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Simultaneous Observation of Molecular Tilt and Azimuthal Angle Distributions
in Spontaneously Modulated Liquid-Crystalline Langmuir Monolayers
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We carried out the first quantitative measurements of correlated modulations of molecular tilt and
azimuthal angles in two-dimensional smedfictangmuir monolayers using simultaneous linear- and
circular-polarized reflected light microscopy. For spontaneously formed stripes and higher-order point
defects, the tilt angle varies nearly sinusoidally at twice the spatial frequency of the azimuthal rotation.
The tilt modulation grows as the second power of the modulation wave number and leads to a large
escaped core for the point defect. Our results can be explained by an extended Landau theory of tilted
smectics. [S0031-9007(98)08268-4]

PACS numbers: 61.30.Eb, 61.30.Jf, 68.55.—a

Thin films of tilted smectic liquid crystals show a rich see Fig. 1. The DRLM is similar to a Brewster angle mi-
variety of spontaneous patterns such as stripes, spiralsroscope but the angle of incidence between the crossed
and star defects, both in freely suspended films [1—3polarizers is much smaller, producing a sharply focused
and in Langmuir monolayers [4—6]. These films haveand high-contrast image over the entire field of view. One
a thickness of one or several molecular layers and thef the two microscopes (hereafter referred to as C-DRLM)
average direction of the constituent molecules, i.e.,nthe uses circularly polarized light, making it sensitive only to
director, is tilted from the layer normal. The projection of tilt-angle variations. By combining this C-DRLM with
then director onto the layer plane gives tbelirector, and a conventional DRLM using linearly polarized light (L-
the spontaneous patterns observed in tilted smectics aBRLM) we can determine both the tilt angj@ of then
a manifestation of particular modes of spatial modulatiordirector from the surface normal and the azimuthal angle
of the ¢ director. The mechanism of the orientational @ of the director from the incident direction. These angles
modulation has attracted much theoretical attention duringan be obtained from the linearly and circularly polarized
the last decade [7,8]; the modulation is generally attributedight reflectivities (for derivations, see Ref. [10]):

to new elastic free-energy terms, which are forbidden in 5 5 ) n’tané,
the bulk but allowed at the interface because of the broken/z = hi(cosa — f)?sifasit g, f = g’
translational and/or mirror symmetry. 0 (1)

For nonchiral systems, in particular, the additional elas-
tic free-energy term is generally written in the phenomeno-Zc = h3 sin' 8, 2)
logical form, AWV - ¢, with ¥ a scalar order parameter wheren and 6, are the refractive index and the angle of
conjugate to the director gradient and a coupling con- refraction in watery is the ordinary refractive index of the
stant. If the coupling is sufficiently strong, this linear term uniaxial monolayer, and; andh, are the Fresnel factors.
can destabilize uniformly oriented states much like in bulkEquation (2) shows that C-DRLM selectively images the
cholesteric liquid crystals. The phenomenological theontilt angle distribution with a rapidly increasing contrast
does not specify the origin of the order paramélter Hin-  near the normal orientatiorB3(~ 0). On the other hand,
shaw and Petschek [7] adopt the tilt angle itself Br  the L-DRLM image involves both azimuth and tilt angle
while Selingeret al.[8] consider the more general case distributions, but these can readily be separated using the
of a scalar order parameter. Despite the different origin€-DRLM image [11].
of ¥, both models predict virtually indistinguishable azi- The liquid-crystalline monolayer is spread from a 1-mM
muthal modulations of the director, in reasonable agree- chloroform solution of 4-octyl-4(5-carboxypentamethyl-
ment with experimental observations. However, the twaeneoxy) azobenzene (8AZ5) on pure water from a ngllli-
models predict a different behavior for the tilt angle system. In the bulk state, this nonchiral material exhibits

To examine the origin of the spontaneous orientationah monotropic nematic phase for 140—85 and smectic-
modulations in smecti¢ Langmuir monolayers, we si- A phase for 135—13W on cooling. In the Langmuir
multaneously determined the molecular tilt and azimuthamonolayer state, the film shows a 2D smecfighase
angle distributions. The monolayer is imaged using a paiat room temperature in the surface pressuré ef = <
of depolarized reflected-light microscopes (DRLM) [9]; 5 mN/m [6].
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. A Using Egs. (1) and (2), it follows that, across the stripes
Ic |Y2 shown in Fig. 2(a), the azimuthal angle undergoes a nearly
C-DRLM E p2 uniform rotation by2s for every four dark bands with
é) LA e toto an average tilt8p = = /4. The tilt image in Fig. 2(b),
w2 '%3' on the other hand, shows that the tilt angle exhibits
a stripe modulation in phase with the azimuthal stripe.
PO —He-Ne Comparison of the tilt and azimuthal images reveals that
S the dark bands in Fig. 2(b), which correspond to regions
L =~ A of small tilt, appear twice for eactw azimuthal rotation.
ccb T~ v In addition, we find that the tilt angle is smallest where
L-DRLM  ps L3 Pvolari [V - ¢] = 0 and largest wher¢V - ¢| is maximal. Over
w;gﬁaf,:;fe,r,avemate the entire range of stripe periodicity we examined, the tilt
L:lens angle modulation is approximately sinusoidal with a spatial

frequency twice that of the azimuthal modulation.

