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Optical studies of the liquid crystal B2 phase formed by banana-shaped molecules
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Null-transmission ellipsometry and depolarized light microscopy have been performed on free-standing
films of three achiral banana-shaped compounds inBBephase. Our results support a two-layer unit cell
previously proposed to explain the observed antiferroelectricity in thin films and bulk samples. We have
studied thicker films than previously reported and have found no deviations in the film structure from the
earlier findings. Moreover, we can determine the layer spacing, the molecular tilt from the layer normal, and
the three principal indices of refraction in the molecular reference frame.
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[. INTRODUCTION ized reflected light microscopyDRLM) was employed to
check the switching behavior of the thin films.
The discovery of ferroelectricl] and antiferroelectrig2] Figures 1a)—1(d) show the layer arrangements of tB&

ordering in chiral, rod-shaped liquid crystals created a lot ofohase as reported by Lingt al. [7]. There exists no long-
excitement in condensed matter physics. However, it wagange positional ordering within each layer. The molecules
generally assumed that chirality in the molecule was necesre tilted by an anglé from the layer normal. Within each
sary to break the mirror symmetry and create ferroelectric olayer all the molecules are aligned, so a vedidhat points
antiferroelectric ordering. Watanale¢ al. [3] proposed that along the bend of the molecule can be defifiedy. 1(e)].
antiferroelectric and ferroelectric smectic phases may appedwo things differentiate the various structures. The first is
in systems consisting of achiral molecules if the moleculegvhether the tilt orientation of adjacent layers is parakgh-

are packed witlC,, symmetry. This packing is possible with clinic) or antiparalleanticlinic). The second is whethérin
banana-shaped molecules due to their shape. Molecules afljacent layers is parallel or antiparallel. The polarization of
this type have been synthesized in various laboratddés each layer is perpendicular to the tilt plane and either parallel
and have been found to form many unusual mesophases thait antiparallel tob. For the layer structures shown in Figs.
may be analogous to certain unconventional superconductint(@ and Xc), films with evenN have no net polarization
stated5]. Niori et al.[6] first observed ferroelectric ordering while films with oddN have a net polarization because there
in the B2 phase of such compounds. Limk al. [7] per- is one layer whose polarization is not canceled. Héig the
formed electro-optical studies with a small applied electricnumber of layers in the film.

field (E~10 V/cm) on films in theB2 phase from two to

ten layers in thickness and bulk samples with a much larger Il. EXPERIMENTAL METHOD

field (E~5 V/um). They proposed the models shown in
Figs. Ia)—1(d) to explain their observations.

Link et al. [7] observed only one layer structure in free-
standing films[Fig. 1(@)] while they found two zero-field 0
states in bulk sample§Figs. 1a and Xc)] [8]. Subse- S
quently, Kats and Lajzerowicf9] formulated a Landau a) //////op b) //////op 1
theory for the banana phases. From their theory, they pro- ////// Xp \\\\\\'P 02
posed that the air-film interface stabilized the structure seen
in thin films. To determine if there is a thickness dependence

to the layer structure and to obtain the optical tilt and the c) op d e p b
principal indices of refraction, we have studied films of </<\/\/<Xp ////75////.1)

thickness up to 54 layers in three compounds showing the
B2 phase using null-transmission ellipsometNTE). The ¢)
layer spacing was measured by x-ray diffraction. Depolar-

We have studied three compounds. The phase sequences
for Cg 1, and Cqy 4, [10] [see Fig. 2a)] are isotropic(l)

