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Synchrotron x-ray study of the smectic layer directional instability
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We have investigated the phenomenon of field-induced smectic layer instability, as monitored by synchro-
tron x-ray scattering. This instability means that, upon application of time-asymmetric electric fields to chiral
smectics, the layer direction seems to “rotate” locally around an axis given by the direction of the applied
field. For moderate values of field amplitude and asymmetry, domains with a favored layer inclination grow at
the expense of unfavored ones, while larger fields and asymmetries generally lead to a chaotic flow behavior.
At moderate amplitudes, we have followed the process of the horizontal layer fgltirigrizontal chevron
domain formation and the smecti€* layer reorientation of ferroelectric liquid crystals by applying symmet-
ric and asymmetric wave forms, respectively, and performing time resolved x-ray measurements. The studies
unambiguously show the formation of a horizontm-plane, i.e., in a plane parallel to the cell substrates
chevron domain structure from a nonoriented sample by application of a symmetric electric field of sufficient
amplitude. It is then demonstrated that a transition from the horizontal chevron domain structure to an in-plane
uniform smectic layer direction takes place on application of asymmetric electric wave forms. Reversal of the
field asymmetry reverses the inclination direction and selects the other layer normal direction as the uniform
end state. The in-plane smectic layer reorientation process is followed here as it evolves, and analyzed directly
by means of x-ray scattering.

PACS numbses): 61.30.Eb, 61.30.Gd

I. INTRODUCTION layer normal being oriented at an angle to the substrate
plane. It has been shown by x-ray investigatips 8| that
Smectic C* (SmC*) liquid crystals possess a one- application of a sufficiently large electric field may cause a
dimensional positional order in addition to the orientationalsmectic layer straightening. It has also been demonstrated
order of the long molecular axis of calamitic molecules. Thethat this process may involve slight reorientation components
SmC* phase thus exhibits a layered structure with the cenin the plane of the substraf8]. In 1986 Patel and Goodby
ters of mass of the molecules randomly positioned within ari10] demonstrated that cooling a cholesteric phase across the
individual smectic layer. The directar is inclined with re-  transition into Sr€* under an applied electric field can pro-
spect to the layer normél by an angle called the director tilt duce well aligned samples with two kinds of domains, hav-
angled. Lowering the temperature from a well-oriented cho-ing the smectic layer normal inclined with respect to the
lesteric or smectidA* into the smecticC* phase, there are rubbing direction. These structures involve what are now
several possibilities for a geometry combining layer and di-called horizontal chevronsor in-plane chevrons, as the lay-
rector order. The structure generally desirable from an appliers are broken to change direction in an alternating fashion in
cational point of view is the bookshelf geomefry/], with the plane of the cell. They can also be induced in materials
smectic layers perpendicular to the substrate and the layavith a SmA* phase mediating the cholesteric and theC3m
normal parallel to the rubbing direction, leaving a conicalphase. The angle of layer inclination with respect to the rub-
freedom to the director. This structure is generally not ob-bing direction is in all cases approximately equal to the di-
served, but instead the so calleertical) chevron geometry rector tilt angle[11]. The dynamics of this horizontal chev-
is formed[2,3]. Here the smectic layers are inclined with ron formation process with respect to external parameters
respect to the substrate normal, by an angle which is smallevas investigated optically in Refl12]. In this paper, we
than the director tilt angle, but which may sometimes ap-present x-ray diffraction images verifying the actual smectic
proach it. In this latter case the long molecular axis is aldayer structure of horizontal chevrons and reflecting the dy-
lowed to be oriented within the substrate plane along thenamics of its formation process.
rubbing direction. This, or a similar structure, is generally The reorientation of horizontal chevrons is linked to the
observed for parallel rubbed substrates, and invasive zigzagore general phenomenon of smectic layer instability under
defects[4,5] are formed where regions of opposite layer in- applied asymmetricelectric fields, which was first demon-
clination meet. Substrates rubbed in the antiparallel directiostrated for the S#* [13] and SnC* phased14], and later
usually give rise to simply tilted layer structures with the verified to occur also in the antiferroelectric S modifi-
cation [15—-17. The dynamics of this layer reorientation
(macroscopically speakindias recently been further inves-
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FIG. 2. Series of x-ray diffraction diagrams, demonstrating the
dynamic process of the horizontal chevron domain formation from
a nonoriented S@* sample;@ t=0s,(b) t=2s,(c) t=6s, and
(d) t=20s. The horizontal chevron domain structure is evidenced
by the four diffraction spots inclined by an angle with respect to the
rubbing direction, indicated by an arrow. The electric field ampli-
tude during the formation process was=2 MV m™2, and fre-
quencyf =200 Hz.
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anchoring and present time resolved synchrotron x-ray dif-
fraction measurements of the angle limited in-plane smectic
FIG. 1. X-ray diffraction diagrams at different sample areas,layer reorientation.
demonstrating the horizontal chevron structui@. Domain with
smectic layer normal inclined counterclockwidbe) sample area
with both inclination directions, an¢t) domain with smectic layer
normal inclined clockwise with respect to the rubbing direction Adequate cells for x-ray investigations need to have very
dicated by an arrow in the diffraction imagéhe right part of the  thin glass plates to reduce background scattering, and thus
figure shows a schematic picture of the corresponding smectic laygfgnnot be commercially available. We used standard boro-
arrangement. silicate microscope cover slips of thickness 1&®, which
were coated with a thin film of ITQas electrodesof ap-
cess does not consist of a rotation of whole domains into theroximately 10002 per squargCentral Research Laborato-
other orientation, but is rather a domain growth processries, CRL, Englant The glass plates were carefully cut in
where(depending on electric field asymmetry and sign of thehalf (18x 9 mn?) and spin coated at 3500 rpm for 30 s with
spontaneous polarizatipfiavored domains grow at the ex- a solution of polyimide. The polyimide film was then tem-
pense of unfavored ones, until layers within the whole elecpered fo 2 h at 180 °C andsubsequently rubbed unidirec-
trode area are uniformly inclined with respect to the rubbingtionally with a velvet cloth to produce monostable planar
direction. It was also pointed out that the dynamics of thisanchoring conditions. Three 1@m-thick spacer foils were
domain growth process is very sensitive to enantiomeric exglued to the bottom substrate, and the cell was assembled
cess[19], ionic contaminatior{20], smectic polymorphism such that parallel rubbing was obtained. The glue was UV
[21], and surface treatmef22]. In contrast to the SK* cured, putting the cells under slight pressure to assure a con-
phase, where the layer reorientation can only be induced bstant cell gap.
time-asymmetric sawtooth fields, the 6 reorientation is The cells so prepared were filled with an epoxyde liquid
observed for all kinds of asymmetric electric fie[@8], like crystal (commercially available from Aldrich 4{(S,9-2,3-
amplitude and time-asymmetric square wave fie(dsth  epoxyhexyloxy-phenyl-4{decyloxy-benzoateg 25| by cap-
with a dc componentas well as dc free time-asymmetric illary action. The optical characterization of the cells with
sawtooth fields. It has been shoy#¥] that the Si€* layer  respect to horizontal chevron formation and in-plane smectic
reorientation may be angle limited to twice the tilt angle for layer reorientation was carried out using a polarizing micro-
samples with monostable boundary conditions, but unlimitedscope(Nikon OPTIPHOT-POLZ2 equipped with a hot stage
for substrates with degenerate planar alignment. In this in(Mettler FP82 HT and a temperature controlléviettler To-
vestigation we have used substrates with strong monostabledo FP90. Electric wave forms were applied by a function

