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We carried out the first quantitative measurements of correlated modulations of molecular tilt a
azimuthal angles in two-dimensional smectic-C Langmuir monolayers using simultaneous linear- and
circular-polarized reflected light microscopy. For spontaneously formed stripes and higher-order po
defects, the tilt angle varies nearly sinusoidally at twice the spatial frequency of the azimuthal rotati
The tilt modulation grows as the second power of the modulation wave number and leads to a la
escaped core for the point defect. Our results can be explained by an extended Landau theory of t
smectics. [S0031-9007(98)08268-4]
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Thin films of tilted smectic liquid crystals show a rich
variety of spontaneous patterns such as stripes, spira
and star defects, both in freely suspended films [1–
and in Langmuir monolayers [4–6]. These films hav
a thickness of one or several molecular layers and t
average direction of the constituent molecules, i.e., then
director, is tilted from the layer normal. The projection o
then director onto the layer plane gives thec director, and
the spontaneous patterns observed in tilted smectics
a manifestation of particular modes of spatial modulatio
of the c director. The mechanism of the orientationa
modulation has attracted much theoretical attention duri
the last decade [7,8]; the modulation is generally attribute
to new elastic free-energy terms, which are forbidden
the bulk but allowed at the interface because of the brok
translational and/or mirror symmetry.

For nonchiral systems, in particular, the additional ela
tic free-energy term is generally written in the phenomen
logical form, lC= ? c, with C a scalar order parameter
conjugate to thec director gradient andl a coupling con-
stant. If the coupling is sufficiently strong, this linear term
can destabilize uniformly oriented states much like in bu
cholesteric liquid crystals. The phenomenological theo
does not specify the origin of the order parameterC. Hin-
shaw and Petschek [7] adopt the tilt angle itself forC,
while Selingeret al. [8] consider the more general case
of a scalar order parameter. Despite the different origin
of C, both models predict virtually indistinguishable azi
muthal modulations of thec director, in reasonable agree-
ment with experimental observations. However, the tw
models predict a different behavior for the tilt angleb.

To examine the origin of the spontaneous orientation
modulations in smectic-C Langmuir monolayers, we si-
multaneously determined the molecular tilt and azimuth
angle distributions. The monolayer is imaged using a pa
of depolarized reflected-light microscopes (DRLM) [9]
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see Fig. 1. The DRLM is similar to a Brewster angle mi
croscope but the angle of incidence between the cross
polarizers is much smaller, producing a sharply focuse
and high-contrast image over the entire field of view. On
of the two microscopes (hereafter referred to as C-DRLM
uses circularly polarized light, making it sensitive only to
tilt-angle variations. By combining this C-DRLM with
a conventional DRLM using linearly polarized light (L-
DRLM) we can determine both the tilt angleb of the n
director from the surface normal and the azimuthal ang
a of the director from the incident direction. These angle
can be obtained from the linearly and circularly polarize
light reflectivities (for derivations, see Ref. [10]):

IL ­ h2
1scosa 2 fd2 sin2 a sin2 b, f ­

n2 tanut

n2
0 tanb

,

(1)

IC ­ h2
2 sin4 b , (2)

wheren and ut are the refractive index and the angle o
refraction in water,n0 is the ordinary refractive index of the
uniaxial monolayer, andh1 andh2 are the Fresnel factors.
Equation (2) shows that C-DRLM selectively images th
tilt angle distribution with a rapidly increasing contras
near the normal orientation (b , 0). On the other hand,
the L-DRLM image involves both azimuth and tilt angle
distributions, but these can readily be separated using
C-DRLM image [11].

The liquid-crystalline monolayer is spread from a 1-mM
chloroform solution of 4-octyl-4′-(5-carboxypentamethyl-
eneoxy) azobenzene (8AZ5) on pure water from a milli-Q
system. In the bulk state, this nonchiral material exhibi
a monotropic nematic phase for 140–135±C, and smectic-
A phase for 135–130±C on cooling. In the Langmuir
monolayer state, the film shows a 2D smectic-C phase
at room temperature in the surface pressure of0 , p ,

5 mNym [6].
© 1999 The American Physical Society 759
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FIG. 1. Experimental setup; 1-mm-diameter beams from tw
He-Ne lasers for linear-polarized (L-DRLM) and circular
polarized (C-DRLM) depolarized reflected light microscope
overlap on the monolayer. To minimize the effect of obliqu
incidence [12] the angle of incidence for C-DRLM is1±. The
microscope images are captured by separate CCD cameras.

Figures 2(a) and 2(b) show a typical stripe textur
simultaneously observed by L-DRLM and C-DRLM
respectively. This texture—the most common form o
modulation in this 2D smectic-C monolayer—develops
spontaneously over a period of a few hours after the mon
layer is compressed to a continuous smectic-C phase.
At fixed surface pressure, the stripe width gradual
decreases over 12 hours or so until it reaches an appa
equilibrium around a few micrometers. We explored th
tilt-azimuth relationship as a function of stripe periodicity
during this slow narrowing process.

