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Switching dynamics in homeotropic ferroelectric liquid crystals
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The molecular motion during the switching in homeotropic cells of chiral-smé&ticaterials has been
investigated by means of second-harmonic generation and electrooptic measurements. The analysis of the
results shows that the director reorientation takes place within microdomains of size smaller than the optical
wavelength. There are two types of domains which occur with different probabilities, and in each of them the
molecules rotate in opposite directions. Moreover the optical indicatrix rotates in a preferential direction, which
indicates that the dipole moments move from 0° to 360° during a whole switching period. This contrasts with
the back and forth rotation from 0° to 180° observed in planar cells. The results are analyzed in view of the
macroscopic symmetry of a chiral-smec@ghase and a simple qualitative model is proposed which explains
the observed behavior.

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

I. INTRODUCTION The experimental setup has been described elseWhéfeA

In the last years extensive attention has been given to thiPolar square-wave electric field was applied to the homeo-
switching mechanisms of chiral smectc{SmC*) ferro- tropic sample in a direction pargllel to the smectic planes.
electric liquid crystals(FLCs). Most of these studies have The 'Iaser pl_Jlse _trlgge_red an OSC|IIosqope, where second har-
been made on planar cells because this geometry seems ti@nic (SH) light intensities were acquired, and was synchro-
most promising for device applicatioh$—10]. These inves- Nized with the electric wave. The relative phase between the
tigations have shown that in general the cell surfaces havelectric field at the sample and the trigger of the laser could
much influence on the molecular reorientation processes arfee varied in steps of 0.01°, permitting therefore to measure
the electro-optic response is complicated. In contrast, verthe SH signal at different times during the switching process.
few studies have been published on the behavior of homedFhis allowed us to achieve a time resolution dft
tropic sample$11,12], where the molecules are virtually free =0.01/(360/), where v is the frequency of the electric
of surface anchoring constraints. Recently, Drevensek Oleyave.
nik et al.[13], on the basis of optical second harmonic gen- e will begin by showing our results for SCEMerck),
eration(SHG) measurements, have shown that switching inwhich was also the material studied in RéfL3]. The

homeotropic cells takes place in a rather peculiar manneaterial undergoes  the  following transitions:
The director reorientation goes on within numerous micro-gm.c*_60 °C—SmA-89 °C—N‘-115°C-l. The measure-

domains of size much smaller than the visible wavelengthyants were made in the S@i phase at 25°C where the

Two kinds of equally probable domains can be found, and "}naterial has a spontaneous polarizatity= 34 nClcn?. The

eaqh_ of them the director rotates in opposite directions deéample thickness was 50m. The frequency was=5 Hz
scribing half a cone.

There is nothing similar to this behavior in the betterand t.he amplitude of the fleIE=770y/mm, Wh.'Ch IS Sev-
known reorientation mechanisms of planar samples an ral times larger than the threshold field for helix unwinding.

therefore, we have considered of interest to test the validity '9Ure 1 shows the time dependence of the angle of inci
of this switching model. With this aim, we have performed

SHG and electro-optic studies on two different FLC materi- 30 preeerrr T e
als in homeotropic geometry. In our samples the measure- 20k . ]
ments have ratified the main features of the model. Never- : . ]
theless, it has been found that a more complex process ot . ]
occurs in general, in the sense that the two types of domains & o fe o *® ]
have not the same probability. In addition, the electro-optic oL RO
results indicate that at low frequencies the dipole moments of ok . 3
the molecules rotate from 0° to 360° during a whole switch- F * ]
ing period, in contrast to the behavior observed in planar 200 . E
Samples. 30 T T T T R P
0O 05 1 15 2 25 3 35 4
Il. SHG MEASUREMENTS time (ms)
SHG measurements were carried out using-switched FIG. 1. Time dependence e, during the switching. The time

Nd®":YAG laser operating at a wavelength=1064nm. origin corresponds to the inversion of the square-wave electric field.
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FIG. 2. Dependence odpy on the azimuthal angle of the
director on the tilt cone. The continuous line corresponds to the
microscopic multidomain model, according to which the molecules
move on either side of the cone with probabilﬁyThe dashed line Incident beam
. —_——
represents the case of a uniform process, where all the molecules

move on the same side of the cone during the switching. 5 -

X
denceapy, for which the phase matchin@®M) condition is
attained. This angle was determined by finding the maximal (b)