Il. EXPERIMENT
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rubbing direction FIG. 4. Series of x-ray diffraction diagrams, demonstrating the
A dynamics of the smectic layer reorientation from a horizontal chev-

ron samplef(a) t=0 s] to an inclined smectic layer configuration
[(d) t=909. The favored domain typénhere the smectic layer nor-
mal inclined counterclockwise to the rubbing direcligrows at
the expense of the unfavored offeere the layer normal inclined
clockwise with respect to the rubbing directjdrib) t=30s, and
(c)t=604.

tion image. This was necessary due to the needed time for

exposure and data storage. This procedure does not present a

problem with respect to the stability of the system, as the

reorientation procesgdomain growth is halted, when the

electric field is turned off, with the smectic layer structure

smectic layers being preserved. No layer relaxation is detected on a time
scale of hours or days.

FIG. 3. Schematic illustration of the horizontal chevron forma-

tion process from a nonoriented smectic layer arrangement as dem- lll. EXPERIMENTAL RESULTS AND DISCUSSION
onstrated in the diffraction images of Figgapand 2d), respec- . .
tively. g gs(ap a0 P The geometry of the horizontal chevron domain structure

can unambiguously be evidenced by translating the sample

generatofHP8116A in conjunction with a voltage amplifier through the x-ray beam and imaging the corresponding dif-
(Trek Model 10-10 and monitored by a Tektronix 465B fraction patterns. These are illustrated in Fig$a)41(c).
oscilloscope. Starting with a domain where the smectic layer normal is

