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The molecular dynamics during the switching of homeotropic and planar cells of chiral sr@ddiaid

crystals has been investigated using electrooptic measurements and second-harmonic-generation interferom-
etry. Two ferroelectric liquid crystals with great differences in their molecular structures have been studied. It
has been found that the molecular motion is rather different depending on the type of cell used. For planar
cells, the azimuthal rotation of the molecules is limited within half the smectic cone and the molecules rotate
in opposite directions in the two halves of the chevron structure. In contrast, for homeotropic cells there is no
chevron structure and a uniform macroscopic optical indicatrix can be defined all over the sample during the
whole switching process. However, the molecular reorientation takes place within numerous microdomains of
size smaller than the optical wavelength. There are two types of microdomains that occur with different
probabilities depending on the material. Within each domain the molecules rotate in opposite directions, and
the molecules describe a complete cone during a whole switching period.

PACS numbds): 61.30~v, 78.20.Jq, 42.65.Ky

I. INTRODUCTION where the sample surfaces have a great influence, and the
problem has been more extensively discusg®edll]. We
In a previous papefl], the switching dynamics of ho- have compared both types of mechanisms, and analyzed their
meotropically aligned chiral smectie-(SmC*) materials ~ Similarities and differences.
under a bipolar square-wave electric field was investigated. It
was concluded that the molecular reorientation goes on !l MATERIALS AND EXPERIMENTAL DEVICES

within numerous microdomains of size smaller than the op- Two FLC compounds with different molecular structure

tical wavelength. Two types of microdomains can be foundyere chosen for our investigations. One of them is the pre-

with different probabilities, and in each of them the directoryjously studied W3161], which is calamitic and presents a

rotates in opposite directions, describing a complete conghase sequence $-60 °C-SnA-90 °C-Iso[12] and a

during the whole switching period. These results are not irhigh spontaneous polarization in the ferroelectric ph#se

complete agreement with other studies carried out b¢®jre =360 nC/cm at room temperaturgl3]). The second one is
The situation is schematized in Fig. 1. Upon field reversaln ortho-platinateds-diketonate complexPtl) of the family

from +E to —E, there is a proportiox of molecules(with of (noncalamiti¢ compounds studied in Ref14]. Its phase

directorn, ) switching on the upper side of the tilt cone. At sequence is CHKt70°C-SnC*-95 °C-SnA-105 °C-Iso

the same time, a proportion ¢Ix) of moleculeswith direc-  and

tor n_) switches along the lower side of the cone. Further-

more, when the field changes fromE to +E, the direction y T E

of the rotation ofn, (or n_) is not reversed, but the azi- x molecules l

muthal anglep (or —¢) continues to increase monotonically ,

from 180° to 360°. )
These results are rather surprising, because it can be /‘\:p

shown that, unlesg=3, this switching mechanism is not ~—

compatible with the twofold symmetry of the &# along z \

the direction of the spontaneous polarizat®yn In Ref.[1], —o/n, X

these conclusions were established for usual calamitic mate- .

rials and, thus we have considered it of interest to check 9

further the generality of this behavior in other types of

SmC* structures. With this aim, in this work we have inves- .,

tigated, at different temperatures, the switching characteris- ’

7

tics of two ferroelectric liquid crystal§=LC’s) that present FIG. 1. Molecular motion during the switching of homeotropic
great differences in their molecular structure. The study waselis of a Snt* liquid crystal. Two kinds of microdomains char-
carried out by means of electro-optiE0) and second- acterized by the directons, andn_ can be found in the sample,
harmonic-generationSHG) interferometry measurements. with probabilitiesx and (1—x), respectively. Within each domain,
The application of these techniques was also extended to the. andn_ describe a complete cone in a whole switching period.
investigation of the switching dynamics in planar cells, The rotation is in opposite directions in the two types of domains.