FIG. 1. (a—(d) show cartoons of the layer arrangements pro-
posed by Linket al. [7] for the B2 phase. The polarizatiop of
each layer is perpendicular to the tilt plane and parallel to the bow
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FIG. 2. (a) and(b) show the molecular structure for the homolo- 2 46} ]
gous serie€,, , and 80F, respectively. The bends in the molecules
are provided by the center benzene rings. The molecules are draw
straight to save space. 47501
(128°C)-B2 (113°C)—crystal(Cr) and | (133°C)-B2 45180 5 166
(112°C)—Cr, respectively. 80Fig. 2(b)] has the phase
sequence (154 °C)-B2 (147°C)-B3 (118°C)—Cr. With A (deg)

two imino linkages and a high temperatus2 phase win-

dow, the 80F compound degraded quickly. This ,OCCW_red OtheB2 phase withN from 3 to 11 and 13 to 23 layers {@) and(b),
the order of abou4 h in oursystem, so we studied it in @ (ogpectively. Next to each pldt for that film is given. For clarity,

degraded statel1]. Thel-B2 transition temperature was al- gata from films with oddN are shown with circles and from films
lowed to decrease from 154 °C to 145 °C before the sampl@ith evenN with crosses. The simulations are shown with solid

was replaced. Th€, ,, compounds have a lowd2 phase |ines.
window and only one imino linkage, so degradation of these

compounds was less pronounced. The, compounds were  pp) \ studies a two-electrode film plate was used because

studied at 125 °C while 80F was studied in the middle of th e \ere interested only in how the film responds to an elec-

B2 temperature window. _ tric field. We used a square electric field of 22 V/cm with a
We studied compounds in the#2 phase using the free- frequency of 0.3 Hz. We could see if the film reoriented
standing film geometry. Films, unlike bulk cells, provide uni- \yhen the electric field direction changed.

form alignment of the layers. The films were drawn across a

4 mm diameter hole in a glass cover slip. The hole was

surrounded by either two or four electrodes. The field was [ll. DATA ANALYSIS

large enough to orient films with a net polarization without . . . .

inducing flow or distorting the zero-field layer structure. The !N contrast to some previous ellipsometric experiments on

films were drawn in a temperature-regulated sealed enviror{i—qmd. cr_ystals[l?], a biaxial eIIi.psoid of refrgction, instgad
ment with an argon exchange gas of uniaxial, was used to approximate the optical properties of

NTE [12] was used to acquire the optical properties of theeaCh layer because the banana-shaped molecules are strongly

samples. Our NTE approach has been described in recehicaXial' The principal indice§ of.refractio.n in the molecular
papers[13,14. The ellipsometric parameters and W are reference frame are §hown in Figel n, is along the long
measured by using the polarizer-compensator-sampleaxis of the moleculer{), n; is alongb, andn,, is perpen-
analyzer configuration with a resolution of 0.001°. Our NTEdicular tob andn.
experimental runs were done with an electric field of 5 V/cm. TheW versusA curves are simulated as a function of film
We used a four-electrode plate that allowed us to smoothlgrientation using the % 4 matrix method 18]. The follow-
control the direction of the electric field. A film was pulled in ing parameters are necessary to make a fit: the three indices
the B2 phase range and allowed to become uniform in thick-of refraction (., ny;, andny,), the layer spacingd), 6,
ness, at which time we began to take ellipsometric data whiland N. A layer structure is also necessary to simulate the
rotating the electric field within the plane of the film with a film. We probe the optical tilt angle, which is typically dif-
step size of 8°. This procedure allowed us to acqdirand  ferent from the tilt angle found by x-ray diffractidd 9].
¥ at various film-structure orientations, providing that the We could measurdl exactly for thin films. To determine
film had a net polarization. Several rotations were conducted for one film it was necessary to pull a series of films. Each
to check that the data were reproducible. If the field did nofiilm gives a characteristie and A curve upon rotation
cause the film to align, data were taken while the film struciwhich is a function of both the biaxiality and the optical
ture slowly reoriented because of thermal fluctuations. Wehickness. When averaged over one rotatifhand A de-
lose orientation information by this approach, but can stillpend primarily upon the optical thickness and therefire
plot ¥ versusA to get a characteristic shape that depends oThe averagél’ andA change in discrete steps due to quan-
the layer arrangement in the film. Such films need not yieldization of N with an N-dependent tren¢see Fig. 3. N was
data points for a complete rotation. estimated independently from the color of white light re-
In our DRLM [15] experiment,N was determined by flected off the film[20].
measuring the intensity of a laser beam reflected by the film We observed that films with odd oriented in the applied
at near normal incidence. It is known that fdi<<10 the electric field while films with everN did not. A two-layer
reflected intensity is proportional td? [16]. By pulling a  antiferroelectric structure is the simplest explanation of this
series of thin films, it is possible to determifé In our  behavior. Using DRLM this even-odd behavior was ob-