SH intensity as the sample was rotated aboestical) axis
parallel to the electric field. During the whole experiment,

the incident light was linearly polarized in the horizontal , e L ; ; ;
- . . during the switching within the framework of a microscopic multi-

plane while SH light was detected after passing through A omain switchin modela) or a uniform modetb)
vertical analyzer. The conversion process is described as 9 '
ee-o(two extraordinary waves combine to give one ordinaryplane the SH light is polarized in the vertical direction during
SH wave. The PM directionupy, increases as the molecular the whole switching irrespective of the angle of incidence.
reorientation starts. At the same time, SHG intensities begiThis fact can only be understood within the framework of the
to decrease, and after 1.7 ms no PM peak is visible. Thisnultidomain switching mode[Fig. 3a]. We have found
situation is maintained during 0.3 ms approximately. Therhowever that there is actually a small component of the SH
the PM peak reappears but at opposite angles of incidencéeld polarized in the horizontal plane. In addition, we have
Finally, the PM maxima grow again and their angular posi-detected transient SH light at normal incidence when the
tions tend towards an incidence equal but opposite to theolarizer and analyzer are vertically and horizontally set, re-
starting angle. spectively(Fig. 5). It can be easily shown that there is no

In Fig. 2 we have plotted the calculateg,, on the phase explanation for these features if the switching mechanism of
angle ¢ of the director in the two switching models depicted Fig. 3(a) is assumed. Only if the average directoy in Fig.
in Fig. 3. Continuous line in Fig. 2 corresponds to Figg)3  3(a) deviates from thez plane during the reorientation these
i.e., to the model described in R¢i.3]. Dashed line in Fig. two facts can be accounted for.
2 holds for the model according to which the molecules uni- In view of these discrepancies we are led to propose a
formly rotate on the tilt cone over the whole illuminated model hybrid between those in FiggaBand 3b). It must be
sample are@l5] [Fig. 3(b)]. The optical parameters taken to noted that our results do not mean that a macroscopic part of
draw Fig. 2 were the following. Ordinary and extraordinary the sample reorients uniformly and the rest according to the
indices at the fundamental wavelengtf(w)=1.52, ny(w) multidomain model. If this were the case, SH intensities gen-
=1.69; material dispersiomy(2w)—ny(w)=0.011; mo- erated from both parts would add incoherently and two tran-
lecular tilt angle§=20.5°. sient PM peakgat angles of incidence roughly opposite

As can be seen, results in Fig. 1 seem to fit better theshould have been observed in the measurements of Fig. 1
uniform switching model Fig. ®) since during the reorien-
tation apy does not cross the origin, in contrast with the data
of Ref. [13]. In that work it was found that the PM angle 60 "~
passed twice through normal incidence in a whole switching
period. However, care should be taken in interpreting these
results. Unfortunatelyrp, is close to zero near the extreme
switching positions(¢=0° and ¢=180°) and there is an ok
obvious experimental error. In addition, small changes in the
material parameters give rise to predictions without any
crossing through zero in either modgtig. 4). Therefore, 90 e e
any conclusion in favor of one particular model seems pre- o (deg)
mature in view of only these results.

A second experimental point to be considered is the opti- FIG. 4. The same representation as in Fig. 2, but considering
cal polarization of the SH beam. According to the results ofslightly different optical parametersig(w)=1.53, n,(w)=1.68,
Ref.[13], if the incident light is polarized in the horizontal ng(2w)—ny(w)=0.012,8=20.5°.