(1-x) molecules
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ﬁcidem light (a) FIG. 3. Experimental setup for SHG interferometry. SHG waves

are produced by the liquid-crystal sample and by a planar cell of a
side-chain polyme(PW314. The relative phase between these two
waves can be varied by rotating a fused silica plate placed in be-

_ tween. In addition, the phase between the applied electric field and
Analyzer - e the trigger of the laser can be changed, permitting then to measure
E e the SHG signal generated by the liquid-crystal sample at different
/ Smectic layers times during the switching.

of magnitude 2000 V/mm perpendicular to the glass plates
, was applied. In all cases the frequency of the figldout 5

/’ \ Hz) was small enough to guarantee that equilibrium was at-
tained before each field reversal. A real time detection of the

’ signal was performed by means of a digital oscilloscope con-
nected to the photodiode and triggered by the electric field

Incident llght (b) generator
Figure 3 shows the setup used for the SHG interferometry

FIG. 2. Schematic diagram of the experimental setup for E ; i
measurements if@) homeotropic andb) planar cells. The incident 0[16]' The fundamental light came from &-switched

C oo . L e Nd:YAG laser (wavelengthx = 1064 nm, pulse width 6 ns,
light is circularly polarized and the transmitted intensity is detected ulse frequency 5 Hz The setup is quite similar to the one
after passing the sample and a horizontal analyzer. The electric field 4 y PI1Sq

is applied along theg axis. The coordinate systems correspond toused In U.Sual SHG eXper.lmeriﬂS?]' except for some funda-_
that of Fig. 1. mental differences. In this case, a planar sample of a side-

chain FLC homopolymer PW314whose SHG properties

it is characterized by a smallé, than W316 in the whole Nave been already studigds]) was inserted at a certain
SMC* temperature rangeP(~40 nClcrd) [15]. incidence in the optical path. This particular sample was se-

Both planar and homeotropic samples were used in thg—:‘cted because it is quite stable at room temperat.ure and
present study. The materials were homeotropically aligned ifroduces SHG waves of the same order of magnitude as
glass cells treated with HTAB. The cell gap was maintained0S€ generated by the SIUd"?d FLC samples. A fused silica
with two aluminum spacers of a nominal thickness ofutf plate vertically set on a rotating stage was also placed be_—
which were also used as electrodes. On the other hand, corfYéen the homopolymer and the sample. Under these condi-
mercial cells(EHC) of a nominal thickness of 4m were tions, a relative phase change between the _SHG fields gen-
used for the planar samples. In both cases the cell thickne&i@ted by the sample and the homopolymer is produced as a
was determined accurately by means of an interferometri€onseduence of the frequency dispersion of the refractive
technique. The liquid crystalline materials were introduce ndex Of, the silica plate.."l'herefore,' interference fringes can
into the cell in the isotropic phase. The cell was placed intd€ oPtained when the silica plate is rotated and the optical
a temperature-controlled stage with optical access. Goofath IS consequently changed. The electric field applied to
alignment was obtained in the & phase by slow cooling. the FLC samples was in all cases th? same as in the EO

The EO measurements were carried out using an experme_asurements' It was synchromzed W'th the Ias_er pulsg and
mental setup that can be briefly described as follows. Théhe'r relative phase could be suitably shifted. This permitted
light beam of a stabilized He-Ne lasdwavelength \ us to measure the SHG signal at any selected position of the
—632.8nm was detected by a photodiode after passing olecules during their reorientation process. A reference
vertical polarizer, a/4 retarder set at 45° with respect to the ranch, which measured the SHG light generated by 3 S'.O
vertical axis, the sample, and a horizontal analyzer. The ho(_:rystal,'was used in order to compensa}te for the intensity
meotropic cells were fixed at normal incidentsee Fig. fluctuations and laser pulse spreading with time.
2(a)], and a square-wave electric field of 1000 V/mm was
applied along the vertical axjy axis in Fig. Za)]. For study-
ing the planar cell§see Fig. 2b)], the sample was set at a
non-null incidence, and it was arranged in such a way that Under the assumption of the switching model of Fig. 1,
the smectic layers were horizontally orienfgxarallel to the and taking into account that the domains with directors
xy plane in Fig. 2b)]. An applied square-wave electric field and n_ are microscopic, the transmitted intensltyin the