Time resolved x-ray investigations were carried out at thenclined counterclockwise with respect to the rubbing direc-
Cornell High Energy Synchrotron Sour¢€EHESS, Ithaca, tion (indicated by an arron{Fig. 1(a)], the sample is trans-
NY. We used the D1 bend magnet beamline, equipped witltated until the beam area covers a region where both layer
a double-bounce synthetic multilayer monochromator. Thenclinations are preserifig. 1(b)]. This can clearly be de-
radiation flux was approximately ¥0photons per mfmper  tected by the occurrence of reflections on either side of the
second at a wavelength af=1.546 A, corresponding to Cu rubbing direction, corresponding to the two domain types.
Kea; radiation. A Gruner 1-K detector was used to recordFurther translation of the sample results in a diffraction pat-
diffraction patterns. This offers 10241024 pixels at 16-bit tern caused by a domain with the smectic layer normal in-
resolution. The effective beam diameter was adjusted to aglined clockwise to the rubbing directioffFig. 1(c)]. The
area of 23 200um? by a combination of three slits. The right part of Fig. 1 schematically shows the corresponding
beam profile was checked to have the desired plateau shapgectic layer arrangement. From the series of diffraction pat-
to assure constant intensity across the beam diametderns the domain structure of the horizontal chevron geom-
Throughout the investigations a constant exposure time of 16try is elucidated.
s was used. Quasi-time-resolved x-ray studies were carried The dynamic process of the horizontal chevron formation
out by successive application of electric fields for a certairby application ofsymmetricelectric fields E=2 MV m-%
time period, turning off the field and recording the diffrac- f =200 Hz) is followed in Figs. @—2(d). Starting with a
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FIG. 6. Series of x-ray diffraction diagrams demonstrating the

reorientation of smectic layers after reversal of the time asymmetry
rubbing direction of the applied electric field, causing a macroscopic change of the
smectic layer normal from a counterclockwise to a clockwise incli-
nation with respect to the rubbing directiqa) Initial smectic layer
arrangement at=0 s (counterclockwise inclination (b) t=20s,
(c) t=40s, andd) final smectic layer orientation &t 90 s(clock-
wise inclination of the smectic layer normal

tained by optical investigations.

In a similar way, the reorientation of smectic layers in the
plane of the substrate by application agymmetricelectric
wave forms can be monitored. In the case here presented, a
time asymmetric square wave field of frequerfey200 Hz
was used at an amplitude B=2 MV m~. The sample was
heated to the cholesteric phase, subsequently cooled into the
SnC* phase to a reduced temperatureTof Tc=—2 K,

FIG. 5. Schematic illustration of the transformation of a hori- before a symmetric electric f'.e'd was applied for 2.0 s to form
zontal chevron structure to an inclined layer arrangement befor&he horizontal Chgvron doma",]s_' 'Here we start with ,a sample
and after asymmetric electric field treatment, as demonstrated in tnwhere both domain types are initially present. The diffraction

diffraction images of Figs. @ and 4d), respectively. pattern of Fig. 4a) clearly reveals the existence of the two
horizontal chevron domains, as discussed above. Application

nonoriented smectic layer arrangemé¢ftg. 2(a), t=0s|, of a 1:4 time-asymmetric square wave field causes the
corresponding to a “powder sample,” which yields a dif- growth of the favored domain typédepending on field
fraction ring, an electric field is applied. The smectic layersasymmetry, sign of the spontaneous polarization and electro-
now become ordered, as can be seen by the evolution @finic coefficien} at the expense of the unfavored ofte
diffraction spots to either side of the rubbing directimgain =30s in Fig. 4b) andt=60s in Fig. 4c)]. At t=90s the
indicated by an arrow[field applications ot=2 and 6 s, layer reorientation(domain growth process is completed,
from Figs. Zb) and Zc), respectively. After approximately —and the smectic layer normal is uniformly oriented, inclined
20 s the horizontal chevron domain structure formation iscounterclockwise to the rubbing directi¢Rig. 4(d)]. From
completed, indicated by the four reflections corresponding tgolarizing microscopic investigatiorf20] it is known that

the two layer normal inclination directions. The behavior isduring the reorientation process favored domains grow at the
schematically illustrated in Fig. 3 as a transformation from aexpense of unfavored ones, involving permeation flow along
nonoriented sample to the horizontal chevron sample witlihe rubbing direction. The layer rearrangement is not accom-
smectic layers perpendicular to the substrates and the laygtished by the rotation of entire domains. This reorientation
normal inclined to the rubbing direction by the amount of theprocess, from a horizontal chevron domain structure to an
tilt angle.[Figure 3 schematically illustrates the situation be-inclined layer structure, is schematically summarized in Fig.
fore (t=0s) and after (=20s) the electric field treatment, 5 before (=0s) and after {=90s) the asymmetric field
not the dynamics of the layer rearrangemgiihe observed treatment, not referring to the dynamics of the reorientation
domain formation time is in good agreement with that ob-process. The inclination direction is such that, for positive

smectic layers
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field FIG. 8. Directional order parameter of the smectic layer normal,
defined ag¢=(1— A ¢/180), as a function of time during the smec-
tic layer reorientation. The layer structure is ordered at the begin-
ning and end of the layer reorientation process. During the smectic
layer reorientationy decreases, indicating a wider distribution of
the angular position of the smectic layer normal.