FIG. 3. Schematic representation of the director reorientation
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- T FIG. 7. Experimental setup for the electrooptic measurements.
T T PTIN TUTEE FVE F L=He-Ne laser, P=polarizer, \/4=quarter-wave plate, S
0 05 1 lgme?(ms)Z-S 335 4 =homeotropic sample, A=analyzer, D = photodiode,

V,=square-wave function generator. The configuration shown cor-

FIG. 5. Second harmonic intensity versus time for a homeotrofe€sponds ta12. For theM1 measurements the quarter wave plate is

pic cell of SCE9 at normal incidence. The polarizer and analyzefeémoved.

were vertical and horizontal, respectively. The value of the maxi-

. : : - £hase sequence S@B1-60°C-SmA-90 °C-l, and is ferro-
mum is to be compared with the size of the second harmonic sign i lectric at room temperature. The data were taken at 25 °C
in the usuake-oconfiguration at normal incidence=5 in the same P ’

unit9 and here the transient peak is much better defined and in-
' tense. In fact, the measurements practically agree with the

. . - ' 0%:100% uniform mode{the above referred intensity ratio
(see continuous and dashed lines in Fig. 2 or Figliétead, is higher than 0.85

the data indicate that the actual mechanism is a coherent sum To summarize we can conclude that in general a hybrid

of the uniform and multidomain models. In other words, all model that combines the features of the schemes of Figs. 3
the observations can be explained if there is an excess %fnd 3b) should be used. The amount of each type of dorﬁain
mlcrodom_am_s of_one pa_rtlcular type n the mod_el qf F'g'depends on the particular material and temperature. An ac-
3(@). In this situation, during the s_thchmg the projection of curate numerical value for the relative proportion of each
n) on th_e smectic plar_les .descnbes neither a circle nor Bomain is difficult to be given by using only SHG measure-
straight line but something in-between. ments because too many material parameters are involved in

An approximate measure of the relative proportion Ofthe mathematical expressions. The problem will be ad-

privileged domains can be obtained by comparing the mag P : o )
nitude of the peak in Fig. 5 with the SH intensity at normaldressed again in the next section within a simpler context.

o
=

?ncidence for th_eee-oconvgrsion_ \_/vhen the sample is_sub- Ill. ELECTRO-OPTIC MEASUREMENTS
jected to a dc field. Both intensities would be equal in the
uniform model (in this case atp=90° both experimental In the light of the results obtained with the SHG measure-

geometries only differ in a rigid rotation of the set polarizer- ments we have used a simpler method to complement the
sample-analyzer by 90°On the other hand, as has beenabove conclusions and study more quantitatively the switch-
mentioned before, the signal in Fig. 5 would be zero if theing kinetics. The experimental setup is schematized in Fig. 7.
two domains occurred with the same probability. The light from a stabilized He-Ne lasem €632.8 nm)

For SCE9 a ratio smaller than 1/10 has been obtainegassed sequentially through a polarizer, the sample and an
between both SH intensities at 25 °C, which means that thanalyzer, and was detected with a photodiode. The cell was
50%:50% multidomain model of Fig.(& works rather well homeotropically aligned and arranged at normal incidence.
for this material. Furthermore, this ratio tends to zero whemAs before a square-wave electric field of 770 V/imm was
we raise the temperature and approach the@@mSmA  applied to the sample along the vertical agjsaxis in Fig.
transition. Figure 6 shows however a different situation.3). A frequency of 0.4 Hz was used, which was small enough
Now the material studied is W31(L6], which presents a to guarantee under visual inspection in the polarizing micro-

scope that the two equilibrium states were attained during the

6 e switching. An oscilloscope was connected to the photodiode
and to the function generator, so that both the transmitted
7 St * . light intensity and the electric wave could be scanned simul-
El . .'. taneously in the oscilloscope as a function of time.
g 4T . . 7 Two different experimental configurations were consid-
Tgﬁ 5L . . | ered. InM1 both the polarizer and analyzer were fixed hori-
2 ¢ . zontally. InM2 a quarter-wave plate set at 45° with respect
Qo ° . . . .
2, o | to the vertical axis was inserted between the polarizer and the
° . sample in order to obtain circularly polarized light. During
e ‘ 1% e e, the reorientation process, the light transmitted in the two
0 5 1015 20025 3033 dispositions can be expressed as
time (ms)
. ) . ] [ 7And
FIG. 6. Dependence of the second harmonic intensity on time I ,oc1—sirf2a sir? , )
for a homeotropic cell of W316 at normal incidence. The polarizer Y