FIG. 2. Stripe structure in 2D smectic-C azobenzene Lang-
muir monolayers: (a) L-DRLM image showing dominantly the
azimuthal angle distribution. (b) C-DRLM image showing th
tilt angle distribution in the monolayer. The plane of incidenc
is vertical with the laser incident from the top of the image a
anglesuL ­ 20± (L-DRLM) and uC ­ 1± (C-DRLM). The c
director (depicted by arrows) completes a full rotation acro
every four dark bands. The dark bands in (b) correspond
regions of small tilt. The dark circular region at the bottom
probably an entrapped isotropic contaminant, serves as a c
venient reference mark in the two images.
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Using Eqs. (1) and (2), it follows that, across the strip
shown in Fig. 2(a), the azimuthal angle undergoes a nea
uniform rotation by2p for every four dark bands with
an average tiltb0 ­ py4. The tilt image in Fig. 2(b),
on the other hand, shows that the tilt angle exhib
a stripe modulation in phase with the azimuthal strip
Comparison of the tilt and azimuthal images reveals th
the dark bands in Fig. 2(b), which correspond to regio
of small tilt, appear twice for each2p azimuthal rotation.
In addition, we find that the tilt angle is smallest wher
j= ? cj ­ 0 and largest wherej= ? cj is maximal. Over
the entire range of stripe periodicity we examined, the t
angle modulation is approximately sinusoidal with a spat
frequency twice that of the azimuthal modulation.

The amplitude of the tilt modulation, however, strongl
depends on the stripe widthL. This is clearly visible
in Fig. 3, which shows the minimum and maximum til
angles as a function of wave numberq ­ 2pyL. Near
q ­ 0 the modulation amplitude increases quadratica
with wave number; accordingly the tilt modulation rapidl
diminishes as the stripe widens. The quadratic depende
is consistent with the observation that the tilt modulatio
has twice the frequency of that of azimuthal angle.

The observed tilt-azimuth modulation can be analyz
in terms of the Landau free-energy expansion introduc
by Hinshaw and Petschek [7] and Selingeret al. [8] for
2D tilted smectics. These authors attribute the em
gence of the modulated patterns to a linear coupling
azimuthal distortion to a scalar order parameter; Hinsha
and Petschek adopt the tilt angle for the order param
ter while Selingeret al. consider a more general order pa
rameter, ignoring any variation in tilt. In view of the high
compressibility of the azobenzene monolayer, we choo
the molecular density variationsr 2 r0dyr0 as order
parameterC and generalize the free energy expansion
the following form:

FIG. 3. Wave-number dependence of tilt modulation. Sol
circles show the minimum values of the tilt angle given by th
intensity of dark bands in the tilt images, and solid triangle
give the maximum tilt angle in each bright stripe. Solid an
dashed lines are the best-fit theoretical curves calculated fr
Eq. (3) with parametersl2kyW ­ 8 mm2, K1yW ­ 1.5 mm2,
K3yW ­ 2 mm2, ku ­ 20 mm2, andm ­ 0.
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The first three terms are the standard free energy rep
senting the Frank elasticity and tilt anchoring. Added
these are the linear coupling betweenC and sinbs= ? cd
with the coefficientl, the coupling between sinb and
s= ? cd with m, and the Landau expansion due to the de
sity variation withk the compressibility. The direct cou-
pling between the tilt angle andC is omitted because,
unlike common Langmuir monolayers, the tilt angle i
the azobenzene-derivative monolayers is fixed within
few degrees even under 15% of compression through
smectic-C phase [6,13]; this tilt variation is negligibly
small compared with the observed tilt modulation (Fig. 3
Instead of directly solving the Euler equation from Eq. (3
we adopt an ansatz of uniform rotation ofc with wave
numberq; we thus haves= 3 cd2 1 s= ? cd2 ­ q2. Mini-
mizingF with respect toC andb, and retaining only terms
up to order ofq2, yieldsC ­ 2lk sinbs= ? cd and

sinb 2 sinb0 ­ 2
K3

W
cos2 b0

sinb0
q2 2

m cot2 b0

W
s= ? cd

1

√
l2k

W
1

K3 2 K1

W

!

3
cos2 b0

sinb0
s= ? cd2. (4)

Because the observed tilt modulation does not contain a
appreciable component linear to= ? c for the entire range
of observedq, we can conclude thatmyW ø 0. Substi-
tuting this result into Eq. (3) allows us to solve the til
equation up to even higher orders ofq. The solid and
dashed lines in Fig. 3 are the theoretical curves thus o
tained for the maximum and minimum values ofb as a
function ofq. FormyW ­ 0, Eq. (4) shows that the varia-
tion of b from b0 is proportional toq2 for smallq. At high
wave numbers, the data points deviate from thisq2 depen-
dence, particularly for the tilt maxima, but the theoretic
curves continue to faithfully describe the experimental da
(Fig. 3).

Because we observe a minimum in the tilt angle for= ?

c ­ 0, it follows from Eq. (4) thatl2k 1 K3 2 K1 . 0
for m ­ 0. Becausek is positive, the larger the linear
coupling, the more likely this condition is satisfied. Fo
the theoretical curves in Fig. 3, indeed, the linear coupli
is the dominant source of tilt modulation, i.e.,l2kyjK3 2

K1j . 10, while the density variation remains invisibly
small with jCj , 1022 even at the largest wave numbe
(using the plausible assumption thatK3 , K1 , 10221 J
andk , 30 m2yJ [14]).