IIl. EO MEASUREMENTS IN HOMEOTROPIC SAMPLES
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geometry of Fig. 2a) can be computed by first calculating (a)

the average optical dielectric tensor of the material, P N N RS EEAN RN AN R
=Xe,t+(1—x)e_, as a function ofp. Heree , (¢ _) denotes

the optical dielectric tensor corresponding to the (n_)
director in Fig. 1. A cumbersome but straightforward calcu-
lation leads us to the Jones matrix of the system, and the
transmitted intensity results:

—

27And

: )

| <1+ sin 2« sin(

©

Light intensity (arb. units)

a being the angle that the optical indicatrix projected on the
xy plane makes with the analyzer axisn the birefringence

at normal incidence, andthe sample thickness. Bothand

An depend on the azimuthal angfeof the director on the
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tilt cone, the relative microdomain populationsand the tilt
angleé. It can be shown thakn=n,—n; anda are given by
, (b)
ng—n 2.5 ey e  AEARS
nZ=n2+ %[1 v

— P+ (1—x)°+2x(1—x)cos dp]sir? 0, (2

2 2

e nO

2

n3=n2+ [1

\Y

s

+ X%+ (1—x)%+2x(1—x)cos dp]sir? 0, (3)

Light intensity (arb. units)

tana= (2x~ 1)sin2e (4) 0 ...|...mu.l,/vuk..ﬁl....l....

oS 2p+ X2+ (1—x)2+2x(1—x)cos 4p | o 05 1 15 6 05 1 15

time (ms)

yvhgrene andn, are the extraordinary and ordinary refractive FIG. 4. Transmitted intensity versus time during the switching
indices of the material.

1 L. o . . of a homeotropic cell ofa) Pt1 and(b) W316. The applied field
h . X: 2, Which is the only p(?SSIbIIIty Eomp?]t'bli with frequency was 5 Hz in both cases. The signal behavior does not
the SnC* C, symmetry, Eq(4) gives tane=0. Therefore, depend on the switching direction. The continuous lines are the best

in th_is casel should be time-independent._ fits to the theoretical predictions. The data were taken at 80 and
Figure 4 shows thé data for both materials at two repre- 45 ¢ respectively.

sentative temperatures within the S phases. Evidently,
x#3 in either case. Furthermore, it can be seen that thwitching process a slowing down of the actual molecular
signal behavior is the same independent of the switchingnotion, not explainable by Eq5), seems to occur.

direction. This characteristic can only be understoodk if The x and y parameters that correspond to the best fits in
increases monotonically with time during the switching, ir- Fig. 4 are presented in Table #. and An were measured
respective of the particular switching model considel®#e  jndependently, and, data were taken from the literature
Eqg. (1)]. In other words, the optical indicatrix must rotate in [13 15 As can be seen shows no appreciable temperature
a definite direction and, therefore, the molecules must déyariations within the experimental error in the range studied,
scribe a complete cone. It must be noted that if the MoVeyhereasy displays a typical Arrhenius behavior. The activa-
ment back and forth along half a cone had taken place, thgon energies resulted to He,=19.2 and 17.5 kcal/mol for
second signal in Figs.(4 and 4b) would have appeared pi1 and W316, respectively.

inverted with respect to the first one. Similar measurements

carried out at different temperatures within the Ghrange

in both materials revealed essentially the same behavior. V. EO MEASUREMENTS IN PLANAR CELLS

The continuous lines in Fig. 4 are the theoretical predic- The dynamic behavior in St planar samples has been
tions assuming the simplest dynamic equation for the azithoroughly studied in the past and the switching mechanisms
muthal angle, are quite well knowr{3—11]. However, several characteris-

tics of the process are rather different from those we have
de(t) P.E sino(t 5) found here for homeotropic samples. Therefore, it is interest-
LT sing(t), ing to analyze the phenomenon in planar cells and compare
the results using similar experimental procedures. This com-
wherev is the rotational viscosity of the material. The agree-parative study was only performed on W316.
ment is satisfactory, although in the second part of the The molecular motion during the switching in planar cells
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TABLE |. Relative microdomain populations and rotational 1.3 e
viscosity y of the studied materials at various temperatures in the 2 12 i 1
SnmC* phase. T.: SmA-SmC* transition temperatureandAn E : ﬁ "
were measured on a polarizing microscope using an EO method and s L1F =
a Berek compensator, respectiveB, data were taken from Ref. 8 1 E 3
[15]. 2 E- ]