FIG. 3. TheW versusA data are shown here f@g ,, films in
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served in films folN=2-8 layers; it was difficult to deter-

mine N exactly forN>8 from the simple reflectivity method —_ 48
described earlier, and thereby address the even-odd behavior §’ 47
for thicker films[21]. We confirmed the even-odd behavior g

in the NTE system wherB! is easily measurable. We pulled 46

almost all the films from in the rangé$=2-23 forCg 45,
2-20 for Cgq,, and 2—6 for 80OH22]. However, it was
difficult to pull thicker films. This means there are large gaps
between the differenl values for thick films. This, together _ FIG. 4. ¥ versusA data are shown here for thicker films of
with the fact that we could not measure the optical parame.12in the B2 phase. Next to each pibtfor that film is given. The
eters with extremely high precision, meant we could °”'yg§|ti3 ﬁrr]tzsshown with circles and the simulations are shown with
determineN for thicker films with a precision of 1 (see the '
discussion beloy We were thus unable to confirm the even- g5 of these fittings are shown in Figs. 3 and 4 and are
odd effect in fllms th|cke.r thaN=23 and 20 for(?gylz_and discussed below. FoCgqy, d=36.97+0.05 R, 6=37°
Cs 10, respectively. We did ob_serve th_at some thick f|l(m|s_ +3°, n,=1.68+0.02, ny,;=1.49+0.02, and ny,,=1.54
54 layers forCg 1, oriented with the field while others did +0.01. For 80F, d=39.4+0.2 A, #=22.8°x2°, n,
not. =1.768+0.03, ny;=1.503+0.006, andh,,=1.547+ 0.002.
BecauseN for thin films was found by the method de-  Figures 3a) and 3b) show the data and simulations for
scribed above, andwas obtained from x-ray diffraction, we Cq 4, films with N from 3 to 11 and 13 to 23, respectively.
were left with four fitting parametersg( ng, ny1, andng,). The data were noisier for eved because the electric field
These remaining optical parameters can be found by numerdid not provide uniform domains, while the simulations as-
cal modeling the data by minimizing the mean squared desumed a uniform domain samp[@5]. The two-layer film
viation of the model from the data. Numerical fitting using data are not shown because they were very noisy, although it
the 4X 4 matrix method was done only on films with obld ~ was clear that the film did not respond to the electric field.
Only these films aligned with the field, thereby making it The simulations for the films of eveN are produced by
possible to simulatd” andA as a function of the orientation allowing the optical parameters to vary within the error bars
of the film and compare the data to the simulations. After-quoted above and are in good agreement with the data.
ward, we can simulate thé versusA plots for the films of Figure 4 showsV versusA data for two thickerCyg ;,
evenN using the optical parameters from the dddata, and films which align due to the electric field. To firdwe used
compare the data to the simulation. We found that only onghe values off, n., n,q, andn,, found from thinner films
set of optical parameters gave the best fit. and the bulk value ofl. The optical parameters are then
To determine if the structure is synclinic or anticlinic a allowed to vary to give the best fits shown with solid lines.
comparison between NTE data and simulation is necessary.ery good fits were obtained withh=45 and 51. We ac-
If the range of allowed values for the indices of refraction isquired data from another thick film which did not respond to
unrestricted, the simulations fit well for both synclinic and the electric field. Unfortunately, during the 16 h run con-
anticlinic layer structures. However, for the anticlinic layer ducted on this film, the orientation of the film structure did
structure, the simulations hawe increasing systematically not change much and gave only a small section ofhe
from 2.3 to 4 andn,; decreasing from 1.1 to 0.6 a&in-  versusA curve. However, from the acquired data our simu-
creases from 3 to 23 layers f@y 1,. Not only is this not a lation yieldsN=54, which is consistent with the film color.
reasonable value for a liquid crystal compound, the principallhese thick film results support the film structure shown in