FIG. 1. Experimental setup; 1-mm-diameter beams from two ; ; ;
He-Ne lasers for linear-polarized (L-DRLM) and circular- The amplitude of the tilt modulation, however, strongly

polarized (C-DRLM) depolarized reflected light microscopesd€Pends on the stripe width. This is clearly visible

overlap on the monolayer. To minimize the effect of obliquein Fig. 3, which shows the minimum and maximum tilt
incidence [12] the angle of incidence for C-DRLM 5. The  angles as a function of wave numbgr= 277 /L. Near
microscope Images are Captured by separate CCD cameras. q= 0 the modulation amp]itude increases quadratica”y
with wave number; accordingly the tilt modulation rapidly
diminishes as the stripe widens. The quadratic dependence
Figures 2(a) and 2(b) show a typical stripe texture IS consistent with the observation that the tilt modulation
simultaneously observed by L-DRLM and C-DRLM, has twice the freq_uenc_y of that of aZ|_muthaI angle.
respectively. This texture—the most common form of The observed tilt-azimuth modulation can be analyzed
modulation in this 2D smectic monolayer—develops N terms of the Landau free-energy expansion introduced
spontaneously over a period of a few hours after the mond? Hinshaw and Petschek [7] and Selingsral. [8] for
layer is compressed to a continuous smectiphase. 2D tilted smectics. These authors attribute the emer-
At fixed surface pressure, the stripe width gradually9€nce of the modulated patterns to a linear coupling of

decreases over 12 hours or so until it reaches an apparéﬁlmuthal distortion to a scalar order parameter; Hinshaw

equilibrium around a few micrometers. We explored the?nd Petschek adopt the iilt angle for the order parame-

tilt-azimuth relationship as a function of stripe periodicity (€7 While Selingeet al. consider a more general order pa-
during this slow narrowing process. rameter, ignoring any variation in tilt. In view of the high

compressibility of the azobenzene monolayer, we choose
the molecular density variatiofip — po)/po as order
paramete’ and generalize the free energy expansion in
the following form:

a b

(2) 100 um (b)
FIG. 2. Stripe structure in 2D smect{¢-azobenzene Lang- 0.3 . : : : :
muir monolayers: (a) L-DRLM image showing dominantly the 0 005 010 015 020 025
azimuthal angle distribution. (b) C-DRLM image showing the wave number ¢ ( rad/pum)

tilt angle distribution in the monolayer. The plane of incidence

is vertical with the laser incident from the top of the image atFIG. 3. Wave-number dependence of tilt modulation. Solid
anglesf; = 20° (L-DRLM) and ¢ = 1° (C-DRLM). Thec circles show the minimum values of the tilt angle given by the
director (depicted by arrows) completes a full rotation acrossntensity of dark bands in the tilt images, and solid triangles
every four dark bands. The dark bands in (b) correspond tgive the maximum tilt angle in each bright stripe. Solid and
regions of small tilt. The dark circular region at the bottom, dashed lines are the best-fit theoretical curves calculated from
probably an entrapped isotropic contaminant, serves as a coiq. (3) with parametera’«x /W = 8 um?, K;/W = 1.5 um?,
venient reference mark in the two images. K3/W =2 um?, ku = 20 un?, andu = 0.
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F = f d2r|:§1 sirt B(V - ¢)> + % sirt B(V X ¢)?

+ %(cosﬂ — cosBy)* + (u + A¥)sinB(V - ¢) + i‘lﬂ + %(V‘lf)z} (3)

The first three terms are the standard free energy rel)rqe)oint defects which are accidentally formed during the
senting the Frank elasticity and tilt anchoring. Added todomain coalescence (Fig. 4). The order, or strength, of
these are the linear coupling betwednand sin3(V - ¢)  a point defect is defined by = 27)"! § da, taken
with the coefficientA, the coupling between sjg and  counterclockwise along a closed loop around the point
(V - ¢) with u, and the Landau expansion due to the dendefect. In bulk liquid crystals higher-order point defects
sity variation withx the compressibility. The direct cou- are seldom observed because the defect energy increases,
pling between the tilt angle an® is omitted because, at least as the square of the defect ord§r6].
unlike common Langmuir monolayers, the tilt angle in In the monolayer, however, we observe higher-order
the azobenzene-derivative monolayers is fixed within goint defects forls| =~1-5; the azimuthal images for
few degrees even under 15% of compression through thé|s| and —|s| defects are identical, and therefore do not
smectic€ phase [6,13]; this tilt variation is negligibly tell the sign of the defects. In previous work, defects of
small compared with the observed tilt modulation (Fig. 3).order up tds| = 16 have been observed [14]. Particularly
Instead of directly solving the Euler equation from Eq. (3),striking in the tilt images are the dark regions near the
we adopt an ansatz of uniform rotation efwith wave
numberg; we thus haveéV X ¢)? + (V - ¢)> = ¢>. Mini-
mizing F with respect toV andB, and retaining only terms
up to order ofg?, yields¥ = — Ak sinB(V - ¢) and
K3 cos$ By ,  pcof By V- o)