£ 09 3
Compound T,~-T @ An Ps X y = 05 & E
(°C)  (deg (nClen?) (Pasy 5 ¢ ]
W316 31 24 0.135 360 0.9 3.6 = 07 3
285 238 0135 360 09 257 b:6 6‘%'1'6'2'4'3'2'4'0
26 235 0.135 360 0.9 1.71 time (ms)
21 23 0.135 340 0.9 1.0
16 212 0.135 320 09 0.69 FIG. 6. Dependence of the transmitted intensity on time during

11 185 0.135 200 0.9 0.47 the switching of a planar cell of W316. The signal becomes inverted
6 15.3  0.135 250 09 027 When the switching direction is reversed.

ptl 15 182 0.121 42 073 093 given by Eq.(5). The best agreement is obtained for slightly
10 16  0.116 37 0.74 0.46 (ifferent sizes of the two domain@symmetric chevron
5 10 0112 27 0.74 022  which seems reasonable and can be explained in terms of an

asymmetric influence from both surfaces. Again, the last part
of the curve is not perfectly reproduced as in the case of
is schematized in Fig. 5. According to the most widely ex-homeotropic samples.
tended model, the azimuthal rotation of the liquid-crystal
molecules is limited within half the cone, and the molecules
undergo counterazimuthal rotation in the upper and lower
halves of the chevron structufe,9,11. . _ . The SHG interference experiments were carried out with
_ Figure 6 shows the light transmission data in the disposithe purpose of confirming the interpretation deduced from
tion of Fig. 2b) for both reversals of the electric field. The the previous EO studies. In this section we will analyze again
data refer to a sample of 4.Am at 25°C. The angle of the jmportant question of the(t) range described by the
incidence was 45°. As is observed, the transmitted signahglecules during the switching.
becomes inverted when the electric field is inverted. This pggth homeotropic and planar samples were set at normal
result can be explained only if the dipole moments of thejncidence, and the planar cells were disposed with the smec-
molecules rotate from 0° to 180° back and forth in bothtjc |ayers horizontally orientedFig. 8). For homeotropic
halves of the chevrofsee Fig. 3. A rotation from 0° t0 360°  ce|is the relative phase between the applied electric field and
would have given riséexcept in the case of normal inCi- the |aser trigger was selected in such a way that maximum
dence to different signal profiles for both reversals of the SHG intensity was detected when the polarizer and analyzer
field. were vertical and horizontal, respectively. In this situation it
The data of Fig. 6 can also be interpreted quantitativelycan pe shown that the azimuthal molecular angle 4s90°
Unfortunately, in this case there is not a simple analyticalor —90°) and the fields configuration corresponds to the
expression that accounts for the observed signal. This i§ormalee-o conversion(see Ref[1]). In the case of planar
mainly due to the inhomogeneity of the sample because ofg|is; the azimuthy= +90° was tuned from the fact that no
the existence of twa(macroscopically differemtchevron
halves. Thus, the only feasible way to analyze the data is LS e

V. SHG INTERFEROMETRY

numerically. This has been done using a computer program LR LA
that simulates different switching models, where the mol- =
ecules may describe either a cone or half a cone, and the E 125 |
relative size of the chevron halves can be varied. Figure 7 § r
shows the comparison between the experimental data and the ; 1L
theoretical predictions using the model of Fig. 5 wigkit) 'E r

8
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FIG. 7. Comparison between the experimental data of a planar
cell of 4.9 um of W316 (circles and theoretical prediction&on-