indices of refraction in the molecular frame should notFig. 1(a).
change greatly with film thickness. The optical parameters in To determine if the indices of refraction we have found
a simulation with a synclinic layer structure film are approxi- are reasonable, a comparison to rodlike molecules is neces-
mately constant, except for a small systematic variation as aary. These compounds have been studied extensively, and
function of N, which will be investigated in the futur23].  their indices of refraction are well known. Two layers of
These observations imply that the synclinic structure is arilted rodlike molecules with anticlinic tilts can be compared
accurate description of our data, while the anticlinic structurdo a single untilted layer of banana-shaped molecules. Let the
is not. tilt of the molecules in the rodlike layers kg, the index of
Using NTE we have observed that the tilt plane is alignedrefraction along the long axis of the moleculerg, and the
perpendicular to the electric field in films of odd thereby index of refraction perpendicular to the long axis of the mol-
implying that the polarization is perpendicular to the tilt ecule ben,,. If we ignore the off-diagonal components of
plane. This observation implies thhatis also perpendicular the ellipsoid of refraction, then the following equations for
to the tilt plane[24]. the indices of refraction in the layer frame for the rodlike
For Cg 15, we foundd=37.90+0.05 A, =39°*3°, molecules can be found. The index of refraction along the
ne=1.665-0.01, n,;=1.483-0.007, and n,,=1.534 layer normal isn ;= nN,,C0S($)~+n,Sirf(¢), the index of re-
+0.002. The error bars on the optical parameters are th&zaction along thec director isn,,=nN,,CoS(p)-+nSirt(¢),
standard deviations of the values for simulations of differentand the index of refraction perpendicular to the layer normal
N, while the error bar ord is from the x-ray results. The and thec director isn;3=n,,. The rodlike indices of refrac-
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tion in the layer reference frame,, n;,, andnj; should resolve this issue. This would require a compound with
correspond ta, Ny, andngy, of a layer made of banana- which it is easier to pull thick films.
shaped molecules. In conclusion, we have studied films of thicknesses up to
In this comparisonp should be equal to the bend angle of 54 layers in three compounds using NTE and DRLM. We
the banana molecule, which is typically 30°. A typical rod- have simultaneously acquired the three indices of refraction
like liquid crystal compound p-decyloxybenzylidene- and the optical tilt angle using NTE, which has not been
p-amino-2-methylbutyl cinnamat@®OBAMBC) has the in-  possible for this phase by other techniques. The measured
dices of refractiom,.=1.68 andn,,= 1.48. With these val- values of the indices of refraction are in reasonable agree-
ues we obtaim,=1.63, n,,=1.53, andn,;=1.48. These ment with those of rodlike molecules. The following three
values are in reasonable agreement with what was found farbservations based upon our data were confirmed ifBthe
Cg12andCg1,. The agreement is not as good for 8OF. Thisphase of these compounds. First, the simplest explanation of
may be due to unusually large indices of refraction for 80ORthe even-odd behavior seen in films is thas antiparallel in
or because the results for 80F are based upon the data fadjacent layers. Second, our data support a synclinic layer
only a few films. structure. Third, the polarization is perpendicular to the filt
In our DRLM system we pulled on&=1 Cg,, film. plane and is either parallel or antiparallel o All three
Further investigation may yield information on the role of observations agree with what was found by Letkal.[7] in
steric interlayer interactions in ti#2 phase. One-layer films very thin films. We did not observe a bulk structure that is
are extremely rare, and we did not have the opportunity taifferent from the surface in films up to 54 layers.
study one in the NTE system.
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