and analyzer were vertical and horizontal, respectively. The maxi-
mum of this curve is about 90% of the size of the second harmonic
signal at normal incidence in the usual PM configurafiee-9.
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FIG. 8. Dependence of the transmitted intensity on time during FIG. 9. Transmitted intensity versus time during the switching
the switching of a homeotropic cell of SCE9 in tWel configura-  of a homeotropic cell of SCE9 in thi12 configuration. The two
tion. Circles are the experimental data and the continuous line repsurves represent the signals after theto + and + to — field
resents the theoretical prediction assuming a 70%:30% multidomaiimversions, respectively. The continuous line is the theoretical pre-
model and a rotational viscosity=0.15 Pas. diction.

respectively. Heren is the angle of the optical indicatrix pepavior is the same independently of the switching direc-
_pro_1ected on they plane andAn the birefringence at_ normal  +ion which, according to Eq(2), means thatx increases
incidence. In general, botx and An change during the onotonicaly with time. In other words, the optical indica-
switching, and their values depend on the amount of molyiy rotates in a definite sense during the switching. This
ecules going along either side of the cone. If we gath the  pepayior is rather unexpected because it means that the mol-
proportion of molecules switching on the upper side of thegcles describe a complete cone instead of the usual move-
cone, it can be shown thain=n,—n; anda are given by ment back and forth along half a cone as is observed in
planar samples. If this were the case, the second signal in
Fig. 9 would have appeared inverted respect to the first one.
2 However, the invariance df, on both switching directions
. was checked by focusing the laser beam on different points
X[1= X+ (1-x)%+ 2x(1-x)cos dplsir?e, (3) of the sample area and using different samples with thickness
in the range 10—1%m. The continuous line in Fig. 9 was
calculated using Eq92)—(5) with the x and y values ob-
2 tained previously.
. Figures 10 and 11 show the time dependencig @indl ,

X[+ (1-x)%+ 2x(1-x)cos dpsir?o, (4) for a 17 um thick sample of W316 at 25 °C. Qualitatively the
sample behaves similarly as SCE9. Here however the best fit
gave x=1, so that in this case we have a pure uniform
switching. Thus, in this material all the molecules rotate ho-
5 mogeneously describing a complete cone. The same dynamic
equation(6) for ¢(t) was assumed and we got=3.4 Pas.
The following material parameters were takeRg
=350nC/cm [16], ng—n,=0.135, andd=26° [14].

As can be seen the agreement can be considered satisfac-
tory, although in all experimental curvésspecially in Fig.

2 2
Ne—No
ni=n2+

2 2

n n
2 2 e 0
n2—n0+ [

(2x—=1)sin 2¢
cos 2+ X2+ (1—x)?+2x(1—x)cos 4p |’

1

a=tan

It can be checked that ¥K=1 or x=0, the above equations
yield the well-known results of the uniform switching model,
whereas ifx=3, expressions consistent with those of Ref.
[13] are obtained. In this last casejs always zero, and Egs.
(1) and(2) give time independent signals.

Figure 8 shows the experimental results corresponding to

M1. The data refer to a 18n thick sample of SCE9 at 25 °C. 1
A time varying signal can be clearly seen, in agreement with 2 09
the SHG conclusions. Taking into account the relative size of i

the ac and dc intensities it is possible to calculat&he best g 08
agreement is found fox=0.7, which corresponds to a Z 07
70%:30% multidomain model. The continuous line in Fig. 8 § 06
is the theoretical prediction under the assumption of a simple e

dynamic equation for the azimuthal angle g 05

de(t)

T:PSE sing(t), (6)

04 — Lo
5 10 15

time (ms)

FIG. 10. Dependence of the transmitted intensity on time during

where Y is the rotational ViSCOSity of the material. A value the Switching for a homeotropic cell of W316 in th Configura_

vy=0.15Pas is obtained, in agreement with R&8].
In Fig. 9 we have plotted, after the inversion of the

electric field in both directions. It can be seen that the signaly=3.4 Pas.

tion. Circles are the experimental data and the continuous line cor-
responds to the prediction of a pure uniform switching model with
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FIG. 11. Dependence of the transmitted intensity on time during (b)
the switching of a homeotropic cell of W316 in thé2 configura-
tion. Circles are the experimental data and the continuous line cor-
responds to the prediction of a pure uniform switching model with
y=3.4Pas.