FIG. 5. Molecular motion during the field inversion in planar tinuous ling according to the switching model of Fig. 5. The best
cells. The molecules rotate toward opposite directions in the uppeagreement corresponds to a slightly different thickness for the two
and lower halves of the chevron, describing half a cone. chevron halve$2.55 and 2.35um).
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FIG. 8. Schematic representation of the experimental geometry = 6 i
used for the SHG interference measurements. The system is as- &
sumed to switch fron{l) to (2). SHG signals were measured as a 8 5.5 7
function of the incidence angle of the silica pldkg. 3) when the % 54 4
azimuthal molecular angles wege= = 90° [positions(a) and (b)].
4.5 1
vertically polarized SHG signal was generated by the sample 4
upon illumination with vertically polarized incident light 20 25 30 35 40
(null ee-e conversion. For the SHG interference experi- Rotating angle (deg)

ments the incident light was polarized in the horizontal plane _ .
: : FIG. 9. Interference fringes of the SHG signals far Pt1 and
and the SHG wave W?‘S detecte.d after passing a horlzont%) W316 homeotropic sam%les. The data we?e také'h):aﬁo and
analyzer(0o-o conversion, see F|g.)82w) 25 °C, respectively. Closed and open circles correspond to opposite
It can.be 5“9""” that th? SHG f'eml generated bY the  ejectric fields on the samples, with a time difference between them
sample is horizontally oriented both for homeotropic andg¢ half a switching period.
planar geometry19]. Furthermore, the directional sense of

the SHG field is reversed depending on the side of the con% . S

) e (20) the case of the homeotropic geometry, which indicates that
choszen by the m0|eCU|§S during the_ switchingE;™” or the FLC molecules have changed frags 90° to —90° (or
_E(l ). If_we denoteE(2 *) to the horizontal com_ponent of vice versa during the field inversion. On the other hand,
the SHG field (%Leu)nerated by the polymer material, then thg, hase signals are observed in the planar case, which evi-
SHG intensityl '’ detected by the photomultipliéFig. 3)  jences that no variation of the azimuthal angles has taken
is given by place during the proceg®0]. We are therefore led to the

4’7TdSAnd 2

| (20) o
\ cosé,

(6) 3.6

E@o) 4 gR0) exp[ i (

Here, d, is the thickness of the silica platdng=n(>*) 3.2
—n(®) accounts for the refractive index dispersion, @hds

the angle of refraction. Under these conditions, interference
fringes are obtained if the fused silica plate is rotated around
its vertical axis, thus varying, .

Measurements as a function of the angle of incidence of
the fused silica plate were carried out for both signs of the
square-wave electric fieldhe same experiment was repeated 2
after increasing in 180° the phase shift between the field and 10 B 30 35

. . . otating angle (deg)
the laser trigger Figure 9 shows the results for homeotropic
samples of Ptl and W316, and in Fig. 10 we have plotted the FIG. 10. SHG interferograms for a planar sample of W316 at
SHG interferograms for the case of a planar sample 0p5°C. Closed and open circles correspond to opposite electric fields
W316. The obtained interference patterns are out of phase iom the sample, with a relative phase shift of 180°.

2.8

24

SHG signal (arb. units)
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same conclusion as before, namely that during the wholéng the switching. On the other hand, although for homeo-
switching period FLC molecules in homeotropic cells rotatetropic cells it would seem reasonable to think that the
from 0° to 360° whereas a back and forth rotation limited tomolecules are free of surface constraints, the observations

half a cone occurs for planar cells. reported in the present study are not in agreement with this
idea. The existence of a privileged type of microdomains
VI. CONCLUSIONS (x#3), where the molecules rotate from 0° to 360°, implies

o o a breakdown of the twofold symmetry of the ca&lC, axis
_ The switching characteristics under a square-wave electrigiong theE field direction would prohibit the macroscopic
field have been studied in homeotropic and planar FLC cellgytica| indicatrix to rotate in a particular directipiProbably
by means of EO and SHG interference measurements. Thegg symmetry reduction should occur via a tilt of the smectic
are independent and self-contained techniques, and have |f'eﬂ/ers as has been pointed out in R&fl. Anyway, it is the
us to obtain eq%nvallent results. The present study was pege|| surfaces which are, in the last instance, responsible for
formed on FLC’s with very different molecular structures, this symmetry reduction. In this respect, it would be interest-
which, together with previously reported results, give USing to test homeotropic cells with different alignment agents
some confidence in the generality of the conclusions that cag, eyven to perform measurements on freely suspended films

be drawn. , o in order to examine other kinds of surface conditions.
It is clear that at least two alternative switching mecha-
nisms occur in FLC samples depending on the type of align- ACKNOWLEDGMENTS
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