tation” of the smectic layer normaFig. 6(d), t=909. Fig-
ure 7 schematically illustrates this reorientation process of
smectic layers in the plane of the substrate, again before (
=0s) and after {=90s) the electric field treatment. It
should be mentioned that the well-defined snyaiffraction
spots are due to the second harmonic with wavelerng2of
the primary radiation, caused by the monochromatization of
the incident synchrotron radiation.
From the beam diameter of approximately 2@t and
the time needed for domain growth across this wig#80
smectic loyers s), the domain wall velocity can be estimated tq,
=2.5ums 1, which is in good agreement with values deter-
FIG. 7. Schematic illustration of the smectic layer reorientationmined from optical experiments. It should be noted, how-
before and after electric field treatment, as demonstrated in the diever, that the domain wall velocity depends on the applied
fraction images of Figs.(®) and &d), respectively. electric field parameters, especially asymmetry ratio, ampli-
tude, and frequency, as well as on temperature.
spontaneous polarization and the electric field pointing up, The angular width of the diffraction spdtifference in
an anticlockwise reorientation is observed. azimuthal angle\¢) is a measure for the degree of disorder
Reversal of the asymmetry ratio of the time-asymmetricof the smectic layer normal. For complete disorder the dif-
electric field then causes a growth of domains with the othefraction pattern degenerates to a ringg= 180°), while for
inclination direction via domain nucleation and domain wall perfect order a point reflection is expectellg— 0°). De-
motion, as evidenced from polarizing microscopic investigatermination ofA¢ as a function of time during the smectic
tions [20]. In contrast to the data discussed above, we nowayer reorientation, exhibits a clear maximum during the re-
start with a uniformly layer inclined sample, which is the orientation process. This indicates that the macroscopically
reason for the nucleation of domains of the opposite inclinaaveraged distribution of layer normal directions is more nar-
tion after asymmetry reversal. In this process the rate limitrow at the beginning and end than during the dynamic reori-
ing factor is the domain wall motion rather than domainentation process. This observation is in accordance with tex-
nucleation. The process is followed in the series of diffrac-ture studies and reflects the nature of the angle limited
tion patterns shown in Fig. 6. Starting with a layer structuresmectic layer reorientation process. We may define an order
with layer normal inclined counterclockwise with respect to parametely to characterize the degree of directional order of
the rubbing directioriFig. 6(a), t=0 s, the field asymmetry the smectic layer normal as=(1— A ¢/180). If this is plot-
is reversed from 1:4 to 4:1. The smectic layers are observetid as a function of time of electric field applicati@fig. 8),
to rearrange in the plane of the substfate20 s in Fig. 6b),  we observe a well-ordered sample with quite uniform orien-
andt=40s in Fig. &c)] until the opposite inclination direc- tation of the layer normal fot=0s and at the end of the
tion is reached, corresponding to a seemingly clockwise “ro+eorientation process € 90s). During the reorientation pro-
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cess this order always decreases, which illustrates that thevely by x-ray diffraction. The smectic layer inclination di-

layers—naturally—do not rotate as such, but that the fieldection can be reversed by a reversal of the field asymmetry.
acts on the local director, destroying and recreating the layensor the given experimental conditions, the domain wall ve-
in the other orientation during the course of the process. Thitocity during the reorientation process can be estimated to

is in accordance with texture observations. approximately 2.5ums *. The order parameter of the smec-
tic layer normal decreases in the course of the reorientation
IV. CONCLUSIONS process.

From synchrotron x-ray diffraction studies on oriented
samples of a ferroelectric liquid crystal, we have verified the
structure of the horizontal chevron domain texture, as con- |.D. and B.G. would both like to acknowledge the finan-
sisting of regions with the smectic layer normal inclined tocial support of the Alexander von Humboldt-Stiftung. We
opposite directions with respect to the rubbing direction. Awould also like to thank the staff of CHESS for their help
macroscopic reorientation of smectic layers by application ofind cooperation. In addition, basic support from the Swedish
asymmetric electric fields has been demonstrated concld-oundation for Strategic Research is acknowledged.
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