FIG. 13. Schematic representation proposed for the switching in
homeotropic cells. A given smectic layer as viewed from the cell
surface is shown. The layers are assumed to tilt about the diagonal
dashed line. The arrows indicate the molecular dipole moments
10) the second part of the process seems to be systematicallyhich are always rigidly contained in the layers. The electric field
slower than the theoretical predictions. This probably indi-and the initial and final in-plane componerts;, E,, are also
cates a slowing down of the molecular motion at the last parindicated.(a) Initial equilibrium situation(b) The electric field has
of the reorientation which cannot be explained by Hj. been inverted(c) The layer tilt begins to reverda zero tilted layer
is represented for simplicity and the dipoles rotation star(g is
clockwise in the above scheméd) Final equilibrium situation.
IV. DISCUSSION

Before attempting to explain the switching behavior ob-Why the symmetry is reduced and what mechanism may be
served in our cells, it is important to remark some aspectgroposed for switching.
about the models represented in Fig. 3 in view of the mac- In order to account for this, we will assume that a small
roscopic symmetry of an unwound S@i- phase. First of all, tilt of the smectic layers induced by the electric field takes
it would be noted that the 50%:50% multidomain scheme ig?lace in homeotropic cells. There are precedents of this phe-
the only switching model in complete agreement with thehomenon in planar ceI_Is with chevron structure, where small
existence of a twofold axis alonBs, which prevents the rotations of the smectic layefabout 13 were observed by
macroscopic optical indicatrix to rotate in a particular direc-means of small angle x-ray diffraction experiments during
tion. On the other hand, the uniform mechanism across ththe switching[17]. These results indicate that a fast rotation
whole sample area is not compatible with the point group off the smectic layers occurs as the chevron angle is reduced
the SmC phase because there is no reason for the moleculd® the electric field in order to conserve the number of lay-
to choose either half of the cone. It seems therefore thaS. Our assumption is purely speculative since no experi-
actually the symmetry of the cell is reduced in some way b>m_ental evidence exists about _thls _phenomenon in homeotro-
the electric field, the cell surfaces being in last instance rePic cells. Moreover, no estimation about the order of
sponsible of the phenomenon. This aspect of the problerflagnitude of the involved angles can be given, although itis
was explicitly tested. We rotated one of our samples by 180Hkely that the system cannot depart significantly from the
around the electric field direction and verified the obvioustwofold symmetry. _ o
fact that the sense of rotation of the optical indicatrix is in-  Thus, the point group is reduced by the layers tilt. This
verted (see Fig. 12 This simple experiment evidences the rotation must proceed about a general direction not parallel

the field is inverted. A very simple switching mechanism

may be proposed now: The dipole momefdsd therefore

1.2

the macroscopic polarizatiprare contained in the smectic
.fg ! layers. These planes do not contain the electric field direction
208 so that the dipoles are parallel to the in-plane component of
o E. No preferential switching direction appears when the elec-
2 o4 tric field is suddenly inverted, i.e., the dipoles become anti-
£ parallel to the new in-plande component. Nevertheless,
g2 when the layers tilt begins to reverse an azimuthal deviation
= o of the dipoles in a given direction occufsee Fig. 13 Fur-
0.2 b thermore, it can be easily seen that the dipoles always rotate
0 05 1 15 (fns)z-s 3 35 4 in the same sense for both field inversions. The molecular

rotation along the whole cone is thus explained.

FIG. 12. Temporal dependence of the transmitted intensity dur- 1he manifestation of the non uniform switching process
ing the switching of a homeotropic cell of SCE9 in thi2 configu-  In SCE9 can be attributed to a more widely extended statis-
ration (full circles). The same signal after rotating the cell by 180° tical distribution of the directions of the dipoles at the
about an axis parallel to the electric figldpen circles switched states. This is in agreement with the loRewalue
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