sinB — sinBy = — W sinfBo q W

<A2K K; — K1>
+ =+ =—
w w

X 7(:0.52 Bo

sin By

Because the observed tilt modulation does not contain any
appreciable component linear Yo- ¢ for the entire range
of observedg, we can conclude that/W =~ 0. Substi-
tuting this result into Eq. (3) allows us to solve the tilt
equation up to even higher orders @f The solid and
dashed lines in Fig. 3 are the theoretical curves thus ob-
tained for the maximum and minimum values @fas a
function ofg. Foru/W = 0, Eq. (4) shows that the varia-
tion of 8 from B, is proportional ta;> for smallg. At high
wave numbers, the data points deviate from flislepen-
dence, particularly for the tilt maxima, but the theoretical
curves continue to faithfully describe the experimental data

(Fig. 3).

i > — " -
Because we observe a minimum in the tilt angleVor
¢ = 0, it follows from Eq. (4) that\’x + K3 — K; > 0
for w = 0. Becausex is positive, the larger the linear =
coupling, the more likely this condition is satisfied. For -5
the theoretical curves in Fig. 3, indeed, the linear coupling

is the dominant source of tilt modulation, i.a2«/|K3 — d A
Ki| > 10, while the density variation remains invisibly (a) 'W' (b)
small with |¥| < 1072 even at the largest wave number _ _ _
(using the plausible assumption thgg ~ K, ~ 1072 J FIG. 4. ngher-order. point defects of orderin azobenzene
dx ~ 30 m2/J [14]) Langmuir monolayers; (a) azimuthal and (b) tilt angle images
andk - T taken simultaneously. The bottom two images are the simulated
In addition to the stripes, the smeclic-azobenzene ;= —5 defect images obtained from Eq. (5) with the same
monolayers sometimes exhibit higher-order orientationaparameters as in Fig. 3.

(V- c) (4)
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defect center where the molecules are normal to the sur- " f 2 ;

. . =—Ki | d&rV-sitB(V-c+eXVXe)),
face. As the defect order increases, the radius of the 24 1 r Ble ere ©)
dark region increases roughly proportionally to the order (6)

|s|. This tilt arrangement reduces the Frank elastic energy . . ) )
near the defect point. In analogy to the “escape in thé(vhere K>, is the effectivesaddle-splay constant includ-

third dimension” at a line defect in 3D nematics [15], the!Nd the bulk and the intrinsic boundary contributions.
vertical orientation of the molecules at the defect cented "€ intégral in Eq. (6) can be converted to a line inte-
eliminates the singularity and helps to further reduce th&ra! along the boundary of the monolayer, yieldifig =
defect energy. —2m7SK>4 s_m2 Bo \_/vh_ereS denptes the sum of_ defect or-
Close observation of the tilt images reveals that the dark€rs contained within the region. For the stripgs;- 0,

regions are not simply round but spiked. The numbe@nd so this contribution vanishes. For a region withytm
of dark spikes is equal ta(|s| + 1) for all the higher- order defect, however, the integral gives a finite contribu-

order defects we observed, except for the= 1 defect, 10N, 275K sin’ o, breaking the symmetry betwefs
having no dark spikes. To account for these features, waNd —Is| [18]. Adding this contribution to the a_blov*e de-
rewrite the Landau free energy in 2D polar coordinates€Ct €nergy y|eltzjs an optimal defect ordgr= C~ K/
(r,0) and follow the same procedure as for the stripes(K1 * K3) — A”/u], whereby the defect energy is always
Assuming a homogeneous azimuthal rotatier= s6 + negative. ForK,4 < 0, thls result qualitatively explains

o and postulating a form a& = ¢(r)sinB(V - ¢) after the preference of negative-order defects and the unusual

the stripe case, we can readily minimize the free energ§,tability of higher-order defects in the present monolayers.

with respect top and 8, and obtain We are grateful to Professor D. Nelson for valuable dis-
’ cussions. This work was partially supported by the Har-
s cosBy vard MRSEC program and the AIST special research fund.
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