Stock Company, Re-
public of Belarus) 25-10° Hz.

3. Results and discussion

For the FLC mixtures, dielectic spectra
(€'(f), €”(f)) and ferroelectric parameters (Pg, 6)
were measured ( Fig. 2 and 3 respectively).

Dielectric strength (Aeg) can be deter-
mined from the €(f) dependence (Fig. 4) [22].

It is seen from Fig. 4 that the Ae; in-
creases with temperature especially at
higher CC concentrations. According to the
generalized Landau model [23], the disper-
sion amplitude is given by:
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Fig.3. Temperature dependences of (a) helical
pitch (pg), (b) spontaneous polarization (Pg),
and (c) smectic tilt angle (0) for the mixtures
of 5.0-23.9 mol. % R-FOTDA-6 in BPP.

<Pp> (4)
E b

€0€(T) = lim:

where <P;> is average induced polarization,
€y is permittivity of free space, and E is the
magnitude of applied static electric field.

Specifically, the dispersion amplitude is
given as follows [23]:
(L \(PoPs ¥ (5)
€, =la .
OSG( ) (2KhJ 210

Since, according to the theory [23], K,
does not depend on temperature, and 0 has
weak temperature dependence for all stud-
ied mixtures (see Fig. 3), variations of Aeg
with temperature are determined mainly by
variations of p, and Pg.

Goldstone frequencies (f;) were deter-
mined from maxima of €’(f) dependences
(see Fig. 4) [22]. It is seen that f, initially
increases with temperature but decreases
again when approaching to the SmC'-SmA’
phase transition. It seems that such behav-
iour is related to an effect of the so-called
soft mode (i.e. tilt angle fluctuations [14]).
Complex dielectric permittivity £°(f,T) can
be written as:

Functional materials, 28, 4, 2021
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Fig. 4. Temperature dependences of (a) dispersion amplitude of dielectric permittivity (Aey), and (b)
the Goldstone frequency (f;) for the mixtures of 5.0-28.9 mol. % R-FOTDA-6 in BPP.

Ae(T) J+ [ Aeg(T) JZ (6)

e = (1 +iotg | |1+ iotg
where t;, tg are characteristic relaxation
times of the Goldstone mode and the soft
mode, respectively. Depending on tempera-
ture, the soft mode relaxation frequency
changes in the range of 103-107 Hz and it
decreases on approaching to the SmC'-SmA’
phase transition [24]. At the same time, the
Goldstone frequency changes in the range of
10-10* Hz [24]. In such a way, near the
phase transition these two modes have compa-
rable frequencies. This fact is thought to be a
condition of interaction between these modes.
The Cole-Cole diagrams were used in
order to clarify the mechanism of the di-
electric relaxation. Complex dielectric per-
mittivity €*(f, T) described by the Cole-Cole
distribution can be written as:

&g €g M

B N S A 7 S e

where g(e0) is dielectric permittivity limit at
high frequencies, f, and fg are relaxation
frequencies of the Goldstone mode and the
soft mode respectively, 0, Og are respective
distribution parameters, and €, €g are dielec-
tric strengths of the Goldstone mode and the
soft mode, respectively [14]. The Cole-Cole
diagrams €’(¢") were plotted (Fig. 5).

As it follows from the Fig. 5, Cole-Cole
index is about 0.3 for all studied concentra-
tions whereas it is expected to be 1.0 for
the Debye relaxation mechanism [14]. Con-
sequently, there are several characteristic
relaxation times in a cell. It is thought that

Functional materials, 28, 4, 2021

this effect is related to the presence of
near-electrode areas where helix is addition-
ally deformed by cell plates [25]. As a re-
sult, the additionally deformed helix has
different characteristic relaxation time.

Using the experimental data and equa-
tions (2) and (8), the dependences of the K,
on the CC concentration (i.e. on the helical
pitch) at different temperatures were ob-
tained (Fig. 6).

According to the theory [15, 16], there is
a restriction that the equations (2) and (3)
hold true only near the SmA'-SmC" phase
transition (where tilt angle does not exceed
~ 20°). Under these circumstances, the K,
should not depend on temperature. How-
ever, in the present case, the SmC” tempera-
ture range is essentially wider than 20°C,
and tilt angle reaches values essentially
higher than 20° (see Fig. 3c¢). Therefore, the
K, may depend on temperature. Indeed,
near and far from the SmA'-SmC" phase
transition, the behaviour of the K is dif-
ferent. At high temperatures, pronounced
dependence of the K is seen at relatively
low concentrations of the CC (i.e. for long
pitches, see Fig. 3a and 6), and as the pitch
becomes shorter the dependence weakens.
However, well away from the SmA™-SmC’
phase transition, the helix elastic modulus
does not depend strongly on the helical
pitch in wide range of p, values, and there-
fore it can be used as the constant for con-
fident estimations of p, by the equation (1).

4. Conclusions

In summary, for the short-pitch induced
ferroelectric liquid crystal, we have shown
that, near the SmA'-=SmC" phase transition,
there is remarkable dependence of the helix
elastic modulus on the helical pitch; more
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Fig. 5. Cole-Cole diagrams at different temperatures for the mixtures of (a) 5.0, (b) 9.7, (c) 12.6,

(d) 14.8, (e) 17.8, (f) 28.9 mol. % R-FOTDA-6 in BPP.

specifically, the stiffness of helix decreases

with pg. However, at lower temperatures

the K; dependence on p, tends to weaken.

From these results we conclude that, well 1.
away from the SmA'-=SmC” phase transition,

the K obtained for FLCs with known py can 2.
be used as the constant for determination of
Po which cannot be determined from the se-
lective light reflection. We have also shown
that mechanism of the dielectric relaxation
in the studied FLC mixtures is not of Debye
type and there are several characteristic re- 4
laxation times in a FLC cell.
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