In addition to the stripes, the smectic-C azobenzene
monolayers sometimes exhibit higher-order orientation
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point defects which are accidentally formed during the
domain coalescence (Fig. 4). The order, or strength,
a point defect is defined bys ­ s2pd21 H

da, taken
counterclockwise along a closed loop around the poin
defect. In bulk liquid crystals higher-order point defects
are seldom observed because the defect energy increa
at least as the square of the defect orders [16].

In the monolayer, however, we observe higher-orde
point defects forjsj ­,1 5; the azimuthal images for
1jsj and2jsj defects are identical, and therefore do no
tell the sign of the defects. In previous work, defects o
order up tojsj ­ 16 have been observed [14]. Particularly
striking in the tilt images are the dark regions near th

FIG. 4. Higher-order point defects of orders in azobenzene
Langmuir monolayers; (a) azimuthal and (b) tilt angle image
taken simultaneously. The bottom two images are the simulate
s ­ 25 defect images obtained from Eq. (5) with the same
parameters as in Fig. 3.
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defect center where the molecules are normal to the s
face. As the defect order increases, the radius of t
dark region increases roughly proportionally to the ord
jsj. This tilt arrangement reduces the Frank elastic ener
near the defect point. In analogy to the “escape in t
third dimension” at a line defect in 3D nematics [15], th
vertical orientation of the molecules at the defect cent
eliminates the singularity and helps to further reduce t
defect energy.

Close observation of the tilt images reveals that the da
regions are not simply round but spiked. The numb
of dark spikes is equal to2sjsj 1 1d for all the higher-
order defects we observed, except for thejsj ­ 1 defect,
having no dark spikes. To account for these features,
rewrite the Landau free energy in 2D polar coordinat
sr , ud and follow the same procedure as for the stripe
Assuming a homogeneous azimuthal rotationa ­ su 1

a0 and postulating a form asC ­ wsrd sinbs= ? cd after
the stripe case, we can readily minimize the free ener
with respect tow andb, and obtain

cosb ­
cosb0

1 2 G0 2 G1 cos2ss 2 1du
, (5)

where G0 and G1 are functions ofr, which are ap-
proximately given byG0 , fsK1 1 K3dys2W dg ssyrd2 2

l2ys2uW d andG1 , fsK3 2 K1dys2Wdg ssyrd2 1 s3l2dy
s2uW d near the central dark region withrys

p
ku ø 1;

b ­ 0 when the right-hand side exceeds unity. Th
expression applies to both positive and negative ord
defects, and shows that the dark spikes correspond
cos2ss 2 1du ­ 1 or 21. The number of spikes is there-
fore equal to2js 2 1j. This number is equal to the ex-
perimental value2sjsj 1 1d only whens , 0, indicating
that the higher-order point defects in the present monola
system are preferentially of negative order. Substituti
b , 0 in Eq. (5), we find an approximate expression fo
the average radius of the central dark regionr0 , jsj 3p

sK1 1 K3dyf2W s1 2 cosb0d 1 l2yug. This expression
explains the observed proportionality between the rad
of the dark core and the order of defect, and clearly illu
trates the competitive roles of Frank elasticity, favoring
larger dark core, and of the linear coupling and anchorin
favoring a smaller core. The bottom two pictures in Fig.
show the simulated L-DRLM and C-DRLM images for a
point defect of orders ­ 25 obtained from Eq. (5) with
the same parameters used for the stripes. The simula
images faithfully reproduce the observed size and shape
the dark region.

The Landau free energy in Eq. (3) cannot explain wh
the point defects are always negative forjsj . 1, because
the resultant defect energy,,pCs2fsK1 1 K3d 2 l2y
ug sinb

2
0 with C being a constant of order unity, is identi

cal for 1jsj and2jsj. Although the present observation
do not allow any definitive conclusions, the negative ord
of the point defects might be due to a boundary cont
bution to the free energy of the saddle-splay form [17]:
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F24 ­ 2Kp
24

Z
d2r = ? sin2 bsc= ? c 1 c 3 = 3 cd ,

(6)

where Kp
24 is the effectivesaddle-splay constant includ-

ing the bulk and the intrinsic boundary contributions
The integral in Eq. (6) can be converted to a line inte
gral along the boundary of the monolayer, yieldingF24 ­
22pSKp

24 sin2 b0 whereS denotes the sum of defect or-
ders contained within the region. For the stripes,S ­ 0,
and so this contribution vanishes. For a region with ansth
order defect, however, the integral gives a finite contribu
tion,22psKp

24 sin2 b0, breaking the symmetry betweenjsj
and2jsj [18]. Adding this contribution to the above de-
fect energy yields an optimal defect orders0 ­ C21Kp

24y
fsK1 1 K3d 2 l2yug, whereby the defect energy is always
negative. ForKp

24 , 0, this result qualitatively explains
the preference of negative-order defects and the unus
stability of higher-order defects in the present monolayer
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